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Abstract

Ceramides are a dynamic group of bioactive lipids and major constituents of the
epidermal permeability barrier. Alterations in their levels have been reported in skin
conditions as well as in metabolic disorders with manifestations in the skin, such as
diabetes. Polyunsaturated fatty acids (PUFAs) have been shown to affect ceramide
concentration, the underlying mechanisms, however, require further investigation.
Aims: This project aims to explore mechanisms involved in the metabolism of
cutaneous lipids in normal skin cells treated with PUFAs, and to examine
differences in cutaneous and systemic bioactive lipid levels in a streptozotocin
(STZ) -diabetic rat model of peripheral neuropathy when compared with control.
Methods: Proliferating and differentiating primary normal human epidermal
keratinocytes (NHEK) and dermal fibroblasts (HDF) were treated with
docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and linoleic acid (LA)
(10 uM). Liquid chromatography coupled to mass spectrometry (UPLC-MS/MS)
was used to measure ceramides (CERs), sterols, glycerolipids, free fatty acids
(FFAs), glycerophospholipids, sphingomyelins (SM), endocannabinoids, N-acyl
ethanolamines and monoacylglycerols. Gene expression of ceramide synthases 1-6
(CERSI-6) and dihydroceramide desaturases 1-2 (DESI-2), was achieved by RT-
gPCR. Next generation sequencing was performed to determine the expression of
lipid metabolism genes in differentiated and proliferating NHEK.

Results: Ceramide concentration was increased upon NHEK differentiation. CER
signalling pathways and metabolism genes including serine palmitoyltransferase
(SPT) and glucosylceramide, in addition to FFA and triacylglycerol (TG)
metabolism genes were highly expressed in differentiated NHEK. Supplementation
with DHA (10uM) increased ceramide CER[NS] concentration in proliferating and
differentiated NHEK, and upregulated CERS3 and DES2 gene expression in
proliferating NHEK. DHA reduced SM and TG levels, while EPA reduced FFA
levels in proliferating NHEK at 72 hours post-supplementation. Neither n-3 PUFA
tested altered gene expression or membrane lipid levels in differentiated NHEK.
LA increased some CERs, FFA and lysophosphatidylcholine (LPC) species in
differentiated NHEK, but did not affect CER gene expression. Both EPA and DHA
increased some CER species in HDF, and downregulated CERSS5 and CERS6
mRNA expression. DHA also affected the levels of SM, phosphatidylethanolamine
(PE) and phosphatidylcholine (PC) species. LA only had an effect on membrane
lipids where it reduced cholesterol ester (CE), TG, PC and LPC levels in HDF. In
the STZ-diabetic rat model, CER[NH] ceramides were significantly reduced in
diabetic skin while short-chain ceramides were increased in plasma, 16 and 12
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weeks post STZ, respectively. Significant decreases in palmitoleoyl ethanolamine
(POEA) and vaccenoyl ethanolamine (VEA) levels in plasma, and pentadecanoyl
ethanolamine (PDEA), oleoyl ethanolamine (OEA) and VEA in skin, were also
observed.

Conclusion: This study demonstrates the differential effect of n-3 and n-6 PUFA
supplementation on CER metabolism in human epidermal and dermal cells. This
suggests that DHA may have a potential therapeutic benefit in the epidermis as it
increased CER levels in cells representing the basal and granular layers, whereas
LA may be essential for improving skin barrier function as it mainly enhanced CER
concentration in differentiating cells. Based on these findings, future studies could
focus on examining the effect of DHA and LA on the glucosylceramide recycling
pathway in differentiated keratinocytes. In addition, investigating the effect of DHA
on the SM degradation pathway in the dermis, could help to better understand the
mechanisms by which DHA could alter dermal CER levels. The effect of LA on
HDF lipids suggests that LA stimulates fibroblast growth, which is in agreement
with previous reports on the role of -6 PUFA in wound healing. Finally, the barrier
critical CER[NH] ceramides were reduced in diabetic rat skin with disease
progression; Future studies could investigate their potential role in diabetic
dermopathies.
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1.1 SKkin structure and biology

The skin is a protective organ that forms a defensive barrier against external threats
such as ultraviolet radiation (UVR), microorganisms and mechanical assault. In
addition to this, skin prevents water and essential electrolytes within the body from
being lost, thus, maintaining homeostasis. However, it goes beyond being a
biological and physical barrier to being a multifunctional organ consisting of
specialised cells that initiate and regulate sensory and immune response
mechanisms (Proksch et al., 2008, Tobin, 2017, Chuong et al., 2002). The skin is a
mayjor site for the production and metabolism of bioactive lipids such as ceramides,
membrane lipids, and lipid metabolites such as endocannabinoids and eicosanoids
(Harding, 2004, Kendall et al., 2015). These bioactive lipids and their metabolites
are major signalling molecules involved in inflammatory response mechanisms and
regulation of cellular function (Kendall and Nicolaou, 2013). Therefore, the skin is
considered a great model to study lipid function and metabolism pathways in health
and disease. The three layers of which skin is composed are: the epidermis, the

dermis and the hypodermis (Figure 1.1).

Sphingolipids Cholesterol  Fatty acids
|

_ Epidermal
R <— Stratum cornuem } permeability
YL barrier
€ Stratum granulosum

—Epidermis
<—— Stratum spinosum

<—— Stratum basale

. 7<7< .7T K ’ ﬁﬁ_\‘_ Dermis

<—— Hypodermis

Figure 1.1 Skin structure. The illustration shows the deepest skin layer, the hypodermis;
with the overlying dermis that contains dermal cells and fibres. The epidermis is composed
of four layers: stratum basale, stratum spinosum, stratum granulosum and stratum corneum
where fully differentiated keratinocytes are found. The stratum corneum, together with its
lipids form the skin’s permeability barrier.

Keratinocyte differentiation
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Starting from the innermost layer, the hypodermis is vascularised and is composed
of adipose tissue that connects the skin to the underlying muscle tissue. It contains
adipocytes that store lipids such as fatty acids, triacylglycerols and lipid mediators,
which serve to provide energy, structurally support the skin and trigger
inflammatory responses (Iyer et al., 2010, Coelho et al., 2013). Above the
hypodermis is the dermis, which contains blood vessels, immune cells, functionally
heterogenous fibroblasts, nerve endings, structural proteins, sweat glands and hair
follicles (Lai-Cheong and McGrath, 2013). Dermal bioactive lipids such as
ceramides, sterols, FAs, phospholipids, in addition to receptors for lipid mediators
are involved in inflammatory mechanisms (Uchida et al., 1988, Kendall and
Nicolaou, 2013). Overlying the dermis is the epidermis, which contains nerve
endings, keratinocytes, melanocytes, Langerhans cells and Merkel cells that play a
role in immune response (Lai-Cheong and McGrath, 2013). It contains a higher
lipid content than the dermis, which is mainly produced by keratinocytes, and forms
the skin’s first line of defense, the permeability barrier (Uchida et al., 1988,
Weerheim and Ponec, 2001). The epidermis and dermis communicate by
transcellular signalling and support each other through an exchange of nutrients
(Yamaguchi et al., 2005, Kendall et al., 2015). The following sections will discuss

the biology of the main epidermal and dermal cells, keratinocytes and fibroblasts.

1.1.2 Epidermal keratinocytes

The epidermis is composed of four layers of keratinocytes that undergo a gradual
terminal differentiation process starting from the innermost stratum basale, then
moving through the overlying stratum spinosum, stratum granulosum and reaching
the outermost stratum corneum (SC) (Figure 1.2) (Proksch et al., 2008). The
outermost layer of the epidermis, SC, contains fully differentiated keratinocytes
(corneocytes) and forms the epidermal permeability barrier, which serves as a
shield against the environment. The barrier is enriched with an extracellular lipid
matrix of ceramides (50%), cholesterol (25%), fatty acids (15%) that are secreted
by lamellar bodies from keratinocytes in the underlying granular layers (Harding,
2004, Menon, 2002). Lipids secreted by differentiating keratinocytes are crucial for
barrier integrity and homeostasis. Studies on murine keratinocytes, normal human

keratinocytes and immortalized human keratinocytes showed a correlation between
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their lipid content and their state of differentiation (Calderon et al., 2020). In
addition to this, corneocytes provide protection from mechanical and chemical
stress due to the cornified envelope structure which surrounds the cells (Matoltsy
and Matoltsy, 1966, Sun and Green, 1976). Similarly, the lipid matrix regulates
permeability and selective absorption, in addition to corneocyte development
(Murphrey et al., 2020). The main barrier lipids are ceramides, which constitute
about 50 % of the total permeability barrier lipid content (Breiden and Sandhoft,
2014). Ceramides are highly complex bioactive sphingolipids that have earned
great interest in studies on inflammation, diabetes, neurodegenerative disease and
cutaneous disorders. Permeability barrier perturbations such as increased water
permeability and altered ceramide profile are seen in multiple inflammatory skin
disorders such as atopic dermatitis (AD), atopic eczema (AE) and psoriasis

(Harding, 2004, Jungersted et al., 2010, Lee and Lee, 2014).

Stratum corneum
| Filaggrin/loricrin/cornified envelope

Stratum granulosum
™ K2/profilaggrin/tight junctions

Stratum spinosum
K1/K10/Involucrin

Stratum basale

elo fofofofo] =

Figure 1.2 The layers of the epidermis. The epidermis consists of four layers: stratum
corneum, stratum granulosum, stratum spinosum, and stratum basale. Adapted from
(Bikle et al., 2012).

Keratinocyte differentiation is a highly regulated process that aims to form the
cornified envelope in the SC and tight junctions in the granular layer (Figure 1.2).
In addition to this, it occurs under specific conditions such as an epidermal calcium
and pH gradient, and temperature (Bikle et al., 2012, Borowiec et al., 2013, Ohman

and Vahlquist, 1994). During Keratinocyte differentiation, changes in cellular
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morphology and in the expression of proliferation and differentiation markers
occur. Firstly, proliferating cells, which originate from stem cells in the stratum
basale, form a monolayer of nucleated columnar-shaped cells that attach to the
basement membrane underneath (Proksch et al., 2008). Proliferating keratinocytes
in the basal layer express proliferation makers such as keratin 5 (K5) and keratin
14 (K14) (Nelson and Sun, 1983). The nucleated cells in the basal layer can
synthesize DNA and are therefore in a proliferative mitotic state (Wikramanayake
etal., 2014, Fuchs, 1990). Next, the cells exit mitosis and differentiation is initiated,
where cells detach from the basement membrane and migrate to the stratum
spinosum. Here the morphological changes include the formation of large and flat
cells that are connected by structures known as desmosomes. Differentiating cells
at this stage express early differentiation markers: keratin 1 (K1), keratin 10 (K10),

involucrin and transglutaminases (Yuspa et al., 1989, Rice and Green, 1979).

The cells continue to migrate up through the granular layers where, as the name
suggests, the cells contain keratohyalin granules in addition to lamellar bodies
(Lavker and Matoltsy, 1971, Ishida-Yamamoto et al., 1993). Here tight junctions
form and the cells produce keratin 2 (K2) and profilaggirin (Collin et al., 1992,
Matsui and Amagai, 2015). When the cells reach the SC, they are enucleated, and
the plasma membrane is replaced with a cornified envelope. Fully differentiated
cells in the SC connect with each other by corneodesmosomes and form multiple
layers that forms the SC (Blaydon and Kelsell, 2014, Wikramanayake et al., 2014).
Markers of the final stage of differentiation include filaggrin and loricrin (Mehrel

et al., 1990, Matsui and Amagai, 2015).

1.1.3 Dermal fibroblasts

Fibroblasts are functionally heterogenous cells that are found in different tissues,
which produce extracellular matrix (ECM) proteins such as collagen, fibrin, elastin
and proteoglycans which play a role in injury repair and support tissue integrity
(Muhl et al., 2020). Dermal fibroblast phenotype is based on the dermis layer at
which they reside (Sorrell et al., 2007). The dermis consists of two vascular layers:
the upper papillary dermis and the lower reticular dermis. The papillary dermis
contains blood vessels and nerves that supply the epidermis, in addition to papillary

fibroblasts that support epidermal development. Papillary fibroblasts communicate
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with keratinocytes via the dermal-epidermal junction (DEJ) to form the basement
membrane where the two skin layers attach (Marinkovich et al., 1993). The reticular
dermis contains reticular fibroblasts and hair follicles which terminate in the
hypodermis (Sorrell and Caplan, 2004). Although the exact function of the different
fibroblast types is not fully understood, it has been suggested that papillary and
reticular fibroblasts are metabolically distinct. For example, the papillary dermis is
thinner and contains a less dense amount of connective tissue fibres than that in the
reticular dermis (Woodley, 2017). Similarly, the amount of ECM produced by
dermal fibroblasts differ according to the dermal layer in which fibroblasts are

found (Sorrell et al., 2007).

Moreover, fibroblasts can differentiate into specialised cells such as myofibroblasts
and adipocytes. For example, following injury, endoplasmic reticulum (ER) stress
initiates fibroblast differentiation into myofibroblasts that possess fibroblast and
smooth muscle cell properties, which is essential for fibrosis (Matsuzaki et al.,
2015, Griffin et al., 2020). Additionally, fibroblasts could differentiate into
adipocytes via peroxisome proliferator-activated receptor gamma (PPAR- vy)
activation (Takeda et al., 2017, Gregoire, 2001). It has been suggested that reticular
fibroblasts are the key players in wound healing, whereas papillary fibroblasts are
activated at later stages as keratinocytes reepithelialise the injury site (Woodley,

2017).

1.2 Ceramides

Ceramides (CERs) are bioactive lipids that are actively involved in major molecular
mechanisms in the body. The term bioactive lipids refers to “lipids derived from
components of the cellular membrane that mediate cellular function”, where a
decrease or accumulation of these lipids could disturb cellular function and cause
disease (Nicolaou and Kokotos, 2004). Advances in lipid research revealed the
crucial contributions of CERs in regulating various processes from skin barrier
stability, energy production, and signal transduction, to apoptosis, inflammation
and insulin-resistance (Hannun and Obeid, 2011, Hannun and Obeid, 2008,
Charruyer et al., 2008). However, the mechanisms involved in CER metabolism

and function, such as the synthesis and metabolism of 6-hydroxyceramide, and the
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specific functions of individual CER species have not been fully explored.
Elucidating CER function relies not only on classifying and quantifying CER
classes, but on investigating CER production and metabolism as well, which
remains a challenge. Although this field has been rapidly developing, studies on the
major biochemical pathways and the regulating enzymes involved in cutaneous
CER metabolism are limited. The reason for this could be owed to the structural

and functional complexity of these bioactive lipids.

1.2.1 Ceramide structure and nomenclature

Ceramides are sphingolipids which contain an amino alcohol sphingoid-base chain
such as sphingosine and form the backbone for the more complex sphingolipids
such as sphingomyelin (Chakraborty and Jiang, 2013). The complexity of CERs
arises from the variation in fatty acid (FA) and sphingoid-chain base combinations
that form these significant epidermal sphingolipids. In addition to the numerous
possibilities for amide bond coupling of sphingoid bases and FAs, CER
heterogeneity is attributed to other factors such as chain length variations,
hydroxylation, degree of saturation and the number of double bonds (Coderch et
al., 2003, Kihara, 2016). Regarding the sphingoid -base chains, four main sphingoid
bases could be found in different CER species including dihydrosphingosine [DS]
also known as sphinganine, sphingosine [S], phytosphingosine [P] and 6-
hydroxysphingosine [H]. These CER structural units vary according to the number
of hydroxyl groups and the presence of double bonds. Figure 1.3 illustrates the
different structural characteristics of the four main sphingoid bases, where
dihydrosphingosine and sphingosine share similar structures consisting of a carbon
chain, two hydroxyl groups with an additional double bond positioned at carbon 4
in sphingosine. Phytosphingosine is similar to dihydrosphingosine with a third
hydroxyl group at position 4, whereas 6-hydroxysphingosine structure includes
both a double bond at position 4 and a third hydroxyl group at position 6 as the

name suggests.
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dihydrosphingosine [DS] NH,

sphingosine [S]

phytosphingosine [P]

O_____
T
T
T

)

6-hydroxysphingosine [H]

Figure 1.3 Sphingoid base structures. In this figure, examples of the four main long-
chain base molecular structures are shown: dihydrosphingosine, sphingosine,
phytosphingosine and 6-hydroxysphingosine. Figure shows structural similarities and
differences in the the four sphingoid bases in different colours. C1 refers to the the carbon

at position 1 in the sphingoid-base chain.

Furthermore, as reviewed by (Kendall and Nicolaou, 2013), FA chains are major
constituents that form CER and are found as either non-hydroxy (N), alpha-hydroxy
(A), or esterified omega-hydroxy (EO) FAs. Combining the two basic building
blocks that generate CER, nomenclature mainly depends on the specific long chain
base present and the FA’s degree of hydroxylation. For example, CER[NS]
represent the most common CER species which contain sphingosine and a simple
non-hydroxy FA (Table 1.1). 12 CER families have been reported in human SC
and are classified according to the two carbon chains (long-chain base and amide-
linked FA chain) with varying lengths, and the type of polar head groups attached
(van Smeden et al., 2011, Janssens et al., 2012, Kendall and Nicolaou, 2013). Table
1.1 lists the 12 CER families that have been identified in skin and their

nomenclature, where the CER-1 family as previously known, for example, includes
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the CER[EOS] species with a sphingosine long-chain base and an ester-linked
omega-hydroxy fatty acid (Breiden and Sandhoff, 2014). To name CER, the
following notation is used: adding a number after the fatty acid abbreviation (N, A,
EOS) represents the FA chain length and the degree of saturation, whereas the
number following the sphingoid base indicates the number of carbon atoms present
in the sphingoid base chain. For example, CER[NS] described as N(24)S(18)
denotes the presence of a C24 non-hydroxy FA chain and a C18 carbon sphingosine

chain. An example for this would be CER-2 in (Table 1.1).

Ceramide | Nomenclature Representative CER structures
class (old | (new notation)

notation)

CER[EOS]

CER[NS] C18 sphingosine chain €— /\/\/\/\/\/\/%/O\HI/\OH
\/\/\/\/\/\/\/\/\/\/\/\H)‘H

C24 non-hydroxy FA chain 4—‘

CER[NP]

CER[EOH]

CER[AS]

CER[AP]

CER[AH]
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CER[NH]

CER[EOP]

CER[NDS]

CER[ADS]

CER[EODS]

Table 1.1 Ceramide notation systems. EOS: ester-linked omega hydroxy FA +
sphingosine, NS: non-hydroxy FA + sphingosine, NP: non-hydroxy FA+
phytosphingosine, EOH: ester-linked omega hydroxy FA + 6-hydroxysphingosine, AS:
alpha-hydroxy FA+ sphingosine, AP: alpha-hydroxy FA+ phytosphingosine, AH: alpha-
hydroxy FA + 6-hydroxysphingosine, NH: non-hydroxy FA+ 6-hydroxysphingosine, EOP:
ester-linked omega hydroxy FA + phytosphingosine, NDS: non-hydroxy FA +
dihydrosphingosine, ADS: alpha-hydroxy FA + dihydrosphingosine, EODS: ester-linked
omega hydroxyl FA + dihydrosphingosine.

1.2.2 Ceramide metabolism

Ceramide biosynthesis is a dynamic process that involves a group of at least 28
individual enzymes and complex regulatory mechanisms, which altogether lead to
the combination of specific sphingoid bases, FAs and headgroups, thus, generating
various CER species with unique characteristics and roles (Hannun and Obeid,

2011). A schematic outline of this pathway is shown in Figure 1.4.

The first and rate limiting step in the CER de novo synthesis pathway occurs in the
endoplasmic reticulum (ER), and is catalysed by serine palmitoyltransferase (SPT),
which is responsible for the production of 3-ketodihydrosphingosine (KDS) by the
condensation of an amino acid and a palmitic acid (C16), mainly, L-serine and
palmitoyl-CoA respectively (C16) (Yard et al., 2007, Kihara, 2016, Martinez-
Montanes et al., 2016).
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The second step in the de novo synthesis pathway involves the reduction of 3-
ketodihydrosphingosine (3-KDS) to form dihydrosphingosine, which is then N-
acylated by a ceramide synthase (CerS) which is a group of six enzymes with
specific acyl-chain preference. This step generates dihydroceramide (CER[DS])
(Airola and Hannun, 2013). The degree of saturation for the fatty acid added to
generate CER[DS] could either be N, A, EO or O, and is referred to as X in Figure
1.4. Dihydrosphingosine is considered an important intermediate in the formation

of sphingosine and subsequently, other CER classes (Pruett et al., 2008).

The final step in this pathway generates either sphingosine-based CER (CER[S]) or
phytoceramide CER[P], where CER[DS] is either desaturated by using A-4
desaturase-1 (Des1) to give CER[S] or hydroxylated by desaturase-2 (Des2) to give
CER[P] (Ternes et al.,, 2002, Kihara, 2016). However, knowledge on 6-

hydroxyceramide (CER[H]) is limited, as its synthesis remains unexplored.

Additional structural modifications to the sphingoid base polar headgroup of CER
produce more complex sphingolipids such as sphingomyelin (SM) where a
phosphocholine group is introduced, and glycosphingolipids such as
glucosylceramide (GlcCer) and galactosylceramide (GalCer) where glucose or
galactose are added, respectively (Figure 1.5) (Kihara et al., 2007, Kihara, 2016).
The salvage pathway in CER biosynthesis is responsible for the breakdown of SM
and glycosphingolipids in the lysosome or endosome (Wegner et al., 2016). This
involves the recycling of SM by sphingomyelinase (SMase) where SM is
hydrolysed in the Ilysosome into CER and the additional headgroup,
phosphorylcholine (Goni and Alonso, 2002). Another route for CER production is
the recycling of free sphingosine using the CerS family (Figure 1.4 B). Sphingosine
could be directly released from CER by ceramidases, or from CER resynthesised
from SM and glycosphingolipids via SMase and glycosidase (GCase), respectively
(Kitatani et al., 2008, Mullen et al., 2012). Following the release of sphingosine,
tissue specific CerS1-CerS6 reassemble CER. Moreover, ceramide-1-phosphate
(C1P) and sphingosine-1-phosphate (S1P) are produced by phosphorylation of the
1-hydroxy group of sphingosine.
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Figure 1.4 Ceramide biosynthesis pathways. (A) shows the main biosynthesis pathway
where SPT is the first and rate limiting step that leads to the production of CER[DS] and
subsequently CER[S] or CER[P]. (B) shows the possible route which CER is generated
from (A): CER[S] could be taken to either generate sphingosine or complex sphingolipids
such as SM. X stands for the degree of hydroxylation for the fatty acid incorporated in CER
that could be either: N, A, or EO.
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Figure 1.5 Examples of two complex sphingolipids. A sphingomyelin and a
glucosylceramide. Both are derivatives of CER with phosphocholine or glucose.
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1.2.2.1 Serine palmitoyltransferase

As mentioned above (Figure 1.5), SPT catalyses the first step in CER synthesis.
This is a membrane bound enzyme that is found in the ER (Bode et al., 2016). It is
composed of two main subunits, SPTLC1 and SPTLC2, and is part of a family of
enzymes known as pyridoxal 5’-phosphate  (PLP)-dependent a-oxoamine
synthases (POAS) that require (PLP) as a co-factor, which binds to the SPTLC2
subunit (Yard et al., 2007, Bourquin et al., 2011, Bode et al., 2016). A third subunit
has been reported in humans, known as, SPTLC3 (Hornemann et al., 2006). In
addition, a subunit known as ssSPT was found to be important for SPT activity and
acyl-CoA chain length specificity (Han et al., 2009). SPT activity is subjected to
several variables such as tissue type, the developmental stage of the tissue and diet
(Hanada, 2003). Studies on skin are limited, however, a study on SPT activity in
the hypothalamus of malnourished developing rat showed a marked decrease in
SPT activity and L-serine incorporation after one week when compared with
normal diet rat (Rotta et al., 1999). Moreover, SPTLC1 and SPTLC2 messenger
ribonucleic acid (mRNA) levels were found to be increased in cultured human
keratinocytes treated with nicotineamide (Tanno et al., 2000). The preference of
SPT for a fatty acid with a C16 carbon chain and the abundance of palmitic acid
could explain SPT’s preference for palmitoyl CoA among other acyl-CoAs and to
the predominance of sphingosine (C18) as the most common sphingoid base found
in sphingolipids (Hanada, 2003, Haynes et al., 2008, Hanada et al., 2000).
Additionally, SPT was found to be preference for the amino acid L-serine (Hanada

et al., 2000).

1.2.2.2 Ceramide synthase

There are six mammalian CerS isoforms that are major regulators of CER synthesis
through the regulation of the de novo pathway, recycling free sphingosine and
controlling the levels of long-chain bases. Each CerS has a preference for an acyl-
chain length (Mullen et al., 2012, Wegner et al., 2016). For example, CerS1
generates ceramides with C18 acyl-chain length, CerS5 and CerS6 are found to
induce C16 acyl-chain ceramides and CerS2 and CerS3 are specific for the longer
ceramides with C22-C24 acyl-chain lengths (Mizutani et al., 2009). These enzymes
are also tissue specific. Table 1.2 summarises CerS acyl-chain length specificity

and tissue distribution, where CerS1 levels are highest in brain, CerS2 is found in
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most tissue with highest concentrations in kidney, CerS3 and CerS4 are found in

skin at higher concentrations than other CerS subclasses, whereas CerS5 and CerS6

are distributed across all tissue (Mullen et al., 2012, Park et al., 2014).

CerS Tissue Distribution Acyl-chain Length
CerS1 Brain, skeletal muscle, lymph | C18
node

CerS2 Kidney, liver, other tissue C22-C26

CerS3 Testis, skin C18-C24

CerS4 Skin, other tissue C18-C20

CerS5 Ubiquitous Cl14-Cl6

CerS6 Ubiquitous Cl14-Cl6

Table 1.2 CersS tissue distribution and acyl-chain length specificity. CerS3 and CerS4

are most abundant in skin, whereas CerS5 and Cers6 are distributed across all tissue.

Using mouse models, mutations in each CerS results in a specific abnormality
according to the CerS compartmentalisation and acyl-chain length preference (Park
et al., 2014). Although the exact function of specific CER species in different
tissues remains to be investigated, Jennemann et al. found that CerS3 is responsible
for the formation of the C18-C24 acyl-chain CERs in human and mouse skin, and
that reduced CerS3 levels in mice lead to absolute loss of these epidermal CERs,
abnormal barrier function characterised by increased water loss and subsequently
death (Jennemann et al., 2012). In addition, the main synthase expressed in
keratinocytes is CerS3 and is increased in differentiated keratinocytes (Mizutani et
al., 2008). Acyl-chain length preference of CerS plays a major role in CER

biosynthesis regulation, where genetic studies on skin specific CerS3 and CerS4 for
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example, showed a preference for C18-C24 carbon chains (Park et al., 2014). It has
been found that UVB could activate CerS pro-apoptotic activity in human
keratinocytes (Uchida et al., 2003). Although inhibitors for specific CerSs are not
available, and studies in skin are limited, Fumonisin B1 is a CerS inhibitor used to
study general CerS activity and was found to prevent the production of CER from

sphingosine in the de novo pathway in rat hepatocytes (Wang et al., 1991).

1.2.2.3 Dihydroceramide delta 4-desaturase

Desaturases are responsible for the addition of double bonds or hydroxy groups,
and eventually produce CER[S] or CER[P]. Desl, also known as dihydroceramide
desaturase, introduces a 4,5-trans-double bond to its substrate CER[DS] to give
CERJS] at ER membranes (Michel et al., 1997). Des2 mRNA is expressed mainly
in skin, kidney, intestine, and lung and was found to be the enzyme responsible for
CER[P] production (Ternes et al., 2002, Mizutani et al., 2004). Regarding CER[H]
synthesis, one suggestion is that it could result from the hydroxylation of CER[DS]
by an enzyme similar to Des2 (Kovacik et al., 2014, Masukawa et al., 2008). More
investigation on the biosynthesis pathway of CER[H] is still required to fully

uncover the enzymes and precursors involved in its generation.

1.2.2.4 Sphingomyelin and glucosylceramide metabolising enzymes

One of the significant complex sphingolipids is SM that SC CERs could be
converted to/from. The comparison of the structures of CER in SM from hairless
mouse and human epidermis with the structures of CER species in SC, and with
CER produced by SMase treatment, showed an epidermal SMs are precursors of
CER[NS] and CER[AS] (Uchida et al., 2000). Five classes of SMases are identified
and are: acidic (aSMase), secretory (sSMase), Mg?"-dependent neutral (nSMase),
Mg?*-independent nSMase and alkaline SMase (Goni and Alonso, 2002). It was
found that aSMase was reduced in human aged skin when compared with young
skin enzyme activity, which could contribute to the weakened barrier in aging skin
(Yamamura and Tezuka, 1990). Similarly, nSMase also plays a role in skin barrier
stability and repair where it was found that mice lacking a protein needed for
nSMase activation had impaired barrier repair (Kreder et al., 1999, Goni and
Alonso, 2002). Moreover, ceramide transporting protein (CERT), which is a protein
required for the transfer of CER from the ER to the trans-Golgi for SM synthesis,
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and SM synthase were found to be significantly decreased following UVB
irradiation in cultured human keratinocytes, which resulted in down-regulation of
SM generation and CER accumulation (Charruyer et al., 2008). This suggests that

SMs are an important source of barrier crucial CERs.

In addition to SM, GlcCer is a major sphingolipid and the main source for CER
synthesis via the salvage pathway catalysed by B-glucocerebrosidase, in addition to
being an intermediate in the synthesis of many glycosphingolipids (Ichikawa and
Hirabayashi, 1998, Uchida et al., 2000). In a study on Gaucher mouse epidermis
where the enzyme B-glucocerebrosidase is deficient and GlcCer is accumulated, it
was found that all SC CER species were decreased except for CER[AS] that is
produced by SM as previously discussed, while CER[NS] was said to be produced
by either GlcCer or SM (Uchida et al., 2000). In the same study, epidermal SM was
not found to contain omega hydroxy CER structures (Uchida et al., 2000). In
addition, mice deficient in these long-chain CERs had an increase in GlcCer (Zuo
et al., 2008). Taken together, this suggests that GlcCer is the main storage of these
CERs and that CER biosynthesis from GlcCer could be an important pathway for
the formation and function of the epidermal barrier (Uchida et al., 2000, Holleran

et al., 2006).

1.3 Cutaneous ceramide biology

Understanding CER function requires knowledge on the regulation and function of
the major biosynthetic enzymes, sphingoid base characteristics, CER
product/precursor regulation, in addition to understanding the diverse
interconnections between the molecular and biochemical processes involved in
phospholipid metabolism and regulation, which have not been fully elucidated. For
example, although CerS enzymes play a major role in CER synthesis, there are
limitations in CerS research due to the lack of pharmacological inhibitors for
individual CerS isoforms (Mullen et al., 2011). CER building blocks sphingosine
and dihydrosphingosine are distributed across human tissues, whereas
phytosphingosine, as previously mentioned, is found mainly in the brain, skin, liver
and kidney. Interestingly, 6-hydroxysphingosine has been reported to be
characteristic to the skin (Robson et al., 1994, Kovacik et al., 2014). Additionally,

CER pathway enzymes are expressed in various tissues, which correlate with the
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diverse functions that related CER species carryout in the body from cell signalling,

growth and differentiation to apoptosis and inflammation.

The variety in chain length, degree of saturation, type of hydroxylation and double
bond number in long-chain bases and fatty acids contribute to the heterogeneity of
CER species, especially in the epidermis (Coderch et al., 2003, Kihara, 2016). It
has been estimated that the SC of the skin is composed of 33%wt CER[H] species
, 32% CER[P], 24% CER|[S] and 11% CER[DS] (Table 1) (Kendall et al., 2017,
Skolova et al., 2017). The structure of skin CERs is unique to this site, where FAs
with chains longer than those found in other tissue exist such as CERs with the EO
hydroxy FAs: CER[EOS], CER[EODS], CER[EOP] and CER[EOH] (Jennemann
et al., 2012, t'Kindt et al., 2012). Masukawa et al. have reported 342 CER species
in healthy human SC then developed a sensitive method to quantify the levels of
individual CER species in an aim to provide a better understanding of CER
biosynthesis and function in the skin, where it was suggested that species that
contain longer sphingoid bases and FA chains provided the best insight on CER
function (Masukawa et al., 2008, Masukawa et al., 2009).

As previously discussed, CER is a major constituent of the epidermal permeability
barrier. It has been found that alterations in epidermal CER species, chain length
and levels are major factors for impaired epidermal barrier function and
transepidermal water loss seen in several dermatologic diseases with barrier
disturbance (Coderch et al., 2003, Masukawa et al., 2008). Such disorders
associated with disruption in the permeability barrier activity include, but are not
limited to: AD, psoriasis, autosomal recessive congenital ichthyosis, Netherton
syndrome, Niemann-Pick disease and Gaucher disease (Meckfessel and Brandt,
2014, Borodzicz et al., 2016). For example, in a comparison study between healthy
and AD patients, both lesional and non-lesional forearm skin from AD patients
showed a significant decrease in CER levels when compared with those of healthy
individuals of the same age (Imokawa et al., 1991). Another study on AD reported
that among CER species in SC of AD patients, those with phytosphingosine and 6-
hydroxysphingosine LCBs were the most decreased CERs in lesional skin, which
represent the main CER species found in the epidermal barrier (Macheleidt et al.,

2002).
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Furthermore, it was found that short-chain CERs were highly increased in skin of
AE subjects, with short-chain C34 CERs being the most observed in AE skin in the
following classes: CER [NS], [NH], [AS], and [AH], and this correlated with the
altered lipid grouping in SC where there was a decrease in barrier lipid packing that
is a major cause for disruption in barrier function (Janssens et al., 2012). Regarding
psoriasis, it was found that CER[EOS] levels and phytosphingosine-containing
CERs were decreased in psoriatic scale when compared with normal SC (Motta et
al.,, 1993). In addition, CER[EOS] was found to significantly effect epidermal
barrier characteristics in pig SC (Mojumdar et al., 2014). Although the association
of CER[H] levels has been reported in dermatologic diseases, the exact effect of
these species on the barrier function have not been fully investigated. In a recent
study using model lipid membranes containing the main membrane lipids, the
behaviour of CER[H] in lipid membranes and its effect on membrane permeability
was analysed. This was done by comparing CER[NH] with CERs of other
sphingoid base groups and similar FA chain lengths (N), which included CER[NS],
CER[NDS], and CER[NP]. In this study, the 6-hydroxysphingosine group in CER
was found to highly affect permeability and lipid organization by decreasing lipid
packing and chain order and increasing thermal stability and permeability (Kovacik

etal., 2017).

In addition to the role specific CER species with long acyl-chain lengths play in
skin, CER pathway enzymes have been found to be major contributors to normal
skin structure and function through synthesising these skin CERs and regulating
their levels in skin. GlcCer, as an example of the main precursor for the majority of
epidermal CER species, plays crucial roles in maintaining normal membrane barrier
structure and function (Wertz and van den Bergh, 1998, Holleran et al., 2006,
Merrill, 2011). In a study on B-glucocerebrosidase deficient Gaucher mice,
epidermal CERs derived from GlcCer were found to be decreased (Doering et al.,
1999). Another study on Gaucher mice revealed disrupted barrier function
characterized by a significant increase in transepidermal water loss and abnormal
SC lipid organization in both Gaucher mice and hairless mice treated with a

glucocerebrosidase inhibitor (bromoconduritol B epoxide) (Holleran et al., 1994).

Moreover, epidermal aSMase localised in the outer epidermis has been found to

contribute in maintaining barrier homeostasis, whereas that found in the inner
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epidermis is involved in repair of injured barrier in hairless mice (Jensen et al.,
2005). Regarding autosomal recessive congenital ichthyosis, it has been found that
CerS3 was decreased in SC of ichthyosis subjects accompanied by a 50% decrease
in very-long chain CERs produced by this enzyme and affected epidermal
differentiation (Radner et al., 2013). The involvement of CerS3 in this disorder was
also demonstrated in a study on family members with autosomal recessive
congenital ichthyosis, where a mutation in the CERS3 gene was found to be the
cause for the inactivation of CerS3 in keratinocytes and, therefore, the decrease in
long-chain skin characteristic CERs (Eckl et al., 2013). In addition to CER
biosynthesis enzymes, catabolic enzymes such as ceramidases are highly involved
in the maintenance of a structurally and functionally competent epidermis as well.
Houben et al. suggested the involvement of each of five ceramidase isoforms in
human epidermal keratinocytes and in whole human and mouse epidermis with
epidermal differentiation, function and membrane barrier homeostasis, such as
inhibiting CER mediated apoptosis, producing differentiation signals and
preventing the accumulation of CER in tissue (Houben et al., 2006). In this study,
ceramidase isoform mRNA expression was analysed in the epidermis and in other
tissue, where alkaline ceramidase-1 was found to be the most abundant and active
in both human and murine skin samples. CIP has been found to participate in wound
healing as a signalling molecule that is required for fibroblast migration and

proliferation (Wijesinghe et al., 2016).

The effects of sphingoid bases on skin function have been investigated as well. It
has been found that treating normal human epidermal keratinocytes (NHEKSs) and
mouse skin with phytosphingosine upregulated mRNA level of Peroxisome
proliferator-activated receptor-gamma (PPAR-y) that is highly involved in
regulating epidermal barrier function (Kim et al., 2006). In the same study,
epidermal differentiation marker proteins were increased in treated cells as well,
whereas phytosphingosine treatment in a hairless mouse model with irritant contact
dermatitis was found to possess anti-inflammatory effects by preventing oedema
and inflammatory cell infiltration (Kim et al., 2006). Furthermore, treating
keratinocytes with dihydrosphingosine, sphingosine and phytosphingosine resulted
in the following, respectively: cell differentiation and upregulation of all CER

species, especially the very long-chain species, increase in CER[NS] and CER[NP]
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(Sigruener et al., 2013). It has been found that mice deficient in ceramides with very
long chain fatty acids presented with a dysfunctional permeability barrier
characterised by an increase in water loss (Li et al., 2007). In addition to this,
CER[NP] was found to be significantly reduced in AD skin (Macheleidt et al.,
2002). From this, it could be concluded that cutaneous CERs play a crucial role in
maintaining the structural and functional stability of the body’s primary defence
organ. Recent developments in lipidomics have allowed analysis of individual
ceramide species for the first time, which will allow for a better understanding of

their role in the skin barrier (van Smeden et al., 2014).

1.3.1 Cutaneous ceramides in diabetic dermopathies

Diabetes is a metabolic disease with complications that could present in the skin. A
few studies on the functional properties of the permeability barrier in diabetes have
reported changes in the profile of SC lipids such as CERs (Sakai et al., 2003, Sakai
et al., 2005, Kim et al., 2018). Regarding skin CERs and diabetes, a study using
human and murine diabetic uninjured skin reported barrier changes in type-2
diabetes mellitus (DM), where there was a decrease in human and murine SC total
CER, and a decrease in epidermal proliferation with an increase in advanced
glycation end products (AGEs) epidermal receptors in mice (Kim et al., 2018).
Moreover, when examining dysfunctional wound healing in diabetes, the same
study reported delayed skin barrier repair after tape stripping, which correlated with
a decrease in the gene expression of the CER de novo biosynthesis enzyme, SPT.
Additionally, abnormalities in sphingosine-1-phosphate (S1P) signaling have been
found to compromise wound healing by affecting angiogenesis and skin cell
migration to injury site (Francis-Goforth et al., 2010). It has been found that in
diabetes, dysfunctional insulin signaling affects the proliferation, differentiation
and migration of CER producing keratinocytes, which leads to barrier function
impairment and consequently, impaired wound healing (Wertheimer et al., 2000).
Insulin treatment has been found to have a weaker effect on muscle tissue CER
levels, where only SPT and CERSI expression were normalised but not that of
CERS3S, leading to a selective normalisation of CER levels based on the targeted
CerS (Zabielski et al., 2014).
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Furthermore, available literature on systemic CERs and diabetes mentions that
alterations in plasma CER may be associated with the development of diabetes
through several pathways involved in two main mechanisms: B-cell dysfunction
and insulin signaling (Yaribeygi et al., 2020). For example, it has been found that
plasma CER accumulation induces B-cell apoptosis by inhibiting ion channel
activity, and leads to downregulation of insulin gene expression in pancreatic -
cells (Zhang et al., 2009, Guo et al., 2010). In addition to this, high circulating and
tissue CER levels may induce peripheral insulin resistance through several
pathways such as phosphorylation of insulin receptor substrate-1 (IRS-1) and
inhibition of Akt pathway, which both impair insulin signaling and glucose
metabolism (Hage Hassan et al., 2016, Yaribeygi et al., 2020). Interestingly, not
only are CERs considered diabetic factors, but are found to be early biomarkers as
well, where dihydroceramides, for example, were found to be elevated in the plasma
of two cohorts for up to 9 years before their diagnosis with type-2 DM (Wigger et
al., 2017). However, there are questions that remain to be answered around the
possibility that the role of CER could be secondary to triggering mechanisms such
as hyperglycemia, AGEs, oxidative stress and inflammation, or a direct mediator
for inflammatory and cellular stress signaling pathways in diabetes and its
complications (Yaribeygi et al., 2020). Although when discussing CER function it
is usually the function of CER[NS] and its products that is mentioned, CER[NDS]
has been found to have distinct cellular functions. In a recent review, Siddique et
al. argue that CER[NDS] and their products such as dihydrosphingomyelin are
biologically active species that play unique roles (Siddique et al., 2015). However,
it has been mentioned that CER[NS] has a more significant role in cell signalling
than CER[NDS] such as in insulin resistance and inflammation (Hannun and Obeid,

2008, Gault et al., 2010).

1.4 Membrane lipid biology

The main cellular lipid families, of which multiple lipid structures are derived from,
include: sphingolipids, fatty acids, sterols, glycerolipids, and glycerophospholipids
(Fahy et al., 2005). Cells are surrounded by the plasma membrane, which serves as
a protective structure that surround the outer cellular boarder and sub-cellular

organelles. The plasma membrane separates the intracellular constituents from the
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extracellular matrix and is mainly composed of membrane lipids and proteins that
perform regulatory and signalling functions within the cell, which maintain
biological processes in the body. The amphipathic structures of membrane lipids
that consist of hydrophobic tails and hydrophilic heads form the membrane lipid
bilayer. The major constituents of the plasma membrane include complex
sphingolipids, FAs, sterol lipids, glycerolipids and glycerophospholipids (Head et
al., 2014). Cholesterol is distributed equally across the inner and outer leaflets of
the bilayer, whereas complex sphingolipids are mainly found facing the outer side
of the membrane while phospholipids are mainly facing the cytosol (Bretscher,
1973, Munro, 2003). The structure and synthesis of complex sphingolipids such as
SM and GlcCer is explained in (Section 1.2.2).

1.4.2.1 Cholesterol, glycerolipids and glycerophospholipids

Cholesterol is the most important sterol lipid in cellular membranes, which is
required for membrane rigidity and is a precursor for steroid hormones (Figure 1.6)
(Bach and Wachtel, 2003). It could be obtained through diet and stored in tissue as
cholesterol ester (CE) or converted into bile acids (Bjorkhem, 2013, Meaney, 2014)
Additionally, although cholesterol could be synthesised in most nucleated cells, its
biosynthesis mainly takes place in the ER of hepatic cells (Alphonse and Jones,
2016).

Hsc////l CH3

Figure 1.6 The structure of cholesterol.

First, acetyl-CoA and acetoacetyl-CoA form 3-hydroxy-3-methylglutaryl CoA
(HMG-CoA) which contains 6 carbon atoms (C6). Then, a reduction reaction takes
place where mevalonate is produced. This reaction is considered a main target for
statin drugs (Meaney, 2014). After that, isopentenyl pyrophosphate (IPP) is formed
through a series of phosphorylation and decarboxylation reactions, which then

produces the C10 geranyl pyrophosphate (GPP) (DeBose-Boyd, 2008). A C15
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farnesyl pyrophosphate (FPP) is then produced and condensed to form the C30
squalene (Russell, 1992). Squalene then undergoes a complex series of reactions to
form a steroid structure (G J Schroepfer, 1982). It had been suggested that this step,
which catalyses the first oxygenation reaction in cholesterol biosynthesis, could be
a second target to inhibit cholesterol synthesis (Gill et al.,, 2011). Finally,

demethylation reaction produces the C27 cholesterol.

Glycerolipids include lipid structures with a glycerol group which could contain
either one, two or three fatty acids (monoacylglycerol, diacylglycerol or
triacylglycerol, respectively) (Figure 1.7) (Fahy et al., 2005). Triacylglycerol (TG)
plays a structural and functional role in cells as it is used for energy production,
such as that in adipocytes, is a precursor for lipid mediators, and is essential for a

healthy permeability barrier (Radner and Fischer, 2014).
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Figure 1.7 The structure of glycerolipids. MG: monoacylglycerol; DG: diacylglycerol;
TG: triacylglycerol.

Moreover, glycerophospholipids are the most abundant membrane lipids and are
composed of a hydrophobic fatty acid chain and a hydrophilic phosphate-containing
glycerol chain (Berg et al., 2002). The most abundant glycerophospholipids in skin
are phosphatidylcholine (PC) and phosphatidylethanolamine (PE) (van der Veen et
al., 2017) (Figure 1.8). Other glycerophospholipid structures include:
lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE),
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lysophosphatidic acid (LPA), phosphatidic acid (PA) and phosphatidylinositol (PI).
In addition to their role in cell membrane formation, glycerophospholipids produce
crucial lipid mediators such as endocannabinoids (Wertz, 1992, Aloulou et al.,

2012).
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Figure 1.8 The structure of two abundant glycerophospholipids in skin. PC:
phosphatidylcholine; PE: phosphatidylethanolamine.

The synthesis of glycerolipids and glycerophospholipids is a complex and
interconnected process known as the Kennedy pathway. It starts with an acylation
step where LPA is produced by the esterification of glycerol-3-phosphate to an
acyl-CoA. LPA is then acetylated to produce PA. Next, diacylglycerol (DG) results
from the dephosphorylation of PA, which could either be esterified with an acyl-
CoA to produce TG or used to produce PC and PE (Lehner et al., 1996, Kennedy,
1958, Yeagle, 2016). For the synthesis of PC or PE, a choline or ethanolamine
group, respectively, is phosphorylated to produce either phosphocholine or
phosphoethanolamine. These products undergo several reactions where the final
products react with DG to form PC or PE. Dysregulation in the activity of the PC
Kennedy pathway has been found to alter TG biosynthesis, which shows that this
pathway 1s essential for maintaining a Dbalanced glycerolipid and

glycerophospholipid level (Moessinger et al., 2014).
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1.4.2.2 Endocannabinoids and their congeners

Endocannabinoids are bioactive lipid mediators involved in different functions such
as pain perception, memory and immune responses to name a few (Marzo et al.,
2004). Additionally, cannabinoid receptors (CB1 and CB2) are widely distributed
in several tissues such as skin, muscle and the immune cells. In the skin, the
endocannabinoid system has been found to regulate keratinocyte growth and
differentiation, inflammatory response and sensation (Rio et al., 2018).
Endocannabinoid synthesis reflects the interconnection between the metabolism of
different membrane lipids as it involves several membrane lipids such as FAs, PC,
PE, PI and DG. The main endocannabinoids are arachidonoyl ethanolamine (AEA)
and monoacylglycerol 2-arachidonoylglycerol (2-AG) (Figure 1.9). In addition to
this, endocannabinoid congeners which are related molecules with different FA
subunits, include N-acyl ethanolamines (NAE), monoacyl glycerols (MAG) and N-
acyl amino acids (NAA) (Fontana et al., 1995, Mechoulam et al., 1998, Farrell and
Merkler, 2008).

AEA OH QH 2-AG
H3C 5‘\1 (0] H3C (o] (o]

Figure 1.9 The structure of AA-derived endocannabinoids. AEA: anandamide; 2-AG:
2-arachidonoylglycerol .

The biosynthesis of AEA involves membrane lipids PC and PE in addition to
PUFA. First, AA 1is transferred from PC to PE resulting in the N-acyl-
phosphatidylethanolamine (NAPE). Next, NAPE is hydrolysed to form AEA
(Kendall and Nicolaou, 2013, Devane et al., 1992, Liu et al., 2006) (Figure 1.10).
The type of fatty acid in PC or PE decides the final endocannabinoid product. For
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example, AA produces AEA, whereas palmitic acid produces PEA and oleic acid
(OA) produces (OEA) (Di Marzo and Petrosino, 2007, Wang et al., 2006, Wang
and Ueda, 2009). Similarly, endocannabinoid congeners eicosapentaenoyl
ethanolamine (EPEA) are derived from EPA, whereas docosahexaenoyl
ethanolamine (DHEA) are produced from DHA (Watson et al., 2019). The
synthesis of 2-AG involves PI and DG. It begins with the hydrolysis of PI to form
DG which is then hydrolysed to 2-AG (Di Marzo, 2008, Wang and Ueda, 2009,
Kendall and Nicolaou, 2013, Urquhart et al., 2015) (Figure 1.11).
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Figure 1.10 The synthesis of anandamide. Anandamide is synthesised from
glycerophospholipids: phosphatidylcholine and phosphatidylethanolamine. The
illustration is adapted from (Kendall and Nicolaou, 2013).
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Figure 1.11 The synthesis of 2-arachidonoylglycerol. 2-arachidonoylglycerol synthesis
involved diacylglycerol. The illustration is taken from (Kendall and Nicolaou, 2013).

Table 1.3 lists the bioactive lipids and their derivatives, showing the connection
in their biosynthesis as discussed above.

Lipid class Lipid species Derivatives

Sphingolipids CER SM, GlcCer

Sterol lipids Cholesterol CE

Glycerolipids MG, TG, DG PC, PE

Clloroaigaiaiiotie s PC, PE, LPC, LPE, PI, PA, DG, Endocannabinoids
LPA

FAs AA, Palmitic acid, OA, Endocannabinoids
DHA, EPA

Table 1.3 Bioactive lipids and their derivatives. CER: ceramide; SM: sphingomyelin;
GlcCer: glucosylceramide; CE: cholesterol ester; MG: monoacylglycerol; TG:
triacylglycerol; DG: diacylglycerol; PC: phosphatidylcholine; PE:
phosphatidylethanolamine; LPC: lysophosphatidylcholine; LPE:
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lysophosphatidylethanolamine; LPA: lysophosphatidic acid; PA: phosphatidic acid; PI:
phosphatidylinositol; AA: arachidonic acid; OA: oleic caid; DHA: docosahexaenoic acid;
EPA: eicosapentaenoic acid.

1.4.2.3 Fatty acids

Fatty acids are major precursors to most bioactive lipids and lipid mediators.
Additionally, they are considered crucial permeability barrier lipids and are an
integral moiety in CER structure. They are composed of a hydrocarbon chain with
a methyl group and a carboxyl group that binds to other lipids through their alcohol
groups to form complex lipid classes (Nicolaou and Kokotos, 2004). Fatty acids are
found either saturated or unsaturated. Fatty acids lacking double bonds are known
as saturated FAs, whereas those containing one double bond are monounsaturated
FAs and those containing more than one double bond are polyunsaturated FAs
(PUFASs) (Figure 1.12). The nomenclature of PUFAs takes account of the number
of double bonds and the position (x) of the last double bond at the end of the acyl
chain referred to as the omega (n) carbon, which forms the n-x based nomenclature.
For example, docosahexaenoic acid (22:6 n-3) has an acyl chain of 22 C with six
double bonds the last of which is found on the third last carbon of the methyl end
of the chain.

DHA (22:6 n-3)

Methyl end

/\_/\/\/\/\/\/\/“\

Carboxyl end

o
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EPA (20:5 n-3)
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HSC\/\/\?—,/\ ' OH
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LA (18:2 n-6)

Figure 1.12 The structure of #n-3 and n-6 PUFAs. DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid .
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Although FAs are abundant in human tissue, the linoleic and linolenic acids cannot
be synthesised in the body and are, therefore, considered essential nutrients that are
acquired externally. The reason for this is the lack of delta (A) desaturases that are
responsible for the addition of double bonds to the carboxyl carbons beyond
position 9 in the acyl chain (Whelan and Rust, 2006). Alpha-linolenic acid (ALA)
and linoleic acid (LA) are precursors of the n- 3 and n- 6 PUFA families,
respectively, from which long chain PUFAs are synthesised in the ER through
desaturation-elongation reactions (Zhou and Nilsson, 2001). Figure 1.13
demonstrates the main mammalian desaturation-elongation enzymes and products

in PUFA synthesis.

Among the desaturase enzymes, A6 and A5 desaturases catalyze synthesis of LA-
derived and ALA- derived long chain PUFAs such as n- 6 arachidonic acid (AA)
and n- 3 eicosapentaenoic acid (EPA) (Nakamura and Nara, 2004). Moreover, in
humans, A4 desaturase that is responsible for the synthesis of docosahexaenoic acid
(DHA) in lower eukaryotes is absent, whereas production rate of EPA from ALA
is low . Therefore, EPA and DHA are acquired through diet. When available,
PUFAs are either utilized for phospholipid synthesis or hydrolysed to free fatty
acids. They could also undergo degradation by peroxisomal B-oxidation in the
mitochondria (Sprecher, 2000). It has been found that 75.5% and 84.9% of dietary
LA and ALA, respectively, are B-oxidised (Cunnane and Anderson, 1997). The
second group of enzymes involved in PUFA biosynthesis is the elongase group
(ELOVL), which includes 7 ELOVLs that catalyse the first and rate limiting step
in the elongation cycle of monounsaturated and polyunsaturated fatty acid with
ELOVL2, 4 and 5 being specific for PUFA (Jakobsson, Westerberg and Jacobsson,
2006; Ohno et al., 2010).
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Figure 1.13 Enzymes regulating the biosynthesis of polyunsaturated fatty acids.
Adapted from (Leonard et al., 2004).

1.5 Omega-3 and omega-6 PUFA in skin health and disease

There is an outstanding amount of evidence on PUFA health benefits especially in
cardiovascular and skin health, in addition to their involvement in disease
prevention (McCusker and Grant-Kels, 2010; Trebaticka et al., 2017). However,
the exact mechanisms by which these potent bioactive lipids influence
physiological processes are not fully understood (Schunck, 2016). Cutaneous n-3
PUFA possess profound anti- inflammatory and photoprotective effects mediated
by their metabolites, eicosanoids (Nicolaou, Pilkington and Rhodes, 2011). In a
study on the effects of a 12-week dietary EPA supplementation on UV-exposed
human skin, AA-derived pro-inflammatory mediators: 12- hydroxyeicosatetraenoic
acid (12-HETE) and prostaglandin E> (PGE>) were found to be significantly reduced
relative to EPA-derived anti-inflammatory PGE3 and 12- hydroxyeicosapentaenoic

acid (12-HEPE) levels (Pilkington et al., 2014). Furthermore, EPA
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supplementation was found to increase UVR erythemal threshold from 36 mJ/cm?
to 49 mJ/cm? (Rhodes et al., 2003). In addition, intravenous administration of 4.2
g of EPA and DHA had a positive effect on scaling and erythema reduction in
psoriasis patients (Mayser et al., 1998). With the already existing low A5 and A6
desaturase activity in normal human epidermis, it was found that psoriatic
epidermis lacks the ability to convert LA to AA (Chapkin et al., 1986). Although
LA has pro-inflammatory effects, it is crucial for barrier function as it constitutes
around 12% of total fatty acids in human epidermis and is considered an essential
component of the epidermal CER[EOS], CER[EOH] and CER[EOP] species (Zuo
et al., 2008; Elias and Wakefield, 2015). It has been found that mice lacking the
lipid transporter protein ACBA12, had a significant decrease in LA containing
CERs, which led to barrier disruption (Zuo et al., 2008). The distinct effects of
each n- 3 and n- 6 PUFA are well demonstrated (Di Nunzio, Valli and Bordoni,
2016). With cutaneous CER being a potent bioactive lipid that is involved in a wide
range of skin disorders, it would be interesting to examine the effect of PUFA on
CER synthesis in the skin to help provide a better understanding of their role in skin

health.

1.5.1 PUFA and ceramide synthesis

In a recent study by Kendall et al. treatment of human ex vivo skin with omega-3
polyunsaturated fatty acids (50 uM) has been found to upregulate CER species in
skin (Kendall et al., 2017). The biomolecular processes, however, by which
polyunsaturated fatty acids effect CER synthesis and expression are not clear. In
addition to FA being a major moiety in the structure of CER, it has been shown that
saturated and unsaturated FA can influence CER levels. Studies on the effect of
PUFA on cutaneous CER synthesis are limited as skin CERs are among the most
variable and complex in structure. It has been suggested that PUF A upregulation of
CER in skin works through the de novo synthesis pathway or by the release of CER
from the main epidermal precursors, SM and GlcCer as in other tissue (Kendall et
al., 2017). In addition, it is suggested that a-hydroxy CER could be produced after
a-hydroxylation in the epidermis, where SM synthase and GlcCer synthase are
involved and are specific for short-chain and long-chain FAs, respectively (Uchida

et al., 2000).
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Studies on tissue other than skin have found that treating mouse myotubes with
saturated and unsaturated FA augmented CER concentrations in mouse skeletal
muscles (Schmitz-Peiffer, Craig and Biden, 1999). Regarding CER biosynthesis in
ER, Masukawa et al. (2008) mention that either before or after the production of
CER[NDS], non-hydroxy fatty acids are 2-hydroxylated to form a-hydroxy FAs by
the enzyme fatty acid 2-hydroxylase (FA2H) (Masukawa et al., 2008). Ohno et al.
(2010) reported the specificity of ELOVLI1 in humans to C24 CER synthesis and
the regulation of ELOVLI by CerS2, using HeLa cell knockdown analysis. They
explain that CerS2 could be required for the release of C24-CoA produced by
ELOVLI and the addition of a sphingoid base to form C24 CER. The molecular
mechanisms behind this ELOVL and CerS connection are not fully understood due
to several limitations such as restricted techniques and lack of substrates. However,
the novel field of study concerning PUFA effects on cutancous CER synthesis
requires more research to examine the possible enzymes and precursors involved in

the upregulation of CER species in skin.

1.6 Study aim and objectives

From this, it is shown that ceramides are a dynamic group of bioactive lipids, which
are considered a major constituent of the epidermal permeability barrier.
Alterations in CER classes and chain-lengths have been reported in several skin
disorders with barrier dysfunction. For example, studies have shown that a decrease
in CER[NP] and CER[NH] is seen in SC of AD patients (Macheleidt et al., 2002).
In addition, it was found that short-chain CERs were highly increased in skin of
patients with AE (Janssens et al., 2012). Another study on autosomal recessive
congenital ichthyosis, found a decrease in CERS3 expression and in very-long chain
CERs in the SC (Radner et al., 2013). Although reductions in SC lipids and total
CERs have been reported in diabetic skin with barrier function impairment, there is
a gap in knowledge on the potential changes in cutaneous CER profile and on the
role of CERs in the development of diabetic dermopathies (Sakai et al., 2003, Sakai
et al., 2005, Kim et al., 2018). In addition to this, the exact roles of individual CER
species in health and disease remain unclear. Furthermore, PUFAs have been
recently found to influence CER concentrations in human skin (Kendall et al.,

2017). The mechanisms, however, by which these fatty acids could regulate CER
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metabolism in normal skin requires further investigation. Therefore, investigating
CER profile in diabetic skin and exploring CER metabolism pathways that may be
targeted by PUFAs, could help to better understand the role of CERs in diabetic

dermopathies and to develop therapeutic approaches.

The hypothesis of the thesis was that #n-3 and n-6 PUFAs have a differential effect
on the metabolism of CERs and other complex lipids in normal epidermal and
dermal cells, and that CER profile is altered in diabetic skin. The general aim of
this project was to explore mechanisms involved in the metabolism of cutaneous
lipids in normal skin cells treated with PUFAs, and to examine differences in
cutaneous and systemic lipid levels in diabetes when compared with control. To
study the effect of PUFA supplementation on lipid metabolism in skin cells,
proliferating and differentiating NHEK representing the basal and granular
epidermis, in addition to human dermal fibroblasts (HDF) were treated with DHA,
EPA and LA. The specific objectives were to:

1. Examine the effect of DHA, EPA and LA supplementation on lipid
metabolism in proliferating and differentiating NHEK by analysing: the
profile of CERs, CER carbon chain lengths, gene expression of the CER de
novo biosynthesis enzymes, and the profiles of complex membrane lipids
(cholesterol, FAs, SM, glycerolipids and glycerophospholipids) (addressed
in Chapter 3).

2. Study the expression of lipid metabolism genes in differentiating NHEK
(without PUFA treatment) compared to proliferating NHEK (without PUFA
treatment) using gene sequencing analysis (addressed in Chapter 3).

3. Examine the effect of DHA, EPA and LA supplementation on lipid
metabolism in proliferating and differentiating NHEK by analysing: the
profile of CERs, CER carbon chain lengths, gene expression of the CER de
novo biosynthesis enzymes, and the profiles of complex membrane lipids
(cholesterol, FAs, SM, glycerolipids and glycerophospholipids) in HDF
(addressed in Chapter 4).

Furthermore, alterations in skin CER levels in DPN have not been previously
explored and could indicate a role for cutaneous bioactive lipids in the progression

of the complications observed in the skin. For this project, a streptozotocin (STZ) -
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diabetic rat model of DPN, which has been found to exhibit structural peripheral
nerve damage and neuropathic symptoms, was used as a tool to investigate changes
in cutaneous and systemic CER and lipid mediator profiles in diabetes compared
with control (Sima and Sugimoto, 1999, Gardiner et al., 2007, Zherebitskaya et al.,
2012, Biessels et al., 2014). The specific objectives were to:

4. Examine skin CER profile, CER carbon chain lengths, and
endocannabinoids and their congeners, in addition to plasma CER profile,
CER carbon chain lengths, and endocannabinoids and their congeners in an

STZ-induced type-1 DM rat model of DPN (addressed in Chapter 5).
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2.1 Cell culture

The following human skin cells were used: human adult low-calcium high-
temperature immortalised keratinocytes (HaCaT), immortalised human dermal
fibroblast cell line (46BR.1N), primary NHEK, primary HDF. For method
validation experiments, primary cells and cell lines were used. Although no major
morphological changes have been reported in transformed cell lines such as
HaCaTs (Boukamp et al., 1988) and 46BR.IN (Arlett et al., 1988), genetic code
alterations during cell transformation could affect cellular growth and function
(Segrelles et al., 2011). Therefore, final experiments were performed using primary
human skin cells as this could represent biological responses that occur in vivo more

accurately (Fernandes et al., 2016).

2.1.1 Reagents and consumables

2.1.1.1 Primary cells and cell lines

The epidermal cell line HaCaT, was purchased from CLS Cell Lines Service GmbH
(Eppelheim, Germany). The dermal cell line 46BR.1N, was purchased from The
European Collection of Authenticated Cell Cultures (ECACC) (Salisbury, UK).
Cell lines were between passage 23-47. Juvenile primary NHEK were purchased
from PromoCell (Heidelberg, Germany). These cells were isolated from juvenile
foreskin (different donors) and seeded in T-25 flasks at passage 2. Primary HDF
were generously provided by Dr Suzanne Pilkington and Dr Kieran Mellody. The
primary dermal cells were isolated from skin of healthy young (<30 years) donors,
cultured for 6 days and pelleted at 100% confluency or seeded in T-75 flasks at
passage 2-4. Figure 2.1 shows proliferating NHEK and HDF used for this project.
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100 uM 100 uM

Figure 2.1 Representative figures of primary NHEK and primary HDF. A) primary
normal human epidermal keratinocytes; B) primary human dermal fibroblasts. Images
were produced using an Optika microscope digital system. Scale bar 100 pm.

2.1.1.2 Reagents

HaCaT human epidermal keratinocytes

Dulbecco’s modified Eagle’s medium (DMEM, high glucose 4500 mg/l),
phosphate buffered saline (PBS), foetal bovine serum (FBS)-heat inactivated and
0.25% trypsin/ethylenediaminetetraacetic acid (EDTA) solution (1 mM), dimethyl
sulfoxide (DMSO) (ACS grade; >99.0%), 0.4% trypan blue (Sigma Aldrich,
Gillingham, United Kingdom).

46.BR.IN human dermal fibroblasts

Minimum essential medium eagle (MEM), non-essential amino acid solution
(including L-alanine, L-asparagine, L-aspartic acid, L-glycine, L-serine, L-proline
and L-glutamic acid), sodium pyruvate solution, FBS-heat inactivated, L-glutamine
solution and 0.25% trypsin/EDTA solution (I mM), PBS, DMSO (ACS grade;
>99.0%), 0.4% trypan blue. Reagents were purchased from Sigma Aldrich
(Gillingham, United Kingdom).

Primary NHEK

Keratinocyte growth medium-2 with supplement mix (0.004 mg/ml bovine pituitary
extract, 0.125 ng/ml epidermal growth factor (recombinant human), 5 pg/ml insulin
(recombinant human), 0.33 pg/ml hydrocortisone, 0.39 pg/ml epinephrine, 10
pug/ml transferrin (recombinant human), and 0.06 mM calcium chloride (CaCly), 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.04%/0.03% TrypLE




63

solution and Trypsin Neutralising Solution (TNS) cryo-SFM which were purchased
from PromoCell (Heidelberg, Germany) and 0.4% trypan blue (Sigma Aldrich,
Gillingham, United Kingdom). For differentiation: Epilife growth medium and
Epilife defined growth supplement (EDGS) (Thermo Fisher Scientific,
Massachusetts, USA), CaCl» (0.5 M) (Promo Cell, Germany).

Primary HDF

DMEM (high glucose 4500 mg/1), FBS-heat inactivated, L-glutamine solution, PBS
and 0.25% trypsin/EDTA, DMSO (ACS grade; >99.0%), 0.4% trypan blue (Sigma
Aldrich, Gillingham, United Kingdom).

2.1.1.3 Consumables and equipment

All cell culture procedures were performed in sterile Class II MSC cell culture hood
(Walkers, Safety Cabinet Ltd., Glossop, United Kingdom). Cells were incubated at
the same conditions: 37°C, 5% CO2 atmosphere, 95% humidity (Hereus CO; Cell
Culture Incubator BBD 622, Thermo Scientific, Massachusetts, USA). For cell

viability using 0.4% trypan blue, an automated cell counter was used (TC20TM

automated cell counter, Bio-Rad, Hertfordshire, United Kingdom), in addition to

TC20™ cell counting slides (Bio-Rad, Hertfordshire, UK). Cells were centrifuged
at 200xg for 3-5 minutes at room temperature (non-refrigerated centrifuge 2-6E,
SIGMA Laborzentrifugen GmbH, Osterode am Harz, Germany). All cell and tissue
culture flasks used for cell culture, including cell culture well plates (6, 12, and 96
well plate), centrifuge tubes, tissue culture plates, and serological pipettes were
purchased from Corning (New York, USA). Other equipment included Eppendorf
pipette tips (Eppendorf, Hamburg, Germany), inverted microscope Primovert
(Zeiss, Cambridge, United Kingdom), pipette controller (SLS International,
Nottingham, UK), multichannel pipette (SLS International, Nottingham, UK).

CoolCell ™LX cell freezing container was purchased from Sigma-Aldrich, Dorset,
UK. Photographs of cells were taken using a digital microscope system from

Optika Microscopes (Ponteranica, Italy).

2.1.2 Maintenance and subculture of cells
Cryopreserved cells were thawed for less than 1 min and then transferred gently to

a centrifuge tube containing cell specific warm media. If cells were provided in a
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flask, cells were detached by removing the cell culture medium and washing with
HEPES (100 pl per cm?) for primary NHEK or PBS (100 ul per cm?) for the rest of
cells types. Cells and PBS or HEPES was then replaced with TrypLE for NHEK
or trypsin- EDTA for other cells (100 pl per cm?). Cells were then incubated for up
to 15 min at 37°C (5% CO,) until cells were fully detached. TrypLE or
Trypsin/EDTA was then neutralized with TNS inhibitor solution (100 pl per cm?)
for NHEK cells or complete medium (100 pl per cm?) specific for other cell types
(DMEM or MEM). The tube containing either thawed or detached cells was then
centrifuged (200xg, 5 min). The supernatant was removed and the cell pellet was
reconstituted with fresh medium (1 ml) and transferred to a clean culture container;
for example: T75 flask containing fresh media (9 ml). Cells were then incubated at
37°C (5% CO2). After 24 h incubation, cells were checked to make sure the cells
were alive and attached to the bottom of the flask, and then cell culture media was
changed to dispose of dead or floating cells. Cell culture media was changed every
two days and cells were incubated until confluent (more than 80%). Fully confluent
cells were then subcultured by removing the cell culture medium and washing with
HEPES (100 ul per cm?) for primary NHEK and PBS (100 pl per cm?) for the rest
of cells types. Cells and PBS or HEPES was then replaced with trypsin-/EDTA (100
ul per cm?). Cells were then incubated for up to 15 min at 37°C (5% CO2) until
cells were fully detached. Trypsin/EDTA was then neutralized with TNS inhibitor
solution (100 pl per cm?) for NHEK cells or DMEM-FBS (100 pl per cm?) for other
cell types. This cell suspension was then centrifuged (200xg, 5 min) and the
supernatant was removed. If the cells were needed for further experiments, the cell
pellet was then reconstituted with medium and plated/subcultured into new flasks.
If the cells were not needed for further experiments at that time, cells were

cryopreserved (section 2.1.2.1).

2.1.2.1 Cryopreservation of cells

To freeze cells for later use, cell pellets were collected and centrifuged as above.
Supernatant was then removed and the cell pellet was suspended in appropriate
freezing medium. For NHEK, (1 ml) of Cryo-SFM was added to the pelletora 1:10
mixture of 90% v/v FBS (900 pl) and 10% v/v DMSO (100 pl) for other cells.

Suspended cells were then transferred to a labelled sterile cryopreservation vial and
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lid was tightly closed. Cells were then placed in the CoolCell™ Cell freezing
container allowing slow freezing for 24 h (-80°C freezer) before cells were stored

in liquid nitrogen storage (-196°C).

2.1.2.2 Cell count and seeding density determination
To calculate viable cells number, a 1:1 dilution of 0.4% trypan blue solution and
cell suspension was prepared (10 pl of 0.4% trypan blue solution + 10 pl of cell
suspension). 10 ul of this mixture was then added to the cell counting chamber and
the number of the cells was counted using a TC20™ Automated cell counter.
Trypan blue is a diazo dye which interacts with damaged cell membranes that
produces the blue stains seen in counting chambers. Cells that are viable are not
coloured blue (Tran et al., 2011).
Seeding density and passage ratio calculation
To calculate passage ratio: seeding NHEK into a T-75 flask for example: flask
dimensions: 75 ¢cm?, 10ml, target cell count: 2x10" cells when fully confluent.
Using a seeding density of 5000 cells/ cm? as recommended by cell provider
(PromoCell, Germany).
ClxVI=C2xV2
2 x10" cells x V1 = (5000/cm? x 75 cm?) x 10ml
2 x10" cells x V1 = (375000 cells/ 10ml) x 10 ml
V1=1375000/2x10"6

= 0.1875 ml = 187.5 ul (Use 187.5 ul of the 1ml cell suspension for one T-75
flask).
1000/ 187.5=~ 5 (1:5 passage ratio)

2.1.3 Keratinocyte differentiation

To differentiate keratinocytes, when cells were at >80% confluency and a
monolayer was formed, differentiation was induced by a calcium (Ca®") switch: cell
culture media was removed and cells were washed with Hepes BSS for NHEK (100
ul per cm?. Hepes BSS was then removed and replaced with Epilife medium with
high calcium (1.8 mM). High calcium medium was prepared by adding 1.8 ml of
0.5 M CaCl; to 500 ml Epilife medium. Cells were incubated at 37°C, 5% CO2

atmosphere, 95% humidity. Differentiation would start after incubation for 24 hours
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with high CaCl; treatment. Figure 2.2 shows the morphological changes in NHEK
differentiated for 24 hours compared to proliferating NHEK.

Figure 2.2 Representative figures of differentiated and proliferating NHEK. A) NHEK
cultured with high calcium; B) NHEK cultured with low calcium. Images were produced
using an Optika microscope digital system. Scale bar 100 pm.

Gene expression of keratinocyte differentiation and proliferation markers was
measured using next generation sequencing as described in (Section 2.3.5). Table
2.1 lists the gene expression for differentiation and proliferation markers measured
in differentiated NHEK (high Ca?") compared to proliferating NHEK before the
Ca?" switch (low Ca?"). NHEK were differentiated for four days then RNA was
extracted for gene sequencing analysis. All differentiation genes were upregulated

in differentiated NHEK, whereas proliferating genes were downregulated.

Gene Description Log2 Fold change
LCE3E Late cornified envelope 3E 8.12
LCE3D Late cornified envelope 3D 7.74
LCE3C Late cornified envelope 3C 8.46
LCE2B Late cornified envelope 2B 6.81
LCE24 Late cornified envelope 2A 7.76
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LCEIF Late cornified envelope 1F 6.62
LCEID Late cornified envelope 1D 5.98
LCEI1A4 Late cornified envelope 1A 6.93
VL involucrin 2.1
FLG Filaggrin 1.4
KRTI1 Keratin 1 -1.3
KRTS5 Keratin 5 -1.4
KRTI0 Keratin 10 -1.1

Table 2.1 The expression of differentiation and proliferation genes in differentiated
NHEK. The expression of differentiation markers in differentiated NHEK (High Ca*’,
n=3) compared to proliferating NHEK (High Ca?*, n=3) was analysed by IPA® software.
IPA® statistical analysis settings: p-value < 0.001, log2 fold change < -1 downregulation,
log2 fold change > 1 upregulation. NHEK: normal human epidermal keratinocytes.

2.2 PUFA cell treatment and toxicity assessment
2.2.1 Preparation of PUFA stock solutions

2.2.1.1 Reagents and materials

The following PUFAs were purchased from Sigma Aldrich (Dorset, UK): cis-
4,7,10,13,16,19-docosahexaenoic acid (DHA; >98% purity), cis-5,8,11,14,17-
eicosapentaenoic acid (EPA; >99% purity), 9-cis,12-cis-Linoleic acid (LA; >99%
purity); DMSO (ACS grade; >99.0%) was purchased from Sigma Aldrich (Dorset,
UK). Eppendorf tubes and pipette tips were purchased from (Eppendorf, Hamburg,

Germany), and cell culture flasks were from (Corning, New York, USA).

2.2.1.2 PUFA stock solution preparation

Fatty acid stock solutions were prepared by dissolving DHA, EPA, LA in DMSO
to prepare a 100 mM stock solution of each fatty acid, as described in (Table 2.2).
Stock fatty acid solutions were used to prepare the necessary concentrations of
diluted fatty acid solutions for the toxicity and PUFA treatment experiments
(Section 2.2.2-2.2.3). A 15 pl stock solution was aliquoted into Eppendorf tubes

and stored at -80°C. Once thawed, the aliquots were only be used once.
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PUFA Stock Dilution
solution

DHA (25 mg) 100 mM 0.76 ml DMSO

EPA (25 mg) 100 mM | 0.83 ml DMSO

LA (100 mg) 100 mM | 3.6 ml DMSO

Table 2.2 Preparation of PUFA treatment stock solutions. Concentrated PUFA
solutions were diluted with DMSO to prepare the stock solutions. DHA: docosahexaenoic
acid; EPA: eicosapentaenoic acid; LA: linoleic acid; DMSO: dimethyl sulfoxide.

2.2.2 PUFA toxicity assessment

The viability of keratinocytes following the exposure to DHA, EPA and LA and
exposure time was experimentally determined by our group and fatty acid
concentrations for cell culture treatment have been reported in previous reports
(treatment concentrations ranged from 10-15 uM )(Yoon et al., 2020, Gallala et al.,
2004, Breiden et al., 2007b, Hanley et al., 1998). Toxicity assessment was used to
examine the effect of several DHA, EPA and LA concentrations on primary HDF
viability. The  tetrazolium salt  3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was performed, which is based on a
colorimetric reaction that quantitates cell viability (Mosmann, 1983). Living cells
are able to reduce yellow MTT to insoluble purple formazan in a reaction catalysed
by mitochondrial reductases. The colour intensity of produced formazan can

proportionally reflect the metabolic function of cells and proliferation changes.

2.2.2.1 Reagents and consumables

DHA, EPA and LA stock solutions (100 mM ) were prepared as explained in
(section 2.2.1). Chemicals used in the MTT assay: DMSO, 3-[4,5-dimethylthiazol-
2-yl]- 2,5-diphenyl tetrazolium bromide (MTT reagent), and PBS (all purchased
from Sigma-Aldrich, Dorset, UK). The equipment used for the MTT assay were
pipette tips and tubes (Eppendorf, Hamburg, Germany), nylon syringe filters (0.20
um) (Corning, New York, USA), orbital shaker TITRAMAX 100 (Headolph,
Stone, United Kingdom), cell culture incubator (Hereus CO2 Incubator BBD 622,

Thermo Fisher Scientific, Massachusetts, USA), and multiskan RC plate reader
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(Labsystems, Hull, United Kingdom) with Genesis software (version 2.0) were

used for assay preparation and absorbance readings.

2.2.2.2 Preparation of PUFA doses for the MTT assay

The following PUFA concentrations were prepared to assess toxicity: 5, 10, 20, and
50 uM. To prepare the 50 uM dose for example, 5 pl of 100 mM PUFA stock
solution was diluted with 10 ml of appropriate complete medium, whereas 5 pl of
DMSO was added to the medium to prepare the control. Similarly, a 25 uM dose
of fatty acids was prepared by adding 2.5 pul of DMSO and 2.5 ul of 100 mM PUFA
stock solution to 10 ml of complete medium. The final concentration of DMSO in

the cell culture medium did not exceed 0.1% v/v.

2.2.2.3 MTT assay

Cells were seeded into 96 well plates following the seeding density calculation as
described in (section 2.1.2.2). When subconfluent, cells were treated with vehicle
control (DMSO, 0 uM dose), and DHA, EPA, or LA PUFA treatment at 5, 10, 20,
50 uM doses for 72 hours. The MTT stock solution (5 mg/ml) was prepared by
dissolving 0.1 g of MTT powder in 20 ml of PBS. The solution was filtered using
0.20 um syringe filters and aliquoted in microcentrifuge tubes wrapped with
aluminium foil and stored at -20°C for further use. A working stock of 0.5 mg/ml
was prepared fresh at the beginning of each experiment by diluting 1 ml of MTT
solution stock (5 mg/ml) with 9 ml of PBS. After 24 h of cell incubation following
treatment according to each time-point, cell culture medium was removed from
each well and the cells were washed twice with PBS (200 pl/well for a 96 well-
plate). PBS was then removed and MTT reagent was added (100 pul per well for 96
well plate) followed by incubation for 4 h at 37°C (5% CO2) in a cell culture
incubator. After 4 h, the MTT reagent was then removed and replaced with DMSO
(100 pl per well for 96-well plate). The plate was covered with aluminium foil and
was then gently shaken on a shaker for about 10-15 min to dissolve the formazan
crystal. For cells that were directly cultured and treated in a 96 well plate, the
absorbance was directly measured at 540 nm and the % cell viability was calculated
using the following equation. A dose of 10 uM was chosen as it was not found to
affect cell viability (Figure 2.3). The 20 uM DHA treatment significantly increased
cell viability % (p= 0.006), whereas EPA concentration of 20 uM significantly
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increased HDF viability % (p= 0.002). All LA concentrations stimulated HDF
viability; 5 uM (p=0.03), 10 uM (p= 0.0096), 20 uM (p= 0.03), 50 uM (p= 0.001).

Viability (%) = Mean absorbance at 540 nm of sample — Mean absorbance at 540 nm of blank

x 100%
Mean absorbance at 540 nm of control — Mean absorbance at 540 nm of blank
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Figure 2.3 PUFA toxicity assessment for HDF treatment. HDF cells (n= 3) were treated
with 0 (control), 5, 10, 20 and 50 uM of A) DHA, B) EPA and C) LA for 72 hours. Data
are presented as mean viability = SD. Data were analysed by One-Way ANOVA comparing
differences over treatment concentration compared with control; *p <0.05; **p <0.01.
HDF: human dermal fibroblasts; DHA: docosahexaenoic acid; EPA: eicosapentaenoic
acid; LA: linoleic acid.

2.2.3 Treatment of cells with PUFAs

A dose of 10 uM was chosen based on previous reports, which used a fatty acid
concentration that ranged from 10-15 uM (Yoon et al., 2020, Gallala et al., 2004,
Breiden et al., 2007b, Hanley et al., 1998). In addition, the MTT assay showed that
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this dose was not found to be toxic and there was low variability between samples
as shown in (Figure 2.3). The 10 uM dose was prepared as described above (section
2.2.2.2). When cultured cells reached 70-80% confluency, media was discarded and
cells were washed with PBS or HEPES. Fresh medium containing the calculated
volume of the PUFA dose was then added and cells were incubated at 37 °C, 5 %

COas. Media containing fresh treatments was replaced daily.

2.3 Real time quantitative polymerase-chain reaction (RT-qPCR)
analysis

Ceramide biosynthesis enzyme gene expression was measured in primary human
skin cells using RT-qPCR analysis, in order to examine the effect of PUFA
treatments on ceramide biosynthesis in primary NHEK and HDF (Chapters 3
and 4).

2.3.1 Reagents and consumables

Chemicals and reagents used in PCR assay included ethanol (HPLC grade, purity
>99.8%) and PB-mercaptoethanol (purity >99%) were purchased from Sigma-
Aldrich, Dorset, UK. Qiagen Rneasy® mini kit, consisting of RNeasy mini elute
spin columns, collection tubes, RNase-free water, and wash buffer (Buffer RW1),
concentrated wash buffer (Buffer RPE), RNeasy lysis buffer (Buffer RLT), 96-well
plates, 348-well plates were purchased from Qiagen (Hilden, Germany). High
Capacity RNA-to-cDNA kit was purchased from Thermo Fisher Scientific, UK.
TagMan™ Fast Universal PCR Master Mix and nuclease-free water were purchased
from Thermo Fisher Scientific, Massachusetts, USA. The predesigned primer and
probe mix was purchased from TagMan™ gene expression assay, Thermo Fisher
Scientific (Massachusetts, USA). Details for the primers and probe mix used in the
experiments are listed in (Table 2.3). The equipment used in PCR assay were:
Nanodrop™ (Thermo Fisher Scientific, UK), PCR Thermal cycler (Thermo Fisher
Scientific, Massachusetts, USA), refrigerated centrifuge (Eppendorf, Stevenage,
UK), StepOnePlus Real Time PCR System (Applied Biosystems, Massachusetts,
USA), 7900HT Fast Real-Time PCR System (Thermo Fisher Scientific,
Massachusetts, USA).



72

Reagent symbol Target Species Details

TagMan™ NA TagMan™ fast universal master mix;
Reference dye: ROX(pre-mixed); Detection
method: primer-probe detection

GAPDH Human Glyceraldehyde-3-phosphate dehydrogenase;
Assay ID Hs02758991 gl; Cat.No. 4331182

RPL27 Human Ribosomal protein L27; Assay ID
Hs0044961 gl1; Cat.No. 4331182

CERS1 Human Ceramide synthase 1; Assay ID
Hs04195319 sl; Cat.No. 4331182

CERS? Human Ceramide synthase 2; Assay ID Hs00371958;
Cat. No. 4331182

CERS3 Human Ceramide synthase 3; Assay ID
Hs00698859 ml; Cat.No. 4331182

CERS4 Human Ceramide synthase 4; Assay ID
Hs00226114 ml; Cat.No. 4331182

CERSS Human Ceramide synthase 5; Assay ID
Hs00382151 ml; Cat. No. 4351372

CERS6 Human Ceramide synthase 6; Assay ID
Hs01372225 ml; Cat.No. 4351372

DES1 Human Desaturase 1; Assay ID Hs00186447 ml;
Cat.No. 4331182

DES?2 Human Desaturase 2; Assay ID Hs01380343 ml;
Cat.No. 4331182

Table 2.3 Details for the primers and probe mix used. All reagents were purchased from
Thermo Fisher Scientific.

2.3.2 Method optimisation

2.3.2.1 Housekeeping gene assessment

As the housekeeping gene GAPDH is widely used in RT-qPCR, additional
housekeeping genes were assessed to choose the most reliable one in addition to
GAPDH as references for gene expression studies (Zainuddin et al., 2008, Bonnet-
Duquennoy et al., 2006). Cells were prepared as described in (Section 2.1.2-2.1.3).
Samples and ¢cDNA preparation was done as described in (Section 2.3.3). Gene
expression quantification and analysis was done as described in (Section 2.3.4).
Housekeeping genes GAPDH and RPL27 showed low variability between different
cell types and treatments, which is a main characteristic of an ideal housekeeping
gene (Jaramillo et al., 2017). This was consistent with previous and recent data that
shows RPL27 to be a stable housekeeping gene (de Jonge et al., 2007, Ho and
Patrizi, 2021). Figure 2.4 shows the mean cycle threshold values for GAPDH and
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RPL7 measured in HDF (n= 3 individual donors), proliferating NHEK (low Ca®*,
n= 3 individual donors) and differentiated NHEK (high Ca?*, n= 3 individual
donors). For the RT-qPCR experiments, cycle threshold values from both

housekeeping genes were averaged and used to normalise data.

Housekeeping genes

25 -
’ o HDF
201 @ m Proliferating NHEK
5 A Differentiated NHEK
104
5-
0

GAPDH RPL27

Figure 2.4 Measurement of GAPDH and RPL27 in different cell types and conditions.
The graph shows the mean cycle threshold value for GAPDH and RPL27 measured in
HDF (n= 3 donors), proliferating NHEK (n= 3 donors) and differentiated NHEK (n= 3
donors). Data are presented as mean Ct (£ SD). GAPDH: HDF (mean= 20.05 + 0.595),
proliferating NHEK ( mean= 19.54 + 0.316), differentiated NHEK (mean= 19.01 £ 0.531);
RPL27: HDF (mean= 21.68 £ 0.719), proliferating NHEK (mean= 20.4 + 0.329),
differentiated NHEK (mean= 19.75 * 0.346). GAPDH: glyceraldehyde 3-phosphate
dehydrogenase; RPL27: ribosomal protein L27; HDF: human dermal fibroblast; NHEK:
normal human epidermal keratinocyte; Ct: cycle threshold.

2.3.2.2 Primers target specificity validation

Agarose gel electrophoresis was performed in order to confirm the specificity of
the primers to the target genes. Reagents and equipment were kindly provided by
Dr Debbie Fischer. Briefly, 4%w/v Agarose gel (Invitrogen, USA) was prepared in
0.5X Tri-borate-EDTA (TBE) buffer (Ambion, USA). First, the solution was heated
into a microwave for two minutes, then mixed at 30 sec intervals to completely
dissolve of the agarose. After that, 0.1uL/ml ethidium bromide (Sigma, Germany)
was added to the mixture, after leaving it to cool down for a few minutes. The gel
was poured into the tray with the combs and let solidify. After 40 minutes, the
combs were removed and the DNA samples (taken out of the PCR plate) were
mixed, according to a 4:1 proportion, with Blue/Orange Loading Dye (Promega,
USA) and added to the wells. Blue/Orange Loading Dye composed of: 0.03%
bromophenol blue, 0.03% xylen cyanol FF, 0.4% orange G, 15% Ficoll® 400,
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10mM Tris-HCI (pH 7.5), 50mM EDTA (pH 8.0). After placing the gel in a tank
containing 0.5X TBE buffer, SuL. of 20 base pairs (bp) DNA ladder (Generon,
Slough, United Kingdom) and 18 pL of the samples were added to the wells. The
tank was then attached to the power supply and, the gel was left to run for 75
minutes under a voltage of 120V. When the electrophoresis was completed, the gel

was placed into a UV chamber to visualise the migrations (Figure 2.5).

GAPDH  RPL27 CERS5
CERS3

W CERS1 CERS2 CERS4
——

CERS6

200 bp

100 bp,

Figure 2.5 Agarose gel electrophoresis for RT-qPCR primers. Bands are visible for all
the products. Amplicon length: GAPDH (93 pb);RPL27 (152 bp); CERS1 (64 bp); CERS2
(66 bp); CERS3 (99 bp); CERS4 (65 bp); CERSS5 (116 bp); CERS6 (141 bp); DES1 (108
bp); DES2 (50 pb).

2.3.2.3 Determination of reaction volume and cDNA concentration

The concentration of cDNA samples and the reaction volume of the PCR reaction
were optimized. Working with a reaction volume of 10 pl did not affect the cycle
threshold of housekeeping and ceramide genes when compared to the standard 20
ul reaction volume Therefore, the smaller reaction volume was used. In addition,

diluting the cDNA samples to a final volume of 200 pl did not have an effect on the
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cycle threshold values when compared to using the original final volume of 20 pl

(Appendix 1).

2.3.3 Experimental protocol

2.3.3.1 RNA extraction and quantification

Samples were taken out of the incubator, media were discarded and cells were
washed with PBS. RNA was isolated from cells using the Qiagen Rneasy® Mini Kit
as follows. RLT buffer (1 ml) with -mercaptoethanol (B-ME) (10 ul) was added to
the washed cells and gently shaken until the cells were detached from the 6-well
plates as per manufacturer’s instructions. In brief, 70% ethanol (350 pl) was then
added to each sample and mixed well by pipetting. 700 pl of this mixture was then
transferred to a Rneasy®™ Mini spin column placed in a 2 ml collection tube and the
column was centrifuged for 15 s at 8000 x g. The flow-through liquid was discarded.
Buffer RW1 (700 pul) was then added to the column and centrifuged for 15 s at 8000
x g. The flow-through liquid was also discarded. Buffer RPE (500 ul) was then
added to the column and centrifuged again for 15 s at 8000 x g. The flow-through
was again discarded and buffer RPE (500 ul) was added to the column followed by
centrifugation for 2 min at 8000 xg. The 2 ml collection tube at the bottom was also
discarded and replaced with a clean 1.5 ml collection tube. RNase-free water (30
ul) was then added directly to the spin column membrane and the column was
centrifuged for 1 min at 8000 x g to elute the RNA. RNA was then stored in -80°C
for further analysis. Eluted RNA was then measured using a Nanodrop™, a UV-Vis

spectrophotometer.

RNA quantification

RNA was measured using UV absorbance. Three wavelengths are used: 260 nm to
measure the amount of nucleic acid present in the sample, 280 nm to measure the
amount of protein in the sample and 230 nm to measure the amounts of other
contaminants in the samples, such as DNA or phenols. The concentration of RNA
was calculated by taking the 260 nm reading and a conversion factor based on the
extinction coefficient for RNA (40 pg/ml). Pure RNA has a A260/A280 ratio
ranging between 1.8-2.2, and A260/A230 ratio of more than 1.7 (Desjardins and

Conklin, 2010). Before measuring the samples, the Nanodrop™ sensor was cleaned
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by wiping it with a soft tissue followed by measurement of a blank sample (RNase-
free water). After measuring the blank, the sensor was wiped again and test sample
was measured by adding a small volume of the sample (1 pl) on the sensor, and the
RNA count was then recorded in pg / pl. Sample and reagents were always kept on

ice during procedures. Samples with a low RNA yield (< 50 ng) were excluded.

2.3.3.2 RNA conversion to cDNA

RNA was transcribed into cDNA by using the High Capacity RNA-to-cDNA Kkit.
To prepare the master mix containing a total RNA concentration of 500 ng, the
following equation was followed:

500/RNA concentration (ng/ pl) = X ul of sample

9ul - X =Y pl of nuclease-free water

For each sample, 11ul of a cDNA mix containing 10ul buffer enzyme and 1pl
enzyme mix per sample, was added to each 9ul containing sample + nuclease-free
water. The mixture was then pipetted into an RNA-free tube. The cDNA
transcription process was performed on a Thermo Fisher PCR Thermal Cycler with
the following programme: 25°C for 10 min followed by 45°C for 30 min and
reaction was terminated by incubating samples at 85°C for 5 min. Once the cycle
was complete (after approximately 40 min), the resulting cDNA (20 pl) was diluted
with 180 pl RNase-free water and used for quantitative RT- qPCR analysis. Sample

and reagents were always kept on ice during procedures.

2.3.3.3 RT-qPCR analysis

RT-gPCR analysis was performed in either a 96 or 384 well plates. A master mix
consisting of TagMan™ Fast Universal PCR Master Mix (10 or 5 pl), primers and
probes mix (1 or 0.5 ul), and RNase-free water (5 or 2.5 ul) was prepared. The
mixture was vortexed and 16 or 8 ul was loaded into each well in the 96 or 384
well-plate. cDNA (4 or 2 pl) was then added to the well and RT-PCR was performed
using an Applied Biosystems StepOne Plus Real Time PCR instrument when using
96- well plates and the 7900HT Fast Real-Time PCR System for the 384-well
plates. Both machines were set up to run 40 cycles. Each cycle consists of 2 stages,
the holding stage and the cycling stage. The holding stage has 1 step. This step is

the initial denaturing step and was set to run at 95 °C for 20 s. The second stage
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consists of 2 steps. The first step is the denaturing step and was set to run at 95 °C
for 3 s and the second step was the anneal and elongation step and was set to run at

60 °C for 20 s (Figure 2.6).

Holding Stage Cycling Stage

NumbeerCICIes:fJiﬂ' Eﬂ
[] Enable AutoDelta

95.0°C
o
100% 00.01 e
B
100%~_ goD°C
ETEEe—
00.20
Initial denaturing Denaturing Annealing and elongation
Step 1 Step 1 Step 2

Figure 2.6 Schematic of the RT-qPCR steps.The instrument runs two stages, the holding
stage and the cycling stage. There are three steps in total: initial denaturing, denaturing and
annealing and elongation. Adapted from (Applied Biosystems StepOne Plus Real Time
PCR instrument manual).

2.3.4 Gene expression quantification and analysis

To quantify RT-qPCR data, absolute and relative quantification methods are used.
Absolute quantification method uses a standard curve to quantify a PCR signal,
whereas relative quantification method compares a threshold cycle (Ct) value of a
reference gene with Ct value from a target gene (Livak and Schmittgen, 2001,
Valasek and Repa, 2005). As the main purpose of the present study was to see
relative changes in gene expression between treatments, data were analysed using
the Ct method. The Ct value indicates the number of transcription cycles required
to detect the gene and is, therefore, inversely proportional to the expression of the
gene in a sample. From this value, a series of calculations are performed to calculate
the ACt, AACt and the relative fold increase (RFI) (Table 2.4). The ACt value
represents the Ct value of target genes normalised with mean Ct value of house-
keeping genes. The AACt value indicates the ACt value of the test sample
normalised with ACt value of untreated (control) sample. RFI indicates the gene

expression relative to the untreated control.
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ACt Cttarget gene — Ct reference gene

AACt ACt treated sample — ACt untreated (control) sample

RFI 2- AACt

Table 2.4 ACt calculations for RT-qPCR data analysis. The Ct value for the two
reference genes was averaged and used to normalise the data and calculate ACt
values for control and treated samples.

2.3.5 Next-generation sequencing analysis

The gene sequencing analysis was performed in collaboration with Prof. Christian
Wolfrum and Dr Sun Wenei (ETH, Ziirich), and Maya Haaker (Utrecht University,
Netherlands). Differentiated and proliferating primary NHEK were prepared as
described in (Section 2.1.2, 2.1.3). Cells were collected in RLT buffer (1 ml) with
B-mercaptoethanol (B-ME) (10 pl) in vials and sent to Maya Haaker for RNA
extraction; the RNA extraction protocol followed was the same as described in
(Section 2.3.3). Extracted RNA was then sent to Dr Sun Wenfei for gene
sequencing. Gene sequencing was performed using Deseq2 following the standard
workflow: polyA RNA extraction-> ¢cDNA transcription-> cDNA tagging with
barcodes -> loading samples to Novaseq-> acquire raw reads-> map raw reads to
the genome-> obtain gene expression matrix-> statistically analyse gene expression
profiles. The data were then sent to me for analysis using the Ingenuity Pathway
Analysis software (IPA). Gene expression in differentiated NHEK was compared
to that in proliferating NHEK. Core analysis was performed and a p value of 0.001
was set to narrow down the list of genes from 21695 genes to 3011 genes. Log2
fold change of < -1 was considered downregulated, whereas a log2 fold change of
> 1 was considered upregulated. Enriched pathways were explored using canonical
pathways analysis. Pathway enrichment shows if a certain pathway in IPA®
database is highly represented in the list of genes tested. It uses a series of statistical
analyses which relate the activation state of a pathway to the p value of the analysed
genes in the samples. For example, if most genes found to be involved in a specific

pathway were significantly upregulated/downregulated, then the pathway is
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considered in an activation/inhibition state, depending on the pathway and related

biological functions.

2.4 Lipidomic analysis using UPLC/ESI-MS/MS

Ceramides were measured in primary human skin cells in order to examine the
effect of PUFA treatments on ceramide biosynthesis in primary NHEK and HDF
(Chapters 3 and 4). Ceramides, endocannabinoids, N-acyl ethanolamines and
monoacylglycerols were measured in rat skin tissue and plasma to study changes in
lipid profile with diabetes in an animal model of diabetic peripheral neuropathy
(DPN) (Chapter 5). Lipidomic analysis was performed using ultraperformance
liquid chromatography coupled to electrospray ionisation with triple quadrupole
tandem mass spectrometry (UPLC/ESI-MS/MS) using previously published
protocols (Kendall et al., 2017, Felton et al., 2017, Kendall et al., 2015, Kendall et
al., 2016, Poolman et al., 2019, Pappas et al., 2018). Analysis using the highly
sensitive targeted UPLC/ESI-MS/MS involves the following main steps: lipid
extraction, liquid chromatography (LC) followed by separation and Ionisation,

MS/MS fragmentation and finally lipid detection and quantification (Figure 2.7).
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Figure 2.7 Schematic diagram of the UPLC-ESI-MS/MS principle. First, the lipid extract is separated by liquid chromatography (LC), which is then
vapourised and ionised (charged droplets) by electrospray ionization (ESI). lons are separated based on their mass-to-charge ratio (m/z). The first quadruple
(Q1) is where charged droplets (ions) pass through and selects specific ion masses. The second quadruple (Q2) is where collision-induced occurs. The third
quadruple (Q3) is the mass filter cell where the ions are filtered and the product ions are scanned. The product ions then pass to the particle multiplier for signal
amplification. The molecules then hit the detector and the system, which generates spectra that are used for lipid analysis.



81

2.4.1 Reagents and consumables

2.4.1.1 Reagents

Methanol and chloroform (both LC-MS grade, >99.9%) were purchased from
Fisher Scientific (Loughborough, UK). Ethanol (HPLC grade; >99.8%), formic
acid (HPLC grade; >99.8% ), acetic acid (HPLC grade; >99.8% ), hexane (HPLC
grade; >97.0%), acetonitrile (LC-MS grade, >99.9%), isopropanol (LC-MS grade,
>99.9%) were acquired from Sigma (Gillingham, UK).

The following ceramide deuterated internal standards (CER IS-d) were obtained
from Avanti Polar Lipids (Alabaster, Alabama, US): CER[N(16)S(18)]-d9,
CER[N(16)DS(18)]-d9, CER[N(16)H(18)]-d9, CER[N(16)P(18)]-d9,
CER[A(16)S(18)]-d9, CER[A(16)DS(18)]-d9, CER[A(16)H(18)]-d9,
CER[A(16)P(18)]-d9, CER[E(26)O(18:1)S(18)]-d9, CER[E(26)O(18:1)P(18)]-d9.
All lipid standards were in powder form and stock solutions in ethanol were
prepared at concentrations 1 mg/ml (CER[N(16)H(18)]-d9, CER[A(16)S(18)]-d9,
CER[A(16)DS(18)]-d9, CER[A(16)H(18)]-d9, CER[A(16)P(18)]-d9,
CER[E(26)O(18:1)S(18)]-d9, CER[E(26)O(18:1)P(18)]-d9) or 5 mg/ml
(CER[N(16)S(18)]-d9, CER[N(16)DS(18)]-d9, CER[N(16)P(18)]-d9).

The following standards for endocannabinoids and bioactive lipid mediators were
obtained from Cayman Chemicals (Ann Arbor, MI, USA): 2-AG, AEA, myristoyl
ethanolamide (MEA), palmitoleoyl EA (POEA), pentadecanoyl EA (PDEA),
palmitoyl EA (PEA), heptadecanoyl EA (HEA), stearoyl EA (STEA), oleoyl EA
(OEA), vaccenoyl EA (VEA), lineoleoyl EA (LEA), a-linolenoyl EA (ALEA),
dihomo-y-linolenoyl EA  (DGLEA), eicosapentaecnoyl EA  (EPEA),
docosapentaenoyl EA (DPEA), docosahexaenoyl EA (DHEA), docosanoyl EA
(DEA), nervonoyl EA (NEA), lignoceroyl EA (LGEA) and N- arachidonoyl taurine
(NAT), PGF2a-EA, PGE2-EA, PGD2-EA, 15-HETE-EA, 5,(6)- EET-EA, 8,(9)-
EET-EA, 11,(12)-EET-EA, 14,(15)-EET-EA, 2-palmitoyl glycerol (2- PG), 2-
lineoleoyl glycerol (2-LG). All lipid standards were delivered in solution in methyl
acetate or ethanol at various concentrations. The following endocannabinoid and
NAE deuterated internal standards were obtained from Cayman Chemicals (Ann
Arbor, MI, USA): AEA-d8 (solution in methyl acetate) and 2-AG-d8 (solution in

acetonitrile).
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2.4.1.2 Consumables and equipment

Deionised ultrapure water was provided by Elga Water Purelab flex purification
system (High Wycombe, UK). A Dounce homogeniser was used for skin cells
homogenisation (Ystral, Ballrechten- Dottingen, Germany). A Sorvall refrigerated
centrifuge (Dupont Stevenage, Herts, UK), whirlmixer (Fisher Scientific,
Loughborough, UK), SPE vacuum manifold (Phenomenex) equipped with vacuum
pump (lc Vacuumbrand, Wertheim, Germany), and custom-made solvent drying
apparatus with gaseous nitrogen supply were used for the lipid extractions.
STRATA™ SPE cartridges were bought from Phenomenex (Macclesfield, UK).
Hamilton glass syringes (volumes: 10 ul, 50 pl, 100 ul, 250 ul) were purchased
from SGE (Melbourne, Australia), Gilson Pipetman pipettes (different volume
ranges), dissecting equipment (tweezers and scissors) and 50 mm length glass
transfer Pasteur Pipettes (Fisher Scientific, Loughborough, UK). Flat- and round-
bottomed 10 mL wide-neck glass extraction tubes with lids, amber glass vials (2
ml) with conical glass inserts (200 pl) and screw caps (8 mm) with PTFE septa
were obtained from Phenomenex (Macclesfield, UK), Parafilm® , Septa and

cryogenic storage boxes for 2 ml glass vials (Fisher Scientific, Loughborough, UK).

Ceramide analysis was performed using an Acquity UPLC system fitted with a pre-
column filterand C8 column (Acquity UPLC BEH, 1.7 pum, 2.1 x 100 mm).
Endocannabinoids and other bioactive lipids analysis was performed using an
Acquity UPLC system fitted with and the pre-column filter and a C18 column
(Acquity UPLC BEH, 1.7 pum, 2.1 x 50 mm). UPLC was coupled to an ESI tandem
quadrupole Xevo TQ-S mass spectrometer (Waters, UK).

2.4.2 Preparation of internal standards and calibration samples

2.4.2.1 Ceramide internal standards

Due to the unavailability of commercially developed ceramide internal standards
for every CER species, relative quantitation against CER IS-d for the different CER
classes is performed (Kendall et al., 2018). The master stock cocktail contains each
lipid standard mentioned above at a concentration of 100 pg/ml. This was prepared
by mixing 100 ul of the 1 mg/ml CER IS-d: CER[N(16)H(18)]-d9,
CER[A(16)S(18)]-d9, CER[A(16)DS(18)]-d9, CERJA(16)H(18)]-d9,
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CER[A(16)P(18)]-d9, CER[E(26)O(18:1)S(18)]-d9, CER[E(26)O(18:1)P(18)]-d9)
and 20 pl of the 5 mg/mL CER IS-d: CER[N(16)S(18)]-d9, CER[N(16)DS(18)]-
d9, CER[N(16)P(18)]-d9, then adding ethanol to prepare (1 ml). CER IS-d cocktail
was stored at -80°C for up to six months and was diluted to prepare working
solutions. This was prepared by adding 10 ul of the (100 pg/ml) master stock
cocktail to 990 pl of ethanol to give a 1 pug/ml CER IS-d working solution which
was then further diluted by adding 100 pl of (1 pg/ml) to 900 ul ethanol. This final
concentration of 100 ng/ml was used for all further experiments. CER IS-d
solutions were sealed with an 8 mm screw cap and Parafilm and stored at -20°C for

up to 3 months.

2.4.2.2 Internal standards and quantitative calibration samples for
endocannabinoids, N-acyl ethanolamines and monoacylglycerols

Unlike ceramides, internal standards for lipid mediator compounds are
commercially available, allowing for accurate quantification using calibration lines.
Additionally, deuterated internal standards are added to samples for added accuracy
by normalising peak integrals (Kendall et al., 2018, Kendall et al., 2016). The lipid
standards were dissolved in ethanol to prepare 10 ng/uL of : 2-AG, AEA, ALEA,
DHEA, EPEA, OEA, SEA, PEA, LEA, MEA, PDEA, HEA, POEA, DGLEA,
DPEA, DEA, NEA, LGEA, NAT, PGF2a-EA, PGE2-EA, PGD2-EA, 15-HETE-
EA, 5,(6)-EET-EA, 8,(9)-EET-EA, 11,(12)-EET-EA, 14,(15)- EET-EA, 2-PG, 2-
LG. These were stored at -80°C for up to a year. Lipid cocktail (100 pg/ul) was
prepared by adding 10 pl of each stock solution (10 ng/ul) to 760 ul ethanol. To
prepare the deuterated internal standards, 100 p 1 of AEA-d8 (10 ng/p 1) and 200 p
1 of 2-AG-d8 (10 ng/p ) were mixed with 700 pl ethanol to prepare 1 ng/ul AEA-
d8 and 2 ng/ul 2-AG-d§. Freshly made internal standard solutions were sealed with

an 8 mm screw cap and Parafilm and stored at -20°C for up to 3 months.

Quantitative calibration standards were prepared by serial dilutions of the lipid
cocktail (100 pg/ul) to achieve the following concentrations: 20.0 pg/ul, 10.0 pg/ul,
5.00 pg/ul, 2.50 pg/ul, 1.30 pg/ul, 0.60 pg/ul, 0.30 pg/ul, 0.20 pg/ul, 0.10 pg/ul,
and 0.04 pg/ul. First, 20ul of lipid cocktail (100 pg/ul) and 180 ul ethanol was
added to a clean vial. Then, 100 ul of this solution and 100 pl ethanol was added to
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another vial. The rest of the serial dilutions were prepared in the same manner until
the lowest concentration was prepared. Finally, deuterated internal standard
cocktail (Ing/ ul AEA, 2 ng/ul 2AG) was added to each vial, and the solvent was
evaporated under gaseous nitrogen. The mixture was then reconstituted in ethanol
(100 pl). Vials were sealed with an 8 mm screw cap and Parafilm before storing at

- 20°C prior to UPLC-MS/MS analysis but they were not kept longer than a week.

2.4.3 Lipid extraction from skin and plasma samples

Lipids were extracted using the Bligh and Dyer method (Bligh and Dyer, 1959).
Ceramides and endocannabinoids were extracted from primary human skin cells,
and from rat skin and plasma, using a combined extraction procedure for each
sample. This is due to the small amount of skin tissue/cells and plasma available,
which allowed the measurement of ceramides and endocannabinoids and related
lipid mediators in one extract. Preliminary experiments which were conducted to
optimise the extraction protocol are presented in (Appendix 2). The optimisation
experiments aimed to test several extraction methods to examine matrix effect and
process efficiency (PE) described in (Matuszewski et al., 2003). The extraction
protocol was then further developed by Dr Alexandra Kendall and Dr Maria

Dolores Camacho-Munoz.

Briefly, cell pellets were homogenised using a Dounce homogeniser, whereas skin
tissue was minced with dissecting scissors. Homogenised cells/tissue or 50 pul of
plasma was added to flat-bottomed glass tubes containing 4 ml ice cold chloroform.
2 ml of ice-cold methanol was then added to the tubes and spiked with 40 ul CER
IS-d (100 ng/mL) and 20 pl (1 ng/ul AEA-d8 and 2 ng/ul 2AG-d8) cocktail if
analysing endocannabinoids and lipid mediators. Samples were then vortexed and
1.5 ml ice-cold water was added then vortexed again. Samples were incubated on
ice in the dark for 30-40 minutes, and vortexed every 10 minutes. After that,
samples were centrifuged (1500 x g, 5 min, 4 °C). Using a glass pipette, the bottom
organic layer was transferred to a clean round-bottomed tube. For skin tissue, at this
stage the remaining minced skin tissue was stored at -20 °C for protein content
analysis (Section 2.4.4.3). Samples were then completely dried under nitrogen.
Then, using a Hamilton syringe, samples were reconstituted in 200 pl ice-cold

chloroform and vortexed then pulse centrifuged.
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The next step was to semi-purify the extract using SPE cartridges. After
conditioning 100 mg silica cartridges with 2 x 1 ml ice-cold hexane, samples were
loaded onto the SPE cartridges using Hamilton syringe. Cartridges were washed
twice with 0.75 ml ice-cold chloroform, then new round-bottom tubes were used to
collect the eluate. Lipids were eluted with 2 x 0.75 ml 2:1 chloroform:methanol,
then 2 x 0.75 ml 2:1 chloroform:methanol + 0.1 % formic acid. Samples were dried
again under nitrogen then reconstituted in 150 pl methanol + 0.1 % formic acid for
ceramides and stored at -20 °C until analysis. The same extract was used if

measuring endocannabinoids and lipid mediators.

2.4.4 Targeted UPLC/ESI-MS/MS lipid analysis

2.4.4.1 Analysis of skin and plasma ceramides

The targeted mass spectrometry assays used in this study, which investigate specific
lipid classes and compounds in different types of biological samples, have been
developed by our group (Kendall et al., 2017, Kendall et al., 2015, Kendall et al.,
2016). Analysis was performed using UPLC coupled to a triple quadruple mass
spectrometer with ESI. Chromatographic separation was done using a C8 column
(1.7 pm, 2.1 x 100 mm). The MS was operated in the positive ionisation mode using
the MS/MS mode. The skin and plasma CER methods differed slightly depending
on the type of sample due to the higher number of CERs found in skin; skin CER
protocol used the following conditions: sample manager temperature 8 °C; mobile
phase A solvent (purified water with 0.1% formic acid) in addition to mobile phase
B solvent (methanol with 0.1% formic acid) at a flow rate of 0.3 ml/min; injection
volume 3 pl, and column temperature30 °C. The seal wash was MeOH:H20 (1:1,
v/v); weak needle wash was MeOH:H20 (60:40) and strong needle wash was
H20:ACN:MeOH:IPA (1:1:1:1, v/v/v/v).

One method was used for plasma CERs, where samples were injected once (in
duplicate), whereas five methods (one injection per method) were needed for the
skin CER assay to allow for the analysis of around 340 CER species as previously
identified in skin (Masukawa et al., 2008, t'Kindt et al., 2012). Blanks consisting of

(MeOH with 0.1% formic acid) were injected after each sample. Analytes were

fragmented using argon as a collision gas (collision cell pressure approx. 8.03 x 10
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’ mbar) and monitored in the positive ion mode by multiple reaction monitoring
(MRM). MRM transitions and indicative retention times for CER assay were
previously optimised by our group (Kendall et al., 2017, Kendall et al., 2015,
Kendall et al., 2016) (Appendix 3). The MS tuning parameters for the analysis
were: capillary voltage 3.5 kV, source temperature 100 °C; desolvation temperature
450 °C; Instrument used was MassLynx (version: 4.1) as an operating software.
Relative quantification of analytes was performed using the class-specific internal
standards as previously mentioned. A representative UPLC-ESI-MS/MS

chromatogram for CER assay is shown in (Figure 2.8).

|skin ceramides
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Figure 2.8 Representative UPLC/ESI-MS/MS chromatogram of ceramide internal
standard and species. A) CER internal standard: N(16)S(18)-d9; B) CER[NS] species:
N(24)S(18) identified in rat hind-paw skin. CER: ceramide; CER[NS]: non-hydroxy

ceramide.

2.4.4.2 Analysis of skin and plasma endocannabinoids, N-acyl ethanolamines
and monoacylglycerols

Chromatographic separation was done using UPLC fitted with pre-column filter
and a C18 column (1.7 um, 2.1 x 50 mm) coupled to an ESI triple quadrupole Xevo
TQ-S MS. ESI was operated in positive ionisation mode. The method for the
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endocannabinoid analysis used the following conditions: sample manager
temperature 8 °C; mobile phase A (ultrapure water with 0.02% acetic acid) and
mobile phase B (acetonitrile with 0.02% acetic acid) at a flow rate 0.6 ml/min;
injection volume 3 pl, and column temperature 25 °C. Each sample was injected in
duplicate for plasma and skin. Blanks consisting of (ethanol) for plasma or (MeOH
with 0.1% formic acid) for skin were injected after each sample. The seal wash was
MeOH:H20 (1:1, v/v); weak needle wash was MeOH:H20 (60:40) and strong
needle wash was H20:ACN:MeOH:IPA (1:1:1:1, v/v/v/v). Analytes were

fragmented using argon as a collision gas (collision cell pressure approx. 8.03 x 10

’ mbar) and monitored in the positive ion mode by MRM. MRM transitions and
indicative retention times for the endocannabinoid assay were optimised by our
group and are listed in (Appendix 4). The MS tuning parameters for the analysis
were: capillary voltage 1.8 kV, source temperature 150°C, desolvation temperature

400°C. The instrument used MassLynx (version: 4.1) as an operating software.

2.4.4.3 Protein content determination

In order to determine the concentration of lipids extracted from skin tissue samples,
lipid quantities were normalised to protein content. Semi-quantitative analysis was
performed using TargetLynx (section 2.4.5), which is then normalised against
sample volume, cell number, or protein content. For rat foot pad skin, protein
content analysis was performed using a standard Bradford protein assay kit (Bio-
Rad Protein Assay, Bio-Rad, Hemel Hempstead, U.K.) following the (Bradford,

1976) protein content estimation assay.

Reagents and equipment

Sodium hydroxide (NaOH) (pellets, >98%; Sigma-Aldrich, Poole, UK) was used
to prepare a solution of 1 M in ultra-pure water. DC Protein Assay Kit II was bought
from Bio-Rad (Hercules, California, US). Bovine serum albumin (BSA) (Bio-Rad,
Hercules, California, US) (1.5 mg/ml) was used as a standard. Water bath SBS40

(Stuart Equipment, Stone, UK) was used to prepare samples for the protein content

measurement. All measurements were performed using MultiskanTM FC plate

reader with internal shaker at 650 nm wavelength. Corning® Costar® flat bottom

96-well plates were bought from Sigma-Aldrich (St. Louis, MO, USA).
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Protocol

To prepare the BSA 6-point calibration line series, the following dilutions were
made (Table .2.5). All rat foot-pad skin samples were retained after lipid extraction
as described in (section 2.4.3). Samples were allowed to stand at room temperature
and any remaining extraction solvent was removed using a glass Pasteur pipette.
Then, NaOH (1 ml, 1 M) was added to each sample and the samples were heated at
60°C for 90 min in a water bath to solubilise the protein. The solutions were diluted
1:10 with NaOH (1 M). Diluted samples (5 pl) and BSA solutions (5 pl) were
placed into 96-well plate in triplicate. Next, 25 ul of Protein Assay Reagent A
(alkaline copper tartrate solution) and 200 pul of Protein Assay Reagent B (folin
reagent) were added to each well. The plate was then incubated in the dark for 15

min at room temperature. The absorbance was then measured at 650 nm.

Solution = BSA (mg/ml) Series dilution
A 1.5 400 pl BSA stock
B 0.75 200 pl of A +200 pl 1M NaOH
C 0.375 200 pl of B + 200 pl IM NaOH
D 0.188 200 pl of C + 200 pul IM NaOH
E 0.094 200 pl of D + 200 pl 1M NaOH
F 0 200 pl 1M NaOH

Table 2.5 BSA standard preparation.

Protein content was estimated based on BSA calibration line (Figure 2.9). BSA
calibration line is prepared by calculating the mean absorbance of three BSA

replicates per BSA concentration (X axis).
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Figure 2.9 BSA standard calibration line.

Data were expressed as mg of protein/sample.To calculate protein content using the
above calibration line, the absorbance of three sample replicates is averaged, then
subtracted from (0.0979). The value is then divided by the intercept/slope factor
(0.1221). The result is then multiplied by the dilution factor.

2.4.5 Data processing and quantitation

2.4.5.1 Ceramide data processing and semi-quantitation

TargetLynx (version: 4.1) was used for peak detection and semi-quantitation of
compounds of interest. After integration of the chromatograms, concentration of
the lipid “response” was calculated relative to relevant CER IS-d based on the
lipid/deuterated internal standard peak area ratio. Based on our CER assay, a total
of 4 ng of each ceramide standard were added during the extraction process (section
2.4.3). The TargetLynx method was programmed to calculate the absolute
concentration of each ceramide relative to the amount of standard (4 ng), which is
then normalised against sample size: ng/mL of plasma, ng/cell count or ng/mg of

protein.

2.4.5.2 Endocannabinoids, N-acyl ethanolamines and monoacylglycerols data
processing and quantitation

TargetLynx (version: 4.1) was used for peak detection and semi-quantification of

compounds of interest. The instrumental limit of detection (ILoD) was set to signal-
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to-noise ratio of 3; the instrumental limit of quantification (IloQ) was set to signal-
to-noise ratio of 10. As explained above, TargetLynx normalised the peak area for
each compound against the relevant internal standard, which results in the
concentration of the lipid (the response). TargetLynx will then calculate a
concentration for each compound in each sample based on the generated calibration
line equations and the responses (pg/ pul of injected extract). This is then multiplied
by the reconstitution volume (150 ul). The calculated total amount of lipid per
samples are then normalised against sample size: pg/ml of plasma or pg/mg of

protein.

2.5 Analysis of membrane lipids using UHPSFC-MSE

Membrane lipids were measured in skin cells in order to examine the effect of
PUFA treatments on lipid biosynthesis in primary NHEK and HDF (Chapters 4
and 5). Extracted lipids were analysed by Dr Marta Koszyczarek using ultrahigh
performance supercritical fluid chromatography coupled to electrospray ionisation
and quadrupole time-of-flight mass spectrometry (UHPSFC/ESI-MS) using MSE

data acquisition mode.

2.5.1 Reagents and consumables

2.5.1.1 Reagents

MeOH, IPA, and CHCI3 (all HPLC grade, >99.0%), ammonium acetate (>98%),
and acetic acid (HPLC grade; >99.7%) were purchased from Sigma-Aldrich (Poole,
UK). CO2 was liquid CO2 CP grade supplied by BOC (Guildford, UK). Membrane
lipids deuterated internal standards (ML IS-d) were obtained from Avanti Polar
Lipids in a powder form (Alabaster, Alabama, US): CE 15:0-d7, CHL-d7, SM 16:0-
d31, PC 16:0- d31-18:1, LPC 26:0-d4, PE 16:0-d31, TG 17:0-17:1-17:0-d5, DG
18:1-d5, PG 16:0-d31- 18:1, LPE 18:1-d7, and PALM-d31. The internal standard
cocktail contained the following deuterated lipid standards dissolved in MeOH: PC
15:0-18:1-d7 (160.7 pg/ml), PE 15:0-18:1-d7 (5.7 pg/ml), PS 15:0-18:1-d7 (4.2
pg/ml), PG 15:0-18:1-d7 (29.1 pg/ml), PI 15:0-18:1-d7 (9.1 ug/ml), PA 15:0-18:1-
d7 (7.4 pg/ml), LPC 18:1-d7 (25.5 pg/ml), LPE 18:1-d7 (5.3 pg/ml), CE 18:1-d7
(356.1 pg/ml), MG 18:1-d7 (2.0 pg/ml), DG 15:0-18:1-d7 (9.4 pg/ml), TG 15:0-
18:1-d7-15:0 (57.3 pg/ml), SM 18:1-d9 (30.9 pg/ml), and CHL-d7 (98.4 pg/ml).
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2.5.1.2 Consumables and equipment

The equipment used is described in (Section 2.4.1.2). Lipid analysis was performed

using an Acquity UPC” UHPSFC system equipped with HPLC 515 pump and fitted
with the pre-column filter and column (Torus 2-PIC column,100mm x 2.1mm x

1.7um). UHPSFC was coupled to an electrospray ionisation quadrupole time-of-

flight MS Synapt G2 (all from Waters, UK).

2.5.2 Preparation of deuterated internal standards

Similar to ceramides, internal standards for all membrane lipid species are
unavailable commercially. Therefore, a known amount of a ML IS-d representing
each lipid class is added to perform semi-quantitation. A specific volume of each
individual ML IS-d powder was mixed with chloroform or ethanol to prepare
master stock solutions (10 mg/ml). To prepare the ML IS-d cocktail working
solution, specific volumes of the individual ML IS-d stock solutions were mixed
together and dried under gaseous nitrogen, then reconstituted in CHCI3:IPA (2 mL;
1:1, v/v) and stored at -20°C for up to 3 months. The cocktail contained the
following final lipid concentrations: 100 pg/ml (PALM-d31, CE-d7, PC 16:0-d31-
18:1, PE 16:0-d31-18:1, LPC 26:0-d4, SM 16:0-d31, TG 17:0-17:1-17:0-d5, DG
18:1-d5, LPE 18:1-d7); 200pg/ml (CHL-d7), or 300pug/ml (PG 16:0-d31-18:1).

2.5.3 Lipid extraction from skin cells

Lipids were extracted from primary NHEK and HDF as described in (section
2.4.3). After adding 4 ml of chloroform to the homogenised samples, 40 ul of the
ML IS-d cocktail was added using a Hamilton syringe. After drying the extract
under a stream of nitrogen, 200 pl of CHCI3:IPA (1:1, v/v) was added. Lipid
extracts were then split into two 100 pl aliquots (one for positive mode and one for

negative mode). Samples were stored for up to a week at -20°C prior to analysis.

2.5.4 Untargeted membrane lipid analysis

Analysis of the extracted lipids using UHPSFC-MSEF was done by Dr Marta
Koszyczarek. The method for complex lipid analysis was optimised by Dr Marta

Koszyczarek as part of her PhD project. Chromatographic separation was
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performed using an Acquity upC’ system fitted with pre-column and Acquity

UPC” Torus 2-PIC column (100 mm x 3 mm x 1.7 um), coupled to Synapt G2 ToF
MS.

The following conditions were used: sample manager temperature 8°C, mobile
phase flow rate 1.5 ml/min, injection volume 2 pl in the positive ionisation mode
and 7 pl in the negative ionisation mode, column temperature 60°C, ABPR 1800
psi, and injector needle wash was 100% MeOH (used after every injection). Mobile
phase A was CO, and mobile phase B was a gradient of MeOH:H20 mixture (99:1,
v/v) containing 30 mM ammonium acetate at a flow rate of 0.25 ml/min. The seal
wash used was MeOH:H,O (1:1, v/v); both weak needle wash and strong needle
wash were MeOH. Samples were injected in triplicate. CHCIl;:1IPA (1:1, v/v) blanks
were injected after each sample. For the data acquisition the Q-ToF-MS was set to
high-sensitivity in both positive and negative ionisation modes using ESI probe.
Recorded mass ranges were m/z 183-950 (positive mode) and m/z 229-950

(negative mode). The collision gas used was argon (collision cell pressure approx.

8.25x 10° mbar). The MS tuning parameters were: capillary voltage 3.0 kV and
2.75 kV, in positive and negative mode, respectively; the sampling cone 40 V,
source offset 90 V, source temperature 150°C, desolvation temperature 500°C,
desolvation gas flow 750 L/h, drying gas flow 1 L/min, and the nebulizer gas flow
4 bar. Leucine enkephaline at m/z 556.6 (positive mode) and m/z 554.6 (negative
mode) was used as the lockspray: lockspray infusion flow rate 20 pl/min, lockspray
capillary voltage 3.0 kV; sodium formate was used as a reference for the MS

calibration.

2.5.5 Data processing and semi-quantitation

Data processing using Progenesis QI software (v 2.3, NonLinear Dynamics,
Newcastle, UK) was carried out by Dr Marta Koszyczarek. In-house data base and
LIPID MAPS database was used to semi-quantitate lipids, which were then
normalised against cell number (Fahy et al., 2009, Lisa and Hol¢apek, 2015, Lisa

et al., 2017). Precursor and corresponding fragment masses were determined from

the UHPSFC-MS' files by combining low and high collision energy data.



93

After data processing, detected lipids were semi-quantified based on the provided
lipid/deuterated internal standard ratio. Data were reported as amount of lipid/

number of cells. The amount of lipid/ number of cells was calculated as follows:

Amount of lipid (ug/ul) = Peak area of lipid x Concentration of ML IS-d in the

extract Peak area of ML IS-d

The value was then normalised to cell number (ug/ 10°® cells). To get the
concentration of each ML IS-d in the extract: the final concentration of each
standard in the ML IS-d cocktail was multiplied by the total amount of ML IS-d
cocktail added to each sample during the extraction (40 pul) (Table 2.6).

Standard Concentration ( mg/ml)
FFA-d31 0.1
15:0 CE-d7 0.1
16:0-d31-18:1 PC 0.1
16:0-d31-18:1 PE 0.1
17:0-17:1-17:0 D5 TG 0.1
26:0-d4 Lyso PC 0.1
16:0-d31 SM 0.1
18:1 DAG d5 0.1
18:1 LysoPE d7 0.1
cholesterol-d7 0.2

Table 2.6 The final concentration of standards in the ML IS-d cocktail. FFA-D31: Free
fatty acids standard; 15:0 CE-d7: cholesterol ester standard; 16:0-d31-18:1 PC:
phosphatidylcholine standard; 16:0-d31-18:1 PE: phosphatidylethanolamine
standard; 17:0-17:1-17:0 D5 TG: triacylglycerol standard; 26:0-d4 Lyso PC:
lysophosphatidylcholine standard; 16:0-d31 SM: sphingomyelin standard; 18:1 DAG
dSdiacylglycerol standard ; 18:1 LysoPE d7: lysophosphatidylethanolamine standard;
cholesterol-d7: cholesterol standard.

2.6 Statistical analysis

Data distribution were assessed for normality using the Shapiro-Wilk test.
Statistical analysis for the skin cells lipidomics data was performed using three
independent biological replicates (n=3). Data were mainly parametric and a one-
way ANOVA comparing treatments with controls, with corrections for multiple
analyses using the Dunnett method was chosen. The skin tissue and plasma

lipidomics data (n > 3 independent donors) were not normally distributed.
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Therefore, data were analysed using non-parametric tests and performed tests in the
raw and log transformed data. Statistical analysis was performed using t-tests
comparing diabetes with control, with corrections for multiple analyses using the
Holm-Sidak method. Gene expression statistical analysis (n= 4 biological replicates
for NHEK; n=3 biological replicates for HDF) was performed using two-way
ANOVA comparing changes over treatment and time, with corrections for multiple
analyses using the Dunnett method; details are provided in the relevant chapters
(Chapter 3-5). For all experiments, data were presented as mean of biological
replicates £ SD; p < 0.05 was considered statistically significant (GraphPad Prism
software). The small sample number (for example, n= 3 biological replicates) could
affect statistical significance. Therefore, p values that were not statistically

significant but close to 0.05 were reported.
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The effect of PUFA supplementation on
ceramide biosynthesis in primary human
epidermal keratinocytes
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3.1 Introduction

The epidermis consists of four layers with different cellular developmental stages
starting from the stratum basale where proliferating keratinocytes, in the presence
of a Ca?" gradient, terminally differentiate towards the SC. Fully differentiated
keratinocytes in the uppermost layer of the epidermis release CERs, which along
with the intercellular membrane lipids, cholesterol and FFAs, form the permeability
barrier (Weerheim and Ponec, 2001). Alterations in CER levels contribute to
structural and functional impairment of the barrier seen in several skin disorders
such as AD, psoriasis and acne vulgaris, to name a few (Kendall and Nicolaou,
2013). De novo biosynthesis of CERs is a dynamic process that involves a group of
tissue and FA-specific CER synthases, in addition to sphingoid base-specific
desaturases, which lead to the combination of specific sphingoid bases, FA chains
and headgroups, generating various CER species with unique characteristics (Table
1.1) (Hannun and Obeid, 2011). For example, in the epidermis, CERs with long-
chain FAs and phytosphingosine, which are characteristic of the skin, are produced

by skin-active CerS3 and Des2 (Choi et al., 2018).

Although the role of skin CERs in barrier health and disease is well established, the
exact mechanisms involved in regulating CER synthesis are not fully understood.
To interrogate the CER biosynthetic pathways we can utilise agents such as PUFAs
which serve principal roles in maintaining the barrier’s structure and function
(McCusker and Grant-Kels, 2010). For example, n-3 PUFAs, DHA and EPA, are
known for their diverse roles in protecting the skin from inflammatory insults such
UVR (Pilkington et al., 2011), and have been found to alter CER levels in cultured
skin explants (Kendall et al., 2017). In addition, the n-6 PUFA, LA, is essential for
barrier homeostasis and the production of the crucial SC acylceramides (Fujii et al.,
2013, Wertz et al., 1983). In addition to this, both EPA and LA were found to
increase CER levels and glucosylceramide synthase mRNA expression in canine
keratinocytes (Yoon et al., 2020). Moreover, oral administration of EPA ethyl ester
was found to increase specific SC CER levels in AD mice in a dose-dependent
manner (Fujii et al., 2018). However, studies exploring the effect of PUFAs on skin

CER metabolism and the subsequent impact on skin health are limited, and the
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mechanisms by which PUFA alters CER concentrations in human keratinocytes are

not fully understood.

Other structural and functional lipids that support the skin’s integrity include
membrane lipids such as sterols, glycerolipids, glycerophospholipids and complex
sphingolipids (van der Veen et al., 2017). Membrane lipid metabolism is a dynamic
and interconnected process that generates lipid mediators which regulate
inflammatory responses and cellular function. In addition to their role in regulating
inflammatory responses, n-3 DHA and n-6 LA are peroxisome proliferator-
activated receptor alpha (PPAR-a) agonists, which act in the nucleus to regulate
keratinocyte differentiation and epidermal lipid synthesis (Rivier et al., 1998, Rivier
et al., 2000). For example, specific activation of PPAR-a with Wy 14,643, was
found to stimulate SPLTC2 expression and CER synthesis, and increased CE, and
cholesterol sulfate in a skin equivalent model (Rivier et al., 2000). In addition,
activating PPAR-a using LA was found to stimulate keratinocyte differentiation
and the expression of CER generating enzymes, glucosylceramide synthase,
aSMase and SPLTC2 (Gallala et al., 2004). Similarly, PPAR-a agonist, DHA, was
found to increase filaggrin expression and normalised SC lipid ratio
(FFA:CER:cholesterol) in a filaggrin deficient skin model (Wallmeyer et al., 2015).
Therefore, n-3 and n-6 PUFAs act as gene regulators influencing epidermal
differentiation, immune responses and CER and membrane lipid metabolism.
Therefore, in order to better understand the role of PUFAs in modifying lipid
synthesis and specifically the metabolism of CER at different stages of epidermal
development, we examined the effects of n-3 (DHA, EPA) and n-6 (LA) PUFA
supplementation on cutaneous CER and membrane lipids synthesis, and on CER

biosynthesis gene expression in proliferating and differentiating NHEK.

Specific objectives:

To determine the effects of DHA, EPA and LA treatment on:

1) NHEK CER profile and concentrations,

2) gene expression of CER de novo biosynthesis enzymes,



98

3) the profiles of complex membrane lipids (cholesterol, FAs, SM,
glycerolipids and glycerophospholipids) in proliferating and differentiating
NHEK.

3.2 Materials and methods
3.2.1 Analysis of keratinocyte ceramides using UPLC/ESI-MS/MS

Keratinocyte CER analysis was performed using ultraperformance liquid
chromatography coupled to electrospray ionisation with triple quadrupole tandem
mass spectrometry (UPLC/ESI-MS/MS) (Section 2.4). Proliferating (low Ca?*) and
differentiated (high Ca?") primary NHEK were treated with 10 uM DHA, EPA or
LA, for 72 hrs. Media were replaced daily with fresh media containing the PUFA
treatments. CaCl, and PUFA treatments were prepared as described in (Section 2.1
, 2.2). Cells were pelleted at 72 hrs post-PUFA treatment and CERs were extracted
then analysed. CER concentrations in treated cells were compared to those in
DMSO vehicle controls with the same Ca?" conditions; proliferating NHEK (n=3
individual donors), differentiated NHEK (n=3 individual donors). Appendix 3 lists
the MRM transitions and indicative retention times for skin CER assay. Data were
processed using MassLynx software (Waters). Semi-quantitation using class-
specific deuterated internal standards was used for ceramides. Ceramide quantities
were normalised to cell number (ng/ 10 cells). Statistical analysis was performed
using one-way ANOVA comparing treatments with controls of the same time-
point, with corrections for multiple analyses using the Dunnett method. Data were
presented as mean = SD; p <0.05 was considered statistically significant (GraphPad
Prism software). The small sample number (n= 3 biological replicates) could affect
statistical significance. Therefore, p values that were not statistically significant but

close to 0.05 were reported.

3.2.2 Measurement of ceramide biosynthesis enzyme mRNA levels

Gene expression was measured by RT-qPCR analysis as described in section 2.3.
Proliferating (low Ca?") and differentiated (high Ca?") primary NHEK were treated
with 10 uM DHA, EPA or LA. CaCl, and PUFA treatments were prepared as
described in (Section 2.1, 2.2). Media were replaced daily with fresh media
containing 10 uM DHA, EPA or LA, and cells were pelleted at six, 24 and 48 hrs

post PUFA-supplementation. Data were presented as individual ACt values, which
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are inversely proportional to the expression of the gene in a sample (smaller ACt
value = higher gene expression) and relative fold increase (RFI), which compares
CER biosynthesis enzyme gene expression in treated cells to that in controls of the
same time-point where RFI of 1 = no change, <1 = downregulated, >1 =
upregulated; Proliferating NHEK: (n=4 individual donors); Differentiated NHEK:
(n=4 individual donors). The individual ACt values for all genes analysed are
presented in (Appendix 5). Statistical analysis was performed using two-way
ANOVA comparing changes over treatment and time. Corrections for multiple
analyses was performed using the Dunnett method. Data were presented as mean +

SD; p < 0.05 was considered statistically significant (GraphPad Prism software).

3.2.3 Analysis of membrane lipids using UHPSFC-MS*

Membrane lipids were analysed using UHPSFC-MSF system by Dr Marta
Koszyczarek (Section 2.5). Samples and PUFA treatments were prepared as
mentioned above (3.2.1). Membrane lipid concentrations in treated cells were
compared to those in controls with the same Ca®* conditions; proliferating NHEK
(n=3 individual donors), differentiated NHEK (n=3 individual donors). Data were
processed using Progenesis QI software (v 2.3, NonLinear Dynamics, Newcastle,
UK). Lipid quantities were normalised to cell number (ug/ 10°® cells). Statistical
analysis was performed using repeated measures One-Way ANOVA comparing
differences over treatment compared with control of the same time-point, with
corrections for multiple analyses using the Dunnett method. Data were presented
as mean = SD; p < 0.05 was considered statistically significant (GraphPad Prism

software).

3.2.4 Gene sequencing analysis

The gene sequencing analysis was in collaboration with Prof. Christian Wolfrum
and Dr Sun Wenfei (ETH, Ziirich) and Maya Haaker (Utrecht University,
Netherlands). Differentiated (High Ca?*, n=3) and proliferating (Low Ca?*, n=3)
primary NHEK were prepared as described in (Section 2.1.2, 2.1.3). Dr Sun Wenfei
performed gene sequencing using Deseq2 software as described in (Section 2.3.5).
The data were then sent to me for analysis using the Ingenuity Pathway Analysis

software (IPA®, Qiagen) as described in (Section 2.3.5).
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3.3 Results

3.3.1 Effect of PUFA supplementation on ceramide levels

The effect of n-3 PUFAs (DHA, EPA) and n-6 PUFA (LA) on CER concentration
was analysed using UPLC/ESI-MS/MS. Proliferating NHEK representing the basal
epidermal layers, and Ca?" differentiated NHEK representing the granular cells
were used to explore CER synthesis at the two developmental stages of the
epidermis under the influence of PUFA supplementation. For each sample
analysed, concentrations of detected CER species were reported as absolute values
in ng/10"® cells (mean + SD). Data were categorised based on ceramide class and

carbon chain numbers to help identify possible trends.

3.3.1.1 Total ceramide levels were higher in differentiated NHEK

The amounts of individual ceramide species were quantitated and totalled. Figure
3.1 shows the concentrations (ng/10"° cells) for total CER measured in proliferating
and differentiated NHEK. Differentiated NHEK produced more CERs than
proliferating controls, with a total CER concentration of (mean= 852.6 ng/10"®

cells) in differentiated cells and (mean= 29.37 ng/10"® cells) in proliferating cells.

3.3.1.2 Ceramide levels in proliferating NHEK were significantly increased with
DHA treatment

Changes in total ceramides per class were analysed to investigate the effect of
PUFA supplementation on the different classes of ceramides that are produced
using specific enzymes in the de novo biosynthesis pathway. Six CER classes were
detected in proliferating NHEK: CER[NS], CER[NDS], CER[NH], CER[NP]
CER[AH], CER[AS], whereas an additional class, CER[AP] was detected in
differentiated NHEK. The most abundant ceramides in both cell types were the
CER[NS] (Proliferating NHEK: mean= 19.74 ng/10"° cells, Differentiated NHEK:
mean= 396.5 ng/10"¢ cells).

Examining individual CER classes revealed a significant increase in total CER[NS]
(p <0.0001) in proliferating NHEK with DHA supplementation compared with
control. In differentiated NHEK, DHA significantly increased total CER[NS]
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concentration (p= 0.006) and seemed to increase total CER[NDS] concentration

(p=0.08) (Figure 3.2).
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Figure 3.1 Total ceramide concentration in control proliferating and differentiated
NHEK. Ceramides were measured using UPLC/ESI-MS/MS in proliferating and
differentiated NHEK at 72 hours, then concentrations were totaled. Data are presented as
absolute concentration in ng/10"° cells (mean + SD). Comparisons were performed between
proliferating NHEK (Low Ca®*, n=3 donors) and differentiated NHEK (High Ca*", n=3
donors). Data were analysed by Student’s t-test. CER: ceramide; NHEK: normal human
epidermal keratinocytes; Ca®": Calcium.
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Figure 3.2 The effect of PUFA supplementation on total ceramide levels per class in proliferating and differentiated NHEK. Total ceramide classes were
measured using UPLC/ESI-MS/MS in proliferating and differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Data are presented as
absolute concentration in ng/10"° cells (mean = SD). Comparisons were performed between the control and PUFA treated cells of the same Ca?" condition;
proliferating NHEK (n=3 donors), differentiated NHEK (n=3 donors). Data were analysed by One-Way ANOVA comparing differences over treatment
compared with control; **p <0.01; ****p <0.0001. NHEK: normal human epidermal keratinocytes; PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic
acid; EPA: eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; NS: non-hydroxy ceramide; NDS: non-hydroxy dihydroceramide; NH: non-hydroxy 6-
hydroxyceramide; NP: non-hydroxy phytoceramide; AH: alpha-hydroxy 6-hydroxyceramide; AS: alpha-hydroxy ceramide; AP: alpha-hydroxy
phytoceramide.
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3.3.1.3 Treatment with DHA significantly enhanced the concentration of most
ceramide classes in both cell types, whereas LA significantly increased
CER[NDS] levels in differentiated NHEK

Individual species were analysed to observe possible trends in skin CER
metabolism with PUFA treatment. In general, more CER species were detected in
differentiated cells. DHA increased CER concentrations in both cell types, whereas
LA mainly affected CER levels in differentiated cells. The following subsections
explain changes in each CER class: CER[NS], CER[NDS], CER[NH], CER[NP],
and alpha-hydroxy CERs.

Several CER[NS] species were elevated with DHA treatment in both cell types

A total of 20 CER[NS] species were detected in proliferating cells, whereas 31
CER[NS] species were found in differentiated NHEK (Figure 3.3, 3.4). In
proliferating NHEK, DHA significantly increased the levels of N(24)S(16),
N(24)S(18) and N(26)S(18) (p= 0.0002, p= <0.0001, p <0.0001, respectively). In
differentiated NHEK, DHA significantly increased N(22)S(18), N(24)S(18) and
N(26) S(18) (p=0.003, p <0.0001, p <0.001, respectively). LA increased the levels
of the most abundant CER[NS] species, N(24)S(18) and N(26)S(18), in
differentiated NHEK (p= 0.007, p= 0.07, respectively).
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Figure 3.3 The effect of PUFA supplementation on CER[NS] species levels measured
in proliferating NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
proliferating NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
presented as absolute concentration in ng/10™ cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; proliferating NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control; ***p <0.001; ****p <0.0001. NHEK: normal human epidermal
keratinocytes; PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; NS: non-hydroxy ceramide.
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Figure 3.4 The effect of PUFA supplementation on CER[NS] species levels measured
in differentiated NHEK. A-C) CER[NS] species were measured using UPLC/ESI-
MS/MS in differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Data
are presented as absolute concentration in ng/10° cells (mean = SD). Comparisons were
performed between the control and PUFA treated cells; differentiated NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control; **p <0.01; ****p <0.0001. NHEK: normal human epidermal keratinocytes;
PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic
acid; LA: linoleic acid; CER: ceramide; NS: non-hydroxy ceramide.
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Several CER[NDS] species were increased in both cell types with DHA treatment
and in differentiated NHEK with LA treatment

Figure 3.5 shows the 12 CER[NDS] species measured in proliferating NHEK.
DHA significantly increased N(24)DS(16), N(22)DS(18), N(24)DS(18),
N(18)DS(24) and N(26)DS(18) levels in proliferating NHEK (p= 0.04, p=, 0.02, p
<0.0001, p= 0.002, p<0.0001, respectively), whereas LA only increased the most
abundant CER[NDS] species, N(24)DS(18) (p= 0.003).

Figure 3.6 shows the 38 CER[NDS] species detected in differentiated NHEK.
DHA significantly increased N(22)DS(18), N(18)DS(22), N(24)DS(18),
N(18)DS(24) and N(26)DS(18) (p=10.001, p=0.004, p <0.0001, p <0.0001, p=0.04,
respectively). LA increased the concentration of the following CER[NDS] species
in differentiated NHEK: N(22)DS(18) (p= 0.01), N(24)DS(18) (p <0.0001) and
N(18)DS(24) (p=0.002).
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Figure 3.5 The effect of PUFA supplementation on CER[NDS] species levels measured
in proliferating NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
proliferating NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
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presented as absolute concentration in ng/10™ cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; proliferating NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control; *p <0.05; **p <0.01; ****p <0.0001. NHEK: normal human epidermal
keratinocytes; PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; NDS: non-hydroxy
dihydroceramide.
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Figure 3.6 The effect of PUFA supplementation on CER[NDS] species levels measured
in differentiated NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
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presented as absolute concentration in ng/10” cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; differentiated NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. NHEK: normal human
epidermal keratinocytes; PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic acid;
EPA: eicosapentacnoic acid; LA: linoleic acid; CER: ceramide; NDS: non-hydroxy
dihydroceramide.
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DHA significantly increased CER[NH] species in both cell types

There were five CER[NH] species detected in proliferating NHEK and nine species
in differentiated NHEK (Figure 3.7, 3.8). In proliferating NHEK, DHA increased
the concentration of the two most abundant CER[NH] species, N(26)H(16) and
N@28)H(16) (p= <0.0001, p= <0.0001). In differentiated NHEK, DHA increased
the levels of N(26)H(16) (p= 0.002).

CER[NH] species in proliferating NHEK

10

kKoK I e Control
| —I = DHA
A EPA
0 v LA
8 9
©
s ; % PY
2 r
5 107 .
5
c
3
c
8 0.5 <I>
0.0 : . . % % »PEd
R
3 3 & & 3

Figure 3.7 The effect of PUFA supplementation on CER[NH] species levels measured
in proliferating NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
proliferating NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
presented as absolute concentration in ng/10” cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; proliferating NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control; ****p <0.0001. NHEK: normal human epidermal keratinocytes; PUFA:
polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; CER: ceramide; NH: non-hydroxy 6-hydroxyceramide.
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CER[NH] species in differentiated NHEK
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Figure 3.8 The effect of PUFA supplementation on CER[NH] species levels measured
in differentiated NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
presented as absolute concentration in ng/10" cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; differentiated NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control; **p <0.01. NHEK: normal human epidermal keratinocytes; PUFA:
polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; CER: ceramide; NH: non-hydroxy 6-hydroxyceramide.

DHA increased CER[NP] species in both cell types

Phytoceramides were mainly found in differentiated cells. A total of 16 CER[NP]
species were measured in differentiated NHEK, whereas only three species were
detected in proliferating NHEK (Figure 3.9, 3.10). All PUFA treatments
significantly increased N(24)P(18) levels in differentiated cells. A close to
significant increase in N(24)P(18) was also found in proliferating NHEK with DHA
treatment (p= 0.06).

(\Q\
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CER[NP] species in proliferating NHEK
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Figure 3.9 The effect of PUFA supplementation on CER[NP] species levels measured
in proliferating NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
proliferating NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
presented as absolute concentration in ng/10” cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; proliferating NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control. NHEK: normal human epidermal keratinocytes; PUFA: polyunsaturated fatty
acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; CER:
ceramide; NP: non-hydroxy phytoceramide.
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CER[NP] species in differentiated NHEK
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Figure 3.10 The effect of PUFA supplementation on CER[NP] species levels measured
in differentiated NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
presented as absolute concentration in ng/10" cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; differentiated NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control; *p <0.05; **p <0.01; ***p <0.001. NHEK: normal human epidermal
keratinocytes; PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; NP: non-hydroxy
phytoceramide.

DHA increased alpha-hydroxy CER concentrations in both cell types

There were more alpha-hydroxy CER species, CER[AS] and CER[AH] in
differentiated NHEK than in proliferating cells, and CER[AP] was only detected in
differentiated cells (Figures 3.11-3.15). In proliferating NHEK, a close to
significant increase was found in A(24)S(18) with DHA (p= 0.05), whereas in
differentiated NHEK, DHA significantly increased A(24)S(18) (p= 0.001). DHA
significantly increased A(25)H(16) in proliferating NHEK (p= 0.003), and
A(26)H(16) and A(30)H(18) in differentiated NHEK (p= 0.049, p= 0.04,

respectively).
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CER[AH] species in proliferating NHEK
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Figure 3.11 The effect of PUFA supplementation on CER[AH] species levels measured
in proliferating NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
proliferating NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
presented as absolute concentration in ng/10" cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; proliferating NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control; **p <0.01. NHEK: normal human epidermal keratinocytes; PUFA:
polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; CER: ceramide; AH: alpha-hydroxy 6-hydroxyceramide.
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CER[AH] species in differentiated NHEK

E 3
201 1 . e Control
| ] %
o = DHA
] A EPA
v LA
10 L&l
: !
A

gyt II&

N
»
[
—_—

Concentration(ng/1026 cells)

-

>

>
i

ol : % 9T 2 v . z OI%! J‘.;ﬁ glgv . . glis quls

T T P T e e
AR IR A AN C A AR AR

Figure 3.12 The effect of PUFA supplementation on CER[AH] species levels measured
in differentiating NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
presented as absolute concentration in ng/10" cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; differentiated NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control; *p <0.05. NHEK: normal human epidermal keratinocytes; PUFA:
polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; CER: ceramide; AH: alpha-hydroxy 6-hydroxyceramide.



119

CER[AS] species in proliferating NHEK
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Figure 3.13 The effect of PUFA supplementation on CER[AS] species levels measured
in proliferating NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
proliferating NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
presented as absolute concentration in ng/10" cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; proliferating NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control. NHEK: normal human epidermal keratinocytes; PUFA: polyunsaturated fatty
acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; CER:
ceramide; AS: alpha-hydroxy ceramide.
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CER[AS] species in differentiated NHEK
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Figure 3.14 The effect of PUFA supplementation on CER|[AS] species levels measured
in differentiated NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
presented as absolute concentration in ng/10" cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; differentiated NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control; **p <0.01. NHEK: normal human epidermal keratinocytes; PUFA:
polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; CER: ceramide; AS: alpha-hydroxy ceramide.
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CERIAP] species in differentiated NHEK
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Figure 3.15 The effect of PUFA supplementation on CER[AP] species levels measured
in differentiated NHEK. Ceramides were measured using UPLC/ESI-MS/MS in
differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Data are
presented as absolute concentration in ng/10™ cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells; differentiated NHEK (n=3 donors).
Data were analysed by One-Way ANOVA comparing differences over treatment compared
with control. NHEK: normal human epidermal keratinocytes; PUFA: polyunsaturated fatty
acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; CER:
ceramide; AP: alpha-hydroxy phytoceramide.

3.3.1.4 DHA significantly altered total carbon number in both cell types

Total carbon number (carbon number of the fatty acyl-chain + carbon number of
the sphingoid base-chain) shows the ceramide chain length. Alterations in total
carbon number have been reported in several skin disorders, where when long-chain
CERs were reduced, abnormalities in barrier structure and function were reported.
Total CER carbon chains were longer in the differentiated cells where they ranged
from C38-C52, whereas the C48 chain was the longest in proliferating cells.
Analysing ceramide total chain lengths showed a significant increase in the C41
(p=0.049) and C38 (p= 0.002) CERs with DHA in proliferating and differentiated
NHEK, respectively (Figure 3.16).
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Figure 3.16 The effect of PUFA supplementation on CER total carbon chain number in proliferating and differentiated NHEK. Ceramides were
measured using UPLC/ESI-MS/MS in proliferating and differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Total carbon chain was
calculated (sphingoid base-chain carbon number + fatty-acyl chain carbon number) then totaled. Data are presented as absolute concentration in ng/10" cells
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(mean * SD). Comparisons were performed between the control and PUFA treated cells of the same Ca®" condition; proliferating NHEK (n=3 donors),
differentiated NHEK (n=3 donors). Data were analysed by One-Way ANOVA comparing differences over treatment compared with control, with corrections
for multiple analyses using the Dunnett method; *p <0.05; **p <0.01. NHEK: normal human epidermal keratinocytes; PUFA: polyunsaturated fatty acid; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; C: carbon number.
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3.3.1.5 DHA and LA significantly affected total sphingoid base-chain carbon
number in proliferating NHEK

The increase in total carbon number could be due to alterations in the sphingoid
base-chain, acyl-chain or a combination of both. Therefore, examining where this
increase was from could indicate where in the CER biosynthesis pathway PUFA is
having an effect. Analysing the data according to the total carbon number of the
sphingoid base-chain could reveal effects on the de novo biosynthesis pathway
regulated by SPT. DHA increased base-chains with a C19 and C26 carbon chain
(p=0.04, p=0.01, respectively), whereas LA had an effect on C19 levels (p= 0.04)
in proliferating NHEK (Figure 3.17).
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Figure 3.17 The effect of PUFA supplementation on CER total spingoid base-chain length in proliferating and differentiated NHEK. Ceramides were
measured using UPLC/ESI-MS/MS in proliferating and differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Sphingoid-base carbon
chains were totaled (example: C14 = total of all ceramides with C14 sphingoid base-chain). Data are presented as absolute concentration in ng/10° cells (mean
+ SD). Comparisons were performed between the control and PUFA treated cells of the same Ca”* condition; proliferating NHEK (n=3 donors), differentiated
NHEK (n=3 donors). Data were analysed by One-Way ANOVA comparing differences over treatment compared with control, with corrections for multiple
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analyses using the Dunnett method; *p <0.05. NHEK: normal human epidermal keratinocytes; PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic acid,;
EPA: eicosapentaenoic acid; LA: linoleic acid; C: carbon number.
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3.3.1.6 DHA and LA altered total fatty acyl-chain carbon number in proliferating
NHEK

Data were categorised according to fatty-acyl chain length to further examine the
increase found in CERs with PUFA treatment. This informs on the contribution of
changes to the de novo fatty-acyl specific CerS enzymes. Changes were mainly
observed in proliferating NHEK where DHA increased the concentration of CERs
with a C18, C23 and C25 FA-chains (p=0.049, p= 0.02, p= 0.06, respectively). LA
only affected the longer chain C28 CERs (p= 0.03) in proliferating NHEK (Figure
3.18).
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Figure 3.18 The effect of PUFA supplementation on CER total fatty acyl-chain length in proliferating and differentiated NHEK. Ceramides were
measured using UPLC/ESI-MS/MS in proliferating and differentiated NHEK at 72 hours post DHA, EPA and LA supplementation. Fatty-acyl carbon chains
were totaled (example: C16 = total of all ceramides with C16 fatty-acyl chain). Data are presented as absolute concentration in ng/10™® cells (mean + SD).
Comparisons were performed between the control and PUFA treated cells of the same Ca*" condition; proliferating NHEK (n=3 donors), differentiated NHEK
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(n=3 donors). Data were analysed by One-Way ANOVA comparing differences over treatment compared with control, with corrections for multiple analyses
using the Dunnett method; *p <0.05. NHEK: normal human epidermal keratinocytes; PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid; C: carbon number; FA: fatty-acyl.
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3.3.2 n-3 PUFA significantly upregulated CERS3 and DES?2 expression in
proliferating NHEK

CER biosynthesis enzyme mRNA levels were quantitated by RT-qPCR analysis to
investigate how PUFA regulates ceramide metabolism in the epidermis via changes
in gene expression. The effect of DHA, EPA and LA on the expression of the fatty
acyl-specific CERSI-6 and DESI,2 that generate the sphingosine and
phytosphingosine ceramides, respectively, was analysed at 6, 24 and 48 hours post-
PUFA supplementation. Data are presented as relative fold increase (RFI) which
compares CER biosynthesis enzyme gene expression in treated cells to that in
DMSO controls of the same time-point and Ca®* condition, where RFI of 1 = no

change, <1 = downregulated, >1 = upregulated.

3.3.2.1 DHA significantly upregulated CERS3 expression in proliferating NHEK
at 48 hours post supplementation

DHA significantly upregulated CERS3 expression in proliferating cells at 48 hours
post-DHA supplementation (p= 0.003) (Figure 3.19). No change in other CERS in
proliferating NHEK was found.
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Figure 3.19 The effect of PUFA supplementation on CERS1-6 expression in
proliferating NHEK. A-F) Ceramide synthase 1, 2, 3, 4, 5 and 6 mRNA expression were
measured using RT-qPCR analysis in proliferating NHEK treated with 10 uM DHA, EPA
and LA for six, 24 and 48 hours. Data are presented as relative fold increase (mean + SD).
Comparisons were performed between the control and PUFA treated cells of the same time
point; (n=4 donors). RFI =1: no change; RFI <1: downregulation; RFI >1: upregulation.
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Statistical analysis was performed using Two-Way ANOVA comparing changes with
treatment and time. Corrections for multiple analyses was performed using the Dunnett
method; **p <0.01. PUFA: polyunsaturated fatty acid; NHEK: normal human epidermal
keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid;
RFTI: relative fold increase; CERS1-6: ceramide synthase 1-6.

3.3.2.2 n-3 PUFA significantly upregulated DES2 expression in proliferating
NHEK

Both n-3 PUFAs, DHA and EPA, significantly upregulated DES2 expression in
proliferating NHEK at 24 (p = 0.003, p= 0.003, respectively) and 48 hours (p=
0.0003, p= 0.0003, respectively) (Figure 3.20).
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DES1 and DES2 expression in proliferating NHEK
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Figure 3.20 The effect of PUFA supplementation on DESI1-2 expression in
proliferating NHEK. A, B) Desaturase 1, 2 gene expression were measured using RT-
gPCR analysis in proliferating NHEK treated with 10 uM DHA, EPA and LA for six, 24
and 48 hours. Data are presented as relative fold increase (mean + SD). Comparisons were
performed between the control and PUFA treated cells of the same time point; (n=4
donors). RFI =1: no change; RFI <1: downregulation; RFI >1: upregulation.Statistical
analysis was performed using Two-Way ANOVA comparing changes with treatment and
time; **p <0.01; ***p <0.001. PUFA: polyunsaturated fatty acid; NHEK: normal human
epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; RFI: relative fold increase; DESI, 2: desaturasel, 2.
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3.3.2.3 No change in CER biosynthesis enzyme gene expression was found in
differentiated NHEK with PUFA

No change was found in CERS]I, 2, 3 and 4 expression in differentiated NHEK with
PUFA treatment (Figure 3.21). There was a short-lived upregulation in DES?2
expression at the earliest stage of NHEK differentiation at 6 hours post-DHA
treatment (p= 0.04) but this disappeared by 24 hours (Figure 3.22).
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CERS1-4 expression in differentiating NHEK
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Figure 3.21 The effect of PUFA supplementation on CERS1-4 expression in
differentiated NHEK A-D) Ceramide synthase 1, 2, 3 and 4 mRNA expression were
measured using RT-qPCR analysis in differentiating NHEK treated with 10 uM DHA, EPA
and LA for six, 24 and 48 hours. Data are presented as relative fold increase (mean + SD).
Comparisons were performed between the control and PUFA treated cells of the same time
point; (n=4 donors). RFI =1: no change; RFI <Il: downregulation, RFI >I:
upregulation.Statistical analysis was performed using Two-Way ANOVA comparing
changes with treatment and time. PUFA: polyunsaturated fatty acid; NHEK: normal human
epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; RFI: relative fold increase; CERS1-4: ceramide synthase 1-4.
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DES1 and DES2 expression in differentiating NHEK
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Figure 3.22 The effect of PUFA supplementation on DESI1-2 expression in
differentiated NHEK. A, B) Desaturase 1, 2 gene expression were measured using RT-
gPCR analysis in differentiating NHEK treated with 10 uM DHA, EPA and LA for six, 24
and 48 hours. Data are presented as relative fold increase (mean + SD). Comparisons were
performed between the control and PUFA treated cells of the same time point; (n=4
donors). RFI =1: no change; RFI <1: downregulation; RFI >1: upregulation.Statistical
analysis was performed using Two-Way ANOVA comparing changes with treatment and
time; *p <0.5. PUFA: polyunsaturated fatty acid; NHEK: normal human epidermal
keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid;
RFTI: relative fold increase; DESI, 2: desaturasel, 2.



138

3.3.3 n-3 PUFA significantly reduced membrane lipid levels in proliferating
NHEK, whereas LA significantly increased lipid levels in differentiated
NHEK

To further investigate lipid metabolism in proliferating and differentiated NHEK
that could be affected by PUFA supplementation, structural and functional
membrane lipids that include sterols, FFAs, glycerolipids, glycerophospholipids
and complex sphingolipids were analysed using UHPSFC-MSF system. Data were
categorised according to the functional class of membrane lipids. For each sample
analysed, concentrations of detected membrane lipid species were reported as

absolute values in pug/10™ cells (mean + SD).

Generally, concentrations of membrane lipids were higher in differentiated NHEK.
DHA mainly affected proliferating cells where it reduced most membrane lipid
classes, although not all changes reached statistical significance. LA had an effect

on differentiated NHEK where it increased FFA and LPC levels.

3.3.3.1 EPA significantly reduced FFA 24:1 in proliferating NHEK, whereas LA
significantly increased FFA 18:2 in differentiated NHEK

In addition to CERs, major barrier structural lipid classes include cholesterol and
FFAs. Sterol lipids including total cholesterol and five CE species were detected in
proliferating and differentiated NHEK (Figure 3.23-3.25). Although changes did
not reach statistical significance, DHA reduced CE 16:1 and CE 18:1 concentration
in proliferating NHEK (p =0.07, p= 0.08, respectively) (Figure 3.24). No change

in cholesterol was found (Figure 3.25).

In addition to this, 10 FFA species were found in proliferating NHEK, whereas in
differentiated NHEK a total of 15 FFAs were detected (Figure 3.26-3.28). The
most abundant FFAs were the C18:1 in both cell types (mean= 2.8 pg/10° cells ,
mean= 4.4 ug/10" cells, respectively). In proliferating cells, EPA significantly
reduced FFA 24:1 concentration when compared with DMSO control (p= 0.02)
(Figure 3.27), whereas in differentiating NHEK, LA significantly increased FFA
18:2 (p=0.002) (Figure 3.28).
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Figure 3.23 The effect of PUFA supplementation on total CE levels in proliferating
and differentiated NHEK. Total CE was measured using UHPSFC-MSF in proliferating
and differentiating NHEK treated with 10 uM DHA, EPA and LA for 72 hours. Data are
presented as absolute concentration in pg/10™® cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells of the same Ca’? condition; (n=3
donors) per condition. Statistical analysis was performed using One-Way ANOVA
comparing differences over treatment compared with control, with corrections for multiple
analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; NHEK: normal
human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid,;
LA: linoleic acid; CE: cholesterol ester.
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CE species in NHEK

» 15 35, ® Control
% A m DHA
o 30+ T v A EPA
< T vLA
g 104 P 251
g 20 |
= 0.07 1 N
o -
E= 154 4
E s
c 104 0.07 T
3 1 i‘ | !
c 1 Y
N L P AR Y 3
© : : : —& : . #s¥ 3:;* ol 5] |
CE 16:1 CE 18:1 CE 18:2 CE 20:5 CE 22:5 p "

CE16:1 CE181 CE18:2 CE20:5 CE22:5

Proliferating Differentiated

Figure 3.24 The effect of PUFA supplementation on CE species levels measured in proliferating and differentiated NHEK. CE species were measured
using UHPSFC-MSF in proliferating and differentiating NHEK treated with 10 uM DHA, EPA and LA for 72 hours. Data are presented as absolute
concentration in pg/10" cells (mean + SD). Comparisons were performed between the control and PUFA treated cells of the same Ca*? condition; (n=3 donors)
per condition. Statistical analysis was performed using One-Way ANOVA comparing differences over treatment compared with control, with corrections for
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multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA: docosahexaenoic acid;
EPA: eicosapentaenoic acid; LA: linoleic acid; CE: cholesterol ester.
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Total cholesterol in NHEK

Proliferating Differentiated

601 801

601 T

A
o [ 1

20' ) L4

404

20; A
I

Concentration(ug/1026 cells)
L 4
Concentration(ug/1076 cells)

ControlDHA EPA LA ControlDHA EPA LA

Figure 3.25 The effect of PUFA supplementation on total cholesterol levels in
proliferating and differentiated NHEK. Total cholesterol was measured using UHPSFC-
MSEF in proliferating and differentiating NHEK treated with 10 uM DHA, EPA and LA for
72 hours. Data are presented as absolute concentration in pug/10™ cells (mean = SD).
Comparisons were performed between the control and PUFA treated cells of the same Ca*
? condition; (n=3 donors) per condition. Statistical analysis was performed using One-Way
ANOVA comparing differences over treatment compared with control, with corrections
for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; NHEK:
normal human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid.
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Total FFA in NHEK
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Figure 3.26 The effect of PUFA supplementation on total FFA levels in proliferating
and differentiated NHEK. Total FFA were measured using UHPSFC-MSF in
proliferating and differentiating NHEK treated with 10 uM DHA, EPA and LA for 72
hours. Data are presented as absolute concentration in pg/10™ cells (mean * SD).
Comparisons were performed between the control and PUFA treated cells of the same Ca*
? condition; (n=3 donors) per condition. Statistical analysis was performed using One-Way
ANOVA comparing differences over treatment compared with control, with corrections
for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; NHEK:
normal human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid; FFA: free fatty acids.
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FFA species (Proliferating NHEK)
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Figure 3.27 The effect of PUFA supplementation on FFA species levels measured in
proliferating NHEK. FFA species were measured using UHPSFC-MSF in proliferating
NHEK treated with 10 uM DHA, EPA and LA for 72 hours. Data are presented as absolute
concentration in pg/10° cells (mean + SD). Comparisons were performed between the
control and PUFA treated cells; (n=3 donors). Statistical analysis was performed using
One-Way ANOVA comparing differences over treatment compared with control, with
corrections for multiple analyses using the Dunnett method; *p <0.05. PUFA:
polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; FFA: free fatty

acids.
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FFA speceis (Differentiating NHEK)
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Figure 3.28 The effect of PUFA supplementation on FFA species levels measured in differentiated NHEK. FFA species were measured using UHPSFC-
MSEF in differentiated NHEK treated with 10 uM DHA, EPA and LA for 72 hours. Data are presented as absolute concentration in pg/10°¢ cells (mean + SD).
Comparisons were performed between the control and PUFA treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA comparing
differences over treatment compared with control, with corrections for multiple analyses using the Dunnett method; **p <0.01. PUFA: polyunsaturated fatty
acid; NHEK: normal human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; FFA: free fatty acids.
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3.3.3.2 DHA significantly reduced SM levels in proliferating NHEK

To further interrogate the changes seen in CER levels with PUFA, the complex
sphingolipids, SMs, that form the majority of SC CERs along with
glucosylceramides were analysed. We detected 24 and 26 SM species in
proliferating and differentiated NHEK, respectively (Figure 3.29). In proliferating
NHEK, DHA significantly reduced SM 42:2 (p= 0.03), and there was a close to
significant decrease in SM 44:2, SM 44:4 and SM 40:2 (p= 0.06, p=0.06, p=0.07,
respectively) (Figure 3.30). No change was found in SM levels in differentiated
NHEK with PUFA supplementation (Figure 3.31).
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Figure 3.29 The effect of PUFA supplementation on total SM levels measured in
proliferating and differentiated NHEK. Total SM was measured using UHPSFC-MSF
in proliferating and differentiated NHEK treated with 10 uM DHA, EPA and LA for 72
hours. Data are presented as absolute concentration in pg/10™ cells (mean % SD).
Comparisons were performed between the control and PUFA treated cells of the same Ca"
? condition; (n=3 donors) per condition. Statistical analysis was performed using One-Way
ANOVA comparing differences over treatment compared with control, with corrections
for multiple analyses using the Dunnett method; **p <0.01. PUFA: polyunsaturated fatty
acid; NHEK: normal human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid; SM: sphingomyelin.
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Figure 3.30 The effect of PUFA supplementation on SM species levels measured in proliferating NHEK. SM species were measured using UHPSFC-MSF
in proliferating NHEK treated with 10 pM DHA, EPA and LA for 72 hours. Data are presented as absolute concentration in pg/10° cells (mean + SD).
Comparisons were performed between the control and PUFA treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA comparing
differences over treatment compared with control of the same time-point, with corrections for multiple analyses using the Dunnett method; *p <0.05. PUFA:
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polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; SM:
sphingomyelin.
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SM species (Differentiating NHEK)
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Figure 3.31 The effect of PUFA supplementation on SM species levels measured in differentiated NHEK. SM species were measured using UHPSFC-
MSF in differentiating NHEK treated with 10 uM DHA, EPA and LA for 72 hours. Data are presented as absolute concentration in ng/10°® cells (mean + SD).
Comparisons were performed between the control and PUFA treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA comparing
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differences over treatment compared with control of the same time-point, with corrections for multiple analyses using the Dunnett method. PUFA:
polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; SM:
sphingomyelin.
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3.3.3.3 DHA significantly reduced several TG species levels in proliferating
NHEK

Glycerolipids are both structural and functional membrane lipids that are utilised
for energy production during cellular growth and to generate inflammatory
mediators. There were five DG species detected in both cell types (Figure 3.32).
No significant changes in DG species levels were observed (Figure 3.32-3.33). In
proliferating NHEK, 32 TG species were detected, whereas in differentiated NHEK
a total of 46 TG species were measured (Figure 3.35-3.36). DHA significantly
decreased total TG concentration in proliferating NHEK (p= 0.04) (Figure 3.35).
DHA significantly reduced TG 44:2, TG 46:3, TG 47:1,TG 48:3, TG 48:4, TG 49:2,
TG 50:2, TG 50:3, TG 50:4 and TG 56:5 (p= 0.04, p= 0.03, p= 0.04, p= 0.01, p
<0.0001, p=0.009, p= 0.02, p= 0.03, p= 0.03, p= 0.03, respectively). No effect on
TG concentrations was found in differentiated NHEK with PUFA supplementation
(Figure 3.36).
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Figure 3.32 The effect of PUFA supplementation on total DG levels measured in
proliferating and differentiated NHEK. Total DG was measured using UHPSFC-MSF in
proliferating and differentiating NHEK treated with 10 uM DHA, EPA and LA for 72
hours. Data are presented as absolute concentration in pg/10° cells (mean % SD).
Comparisons were performed between the control and PUFA treated cells of the same Ca"
? condition; (n=3 donors) per condition. Statistical analysis was performed using One-Way
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ANOVA comparing differences over treatment compared with control of the same time-
point, with corrections for multiple analyses using the Dunnett method. PUFA:
polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; DG: diacylglycerol.
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Figure 3.33 The effect of PUFA supplementation on DG species levels measured in proliferating and differentiated NHEK. DG species were measured
using UHPSFC-MSF in proliferating and differentiating NHEK treated with 10 uM DHA, EPA and LA for 72 hours. Data are presented as absolute
concentration in pg/10" cells (mean + SD). Comparisons were performed between the control and PUFA treated cells of the same Ca*? condition; (n=3 donors)
per condition. Statistical analysis was performed using One-Way ANOVA comparing differences over treatment compared with control of the same time-point,
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with corrections for multiple analyses using the Dunnett method; **p <0.01. PUFA: polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes;
DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; DG: diacylglycerol.
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Total TG in NHEK
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Figure 3.34 The effect of PUFA supplementation on total TG levels measured in
proliferating and differentiated NHEK. Total TG was measured using UHPSFC-MSF in
proliferating and differentiating NHEK treated with 10 uM DHA, EPA and LA for 72
hours. Data are presented as absolute concentration in pg/10° cells (mean % SD).
Comparisons were performed between the control and PUFA treated cells of the same Ca*
? condition; (n=3 donors) per condition. Statistical analysis was performed using One-Way
ANOVA comparing differences over treatment compared with control of the same time-
point, with corrections for multiple analyses using the Dunnett method; *p <0.05. PUFA:
polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; TG: triacylglycerol.
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Figure 3.35 The effect of PUFA supplementation on TG species levels measured in proliferating NHEK. TG species were measured using UHPSFC-MSF
in proliferating NHEK treated with 10 pM DHA, EPA and LA for 72 hours. Data are presented as absolute concentration in pg/10° cells (mean + SD).
Comparisons were performed between the control and PUFA treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA comparing
differences over treatment compared with control of the same time-point, with corrections for multiple analyses using the Dunnett method; *p <0.05; **p <0.01;
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***%p <0.0001. PUFA: polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid;
LA: linoleic acid; TG: triacylglycerol.
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TG species (Differentiating NHEK)
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Figure 3.36 The effect of PUFA supplementation on TG species levels measured in
differentiated NHEK. TG species were measured using UHPSFC-MSF in differentiating
NHEK treated with 10 uM DHA, EPA and LA for 72 hours. Data are presented as absolute
concentration in pg/10° cells (mean + SD). Comparisons were performed between the
control and PUFA treated cells; (n=3 donors). Statistical analysis was performed using
One-Way ANOVA comparing differences over treatment compared with control of the
same time-point, with corrections for multiple analyses using the Dunnett method. PUFA:
polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; TG: triacylglycerol.
3.3.3.4 DHA reduced PC and LPC levels in proliferating NHEK, whereas LA
significantly increased LPC 16:0 levels in differentiated NHEK

PCs and LPCs are involved in cellular apoptosis and inflammatory responses. In
proliferating NHEK, a total of 30 PC species were detected and 29 species in
differentiated NHEK (Figure 3.37). Although not statistically significant, DHA
reduced PC 32:1p/PC 32:2e, PC 36:5, PC 44:2/46:8p/46:9¢ levels in proliferating
NHEK (p= 0.07, p= 0.06, p= 0.07, respectively) (Figure 3.38). No changes in PC

levels were found in differentiated NHEK with PUFA treatments (Figure 3.39).

There were 5 LPC species measured in proliferating and differentiating NHEK. In
proliferating NHEK, DHA reduced LPC 16:0 and LPC 16:1, but changes did not
reach statistical significance (p= 0.07, p= 0.07) (Figure 3.40). In differentiated
NHEK, LA significantly increased LPC 16:0 (p= 0.040) (Figure 3.41).
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Total PC in NHEK

Figure 3.37 The effect of PUFA supplementation on total PC levels measured in
proliferating and differentiated NHEK. Total PC was measured using UHPSFC-MSF in
proliferating and differentiating NHEK treated with 10 uM DHA, EPA and LA for 72
hours. Data are presented as absolute concentration in pg/10™ cells (mean % SD).
Comparisons were performed between the control and PUFA treated cells of the same Ca*
? condition; (n=3 donors) per condition. Statistical analysis was performed using One-Way
ANOVA comparing differences over treatment compared with control of the same time-
point, with corrections for multiple analyses using the Dunnett method. PUFA:
polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA:
docosahexaenoic acid; EPA: eicosapentacnoic acid; LA: linoleic acid; PC:
phosphatidylcholine.
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PC species (Proliferating NHEK)
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Figure 3.38 The effect of PUFA supplementation on PC species levels measured in proliferating NHEK. PC species were measured using UHPSFC-MSF
in proliferating NHEK treated with 10 pM DHA, EPA and LA for 72 hours. Data are presented as absolute concentration in pg/10° cells (mean + SD).
Comparisons were performed between the control and PUFA treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA comparing
differences over treatment compared with control of the same time-point, with corrections for multiple analyses using the Dunnett method. PUFA:
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polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; PC:
phosphatidylcholine.
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Figure 3.39 The effect of PUFA supplementation on PC species levels measured in differentiated NHEK. PC species were measured using UHPSFC-MSF
in differentiated NHEK treated with 10 uM DHA, EPA and LA for 72 hours. Data are presented as absolute concentration in pg/10® cells (mean + SD).
Comparisons were performed between the control and PUFA treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA comparing
differences over treatment compared with control of the same time-point, with corrections for multiple analyses using the Dunnett method. PUFA:
polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; PC:
phosphatidylcholine.
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Total PC in NHEK

Figure 3.40 The effect of PUFA supplementation on total LPC levels in proliferating
and differentiated NHEK. Total LPC was measured using UHPSFC-MSE in proliferating
and differentiated NHEK treated with 10 uM DHA, EPA and LA for 72 hours. Data are
presented as absolute concentration in pug/10"6 cells (mean = SD). Comparisons were
performed between the control and PUFA treated cells of the same Ca’? condition; (n=3
donors) per condition. Statistical analysis was performed using One-Way ANOVA
comparing differences over treatment compared with control of the same time-point, with
corrections for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty
acid; NHEK: normal human epidermal keratinocytes; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid; LPC: lysophosphatidylcholine.
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Figure 3.41 The effect of PUFA supplementation on LPC species levels measured in proliferating and differentiated NHEK LPC species were measured
using UHPSFC-MSF in proliferating and differentiated NHEK treated with 10 uM DHA, EPA and LA for 72 hours. Data are presented as absolute concentration
in pg/10 cells (mean + SD). Comparisons were performed between the control and PUFA treated cells of the same Ca*? condition; (n=3 donors) per condition.
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Statistical analysis was performed using One-Way ANOVA comparing differences over treatment compared with control of the same time-point, with
corrections for multiple analyses using the Dunnett method; *p <0.05. PUFA: polyunsaturated fatty acid; NHEK: normal human epidermal keratinocytes; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; LPC: lysophosphatidylcholine.
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3.3.4 Ceramide metabolism pathways were enriched in differentiated NHEK

Bioactive lipid synthesis by differentiating keratinocytes is essential for the
formation of the permeability barrier. Therefore, lipid metabolism pathways and
keratinocyte differentiation gene expression were analysed using IPA® software.
Core analysis was performed to filter the data based on a p value of 0.001.
Canonical pathway analysis was then performed for a total of 3011 genes.
Differentiated NHEK (High Ca?>, n=3) were compared to control
(undifferentiated/proliferating) NHEK (Low Ca?", n=3). Data were presented as
log2 fold change. Log2 fold change of < -1 is considered downregulated, whereas
a log2 fold change of >1 is considered upregulated. The analysis is colour coded;
genes in red shading are upregulated; genes in green shading are downregulated.
The intensity of the shading reflects how high or low was the log2 fold change is;
example: darker shade red= higher log2 fold change and upregulation. Grey
shading= no change (-1 — 1).

3.3.4.1 Ceramide metabolism pathways and differentiation-regulating genes
were enriched in differentiated NHEK

Figure 3.42 shows the pathways identified as being enriched (highly represented
in the list of genes analysed) in differentiated NHEK when compared to
proliferating NHEK. CER metabolism pathways were enriched and these include
A) sphingosine and S1P metabolism, B) CER degradation and biosynthesis and C)
SM metabolism. The pathways identified include genes involved in CER
metabolism and keratinocyte differentiation. The function apoptosis was identified
by IPA® as it is one of the most studied cellular processes regulated by CER
signaling. However, the samples used (NHEK) and the genes included in these
pathways, indicate keratinocyte differentiation as a cellular function regulated by

CER as well.

Table 3.1 lists the genes included in the pathways identified and their description.
All genes analysed were statistically significant with a corrected p value, also
known as false discovery rate (FDR), of < 0.0001. The expression of the following
genes was upregulated in differentiated NHEK when compared to proliferating
NHEK (Log2 fold change >1): EDG members S/PR3 (1.5) and S/PR4 (1.9); SPHK
member SPHK1 (2.4); RAS members: MRAS (1.6), RAP1A4 (1.2), RASD2 (1.6),
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RRAS?2 (2.6); ERKI (1.2); P1K3 catalytic subunit B PIK3CB (1.3); PP2A catalytic
subunits PPP2CA (2.3), PPP2CB (1.3), and regulatory subunits PPP2R2B (4.2),
PPP2R5B (1.2); JNKI/MAPKS (1.13); SMPD3 (4.6); TNF receptor subunits
TNFRSFIB (3.9) and TNFRSF6B (2.0). The expression of the following genes was
significantly downregulated in differentiated NHEK when compared to
proliferating NHEK (Log2 fold change < -1): EDG member, S/PRS5 (-2.2); KSR
members KSR/ (-1.9) and KSR2 (-1.3); AP-1 (-2.6); PI3K members PIK3C2G (-
3.0) and PIK3R1(-2.6); PP2A members PPMIL (-1.5) and PPP2R2C (-1.3).
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Figure 3.42 Ceramide metabolism pathways regulating keratinocyte differentiation
were enriched in differentiated NHEK. Canonical pathway analysis was performed
using IPA® software to identify enriched pathways in differentiated NHEK (High Ca*’,
n=3) compared to proliferating NHEK (Low Ca?*, n=3). Statistical analysis was performed
by IPA® software based on a p value and FDR of < 0.001, and a log2 fold change of < -1
for downregulated genes or >1 for upregulated genes. A) Sphingosine and S1P metabolism:
This pathway involves CER, S1P and sphingosine. It regulates the following genes in
NHEK: EDG complex, SPHK, NFkB, AP-1, KSR, RAS complex, c-RAF, MEK1, ERK1;
B) Ceramide metabolism pathway which includes CER synthesis and degradation. CER
signaling regulates the following genes in NHEK: PKC {, MEKK 1, MKK4, INK1, PP2A
complex, PI3K complex, AKT, KSR; C) Sphingomyelin metabolism: This pathway
produces SM and CER and is affected by TNF- o, SMPD complex. NHEK: normal human
epidermal keratinocytes; CER: ceramide; SM: sphingomyelin; S1P: sphingosine 1
phosphate; EDG: endothelial cell differentiation gene; SPKH: Sphingosine kinase
(human); RAS: Rat sarcoma gene group; c-RAF: RAF1-proto-oncogene, serine/threonine
kinase; MEK1: Mitogen-activated protein kinase kinase 1; ERK1: Extracellular signal-
regulated kinase; NFkB: Nuclear factor kappa B; AP-1: Activator protein-1 transcription
factor; KSR: Kinase suppressor of Ras; PI3K: 1-phosphatidylinositol 3-kinase; AKT:
Serine/Threonine Kinase 1; PP2A: Protein phosphatase 2; PKC {: Protein kinase C zeta;
MEKK1: Mitogen-activated protein kinase kinase kinase 1; MKK4: Mitogen-activated
protein kinase kinase 4; JNKI1: c-Jun N-terminal kinase 1; SMPD: Sphingomyelin
cholinephosphohydrolase; TNF- a: Tumor necrosis factor alpha; TNFR1: Tumor necrosis
factor alpha receptor; FAN: Neutral sphingomyelinase activation associated factor; IL-1:
Interleukin 1; UV: ultraviolet radiation; FDR: false discovery rate. *Cellular functions
regulated by CER signaling include apoptosis and keratinocyte differentiation. Red
shading: upregulation; Green shading: downregulation; Grey shading: no change.

Gene/group Description Members

EDG Endothelial cell differentiation | SIPR2, SIPR3, SIPR4, SIPR5
gene: S1P receptors

SPHK Sphingosine kinase (human) SPHKI, SPHK?2

RAS Rat sarcoma gene group KRAS, MRAS, NRAS, RALB,

RAPIA, RAPIB, RAP2A, RAP2B,
RASDI, RASD2, RRAS, RRAS2

c-RAF RAF1-proto-oncogene, RAFI
serine/threonine kinase

MEK]I Mitogen-activated protein kinase | MEKI also known as (MAPKI,
kinase 1 MAP2K1, ERK2)

ERK] Extracellular signal-regulated | ERKI (MAPK3)
kinase

NFkB Nuclear factor kappa B NFkB complex: NFkB subunit 1,

NFkB subunit 2, NFkB inhibitor
zeta, NFkB activating protein like

AP-1 Activator protein-1 transcription | #OS and JUN family
factor
KSR Kinase suppressor of Ras KSR, KSR2, CNKSR
PI3K 1-phosphatidylinositol 3-kinase Catalytic and regulatory: P10,

p85, PI3K, PIK3C24, PIK3C2B,
PIK3C2G,  PIKC3, PIK3CA,
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PIK3CB, PIKECD, PIK3CG,
PIK3RI,  PIK3R2,  PIK3R3,
PIK3R4, PIK3R5, PIK3R6

AKT Serine/Threonine Kinase 1, protein | AKT1, AKT2, AKT3
kinase B
PP24 Protein phosphatase 2 PPM1J, PPMIL,  PPP2CA,

PPP2CB, PPP2RIA, PPP2RIB,
PPP2R24, PPP2R2B, PPP2R2C,
PPP2R3A4, PPP2R54, PPP2R35B,
PPP2R5C, PPP2R5D, PPP2RSE,

PTPA
PKC Protein kinase C zeta PKC
MEKK] Mitogen-activated protein kinase MEKK]I (MAP3K1)
kinase kinase 1
MKK4 Mitogen-activated protein kinase MKK4 (MAP2K4)
kinase 4
JNK1 c-Jun N-terminal kinase 1 JNKI (MAPKS)
SMPD Sphingomyelin SMPDI, SMPD2, SMPD3,
cholinephosphohydrolase SMPD4
TNF- o./ Tumor necrosis factor TNFR superfamily: NGFR,
TNFRI alpha/receptor 1 TNFRSF11B, TNFRSFIA,
TNFRSFIB, TNFRSF6B
FAN Neutral sphingomyelinase NSMAF

activation associated factor

Table 3.1 Genes involved in CER signaling pathways controlling differentiation and
apoptosis. Genes involved in Kkeratinocyte differentiation were upregulated in
differentiated NHEK when compared to proliferating NHEK. NHEK: normal human
epidermal keratinocytes; CER: ceramide. RED: upregulated; GREEN: downregulated.

3.3.5 The expression of ceramide, membrane lipids and fatty acid metabolism
genes was altered with differentiation

Lipid metabolism gene expression was analysed in differentiated NHEK (High
Ca?", n=3) compared to proliferating NHEK (Low Ca?*, n=3) using IPA® software.
Data are presented as log2 fold change. Analysis of differentially expressed genes
was based on a p value and FDR of < 0.001, and log2 fold change of < -1 for
downregulation and > 1 for upregulation. The genes included in the results graphs

(3.43-3.45) were significantly changed (FDR < 0.0001).

3.3.5.1 Genes involved in S1P signalling, SPT activity and glucosylceramide
metabolism were upregulated upon NHEK differentiation

Figure 3.43 shows the expression of CER metabolism genes in differentiated
NHEK when compared to proliferating NHEK. Protein coding genes involved in
S1P signaling and SPT activity were significantly upregulated in differentiated
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NHEK when compared with proliferating NHEK. The most upregulated gene in
differentiated NHEK was S/PRI (log2 fold change 3.1) followed by SPT
regulating-SPTSSB (log2 fold change 2.6). Regarding the CER de novo
biosynthesis pathway, genes encoding the SPT subunits 2 and 3 were upregulated
with differentiation (SPTLC2, SPTLC3), whereas CERSI was downregulated.
Glucosylceramide metabolism was stimulated in differentiated NHEK where
glucosylceramide degradation gene GBA was significantly upregulated (log2 fold
change 2.4), followed by GBA2 (log2 fold change 2.2) and glucosylceramide
synthesis UGCG (log2 fold change 2.1). The expression of S1P receptor, S1PR5,
was significantly downregulated in differentiated NHEK compared to proliferating
NHEK (log2 fold change -2.2). Additionally, the following S1P and CER
degradation genes were downregulated in differentiated NHEK (SGPP2, log?2 fold
change -1.7; ACERI, log2 fold change -1.7, respectively). Genes not included in
the figure were not significantly up/downregulated (log2 fold change from -1 to 1).

CER metabolism gene expression
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Figure 3.43 Ceramide metabolism gene expression in differentiated NHEK compared
to proliferating NHEK. The expression of ceramide metabolism genes in differentiated
NHEK (High Ca**, n=3) and proliferating NHEK (Low Ca®’, n=3) were analysed by IPA®
software. IPA® statistical analysis settings: p-value < 0.001, log2 fold change < -1
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downregulation, log2 fold change > 1 upregulation. RED: upregulated; GREEN:
downregulated. CER: ceramide; NHEK: normal human epidermal keratinocytes; UGCG:
UDP-glucose ceramide glucosyltransferase; GBA: Glucosylceramidase beta; GBA2:
Glucosylceramidase beta 2; GALC: Galactosylceramidase; CERT1: Ceramide transporter
1; CPTP: Ceramide-1-phosphate transfer protein; S1PR1, 5: Sphingosine-1-phosphate
receptor 1, 5; SGPP2: Sphingosine-1-phosphate phosphatase 2; ACERI1: Alkaline
ceramidase 1; SPTSSB: Serine palmitoyltransferase small subunit B; SPTLC2, 3: Serine
palmitoyltransferase long chain base subunit 2, 3; CERS1: Ceramide synthase 1.

3.3.5.2 DG and TG biosynthesis genes were highly expressed in differentiated
NHEK whereas cholesterol degradation genes were downregulated

Figure 3.44 shows the expression of lipid metabolism genes in differentiated
NHEK when compared to proliferating NHEK. The TG synthesis gene, GPAT3,
was highly upregulated in differentiated NHEK (log2 fold change 8.0). Other
protein coding genes related to DG and TG synthesis were upregulated as well, and
these include: DGKB, DGKG and CDSI (log2 fold change 1.5, 1.3, 1.2,
respectively). Protein coding LPCATI which is involved in PC synthesis was
upregulated in differentiated NHEK (log2 fold change 1.5), whereas the expression
of the isoform, LPCAT2, was downregulated (log2 fold change -1.2). Regarding
cholesterol metabolism, cholesterol degradation gene, CH25H, was significantly
downregulated in differentiated NHEK compared to proliferating NHEK (log3 fold
change -3.5). Additionally, the expression of DHCR24 and CETP, which are
involved in cholesterol synthesis and lipid transport was low in differentiated
NHEK. Genes not included in the figure were not significantly up/downregulated

(log2 fold change from -1 to 1).
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Figure 3.44 Sterol lipids, glycerolipid and glycerophospholipid metabolism gene
expression in differentiated NHEK compared to proliferating NHEK. The expression
of membrane lipid metabolism genes in differentiated NHEK (High Ca**, n=3) and
proliferating NHEK (Low Ca?*, n=3) were analysed by IPA® software. IPA” statistical
analysis settings: p-value < 0.001, log2 fold change < -1 downregulation, log2 fold change
> 1 upregulation. RED: upregulated; GREEN downregulated. CER: ceramide; NHEK:
normal human epidermal keratinocytes; DHCR24: 24-dehydrocholesterol reductase;
LCAT: Lecithin-cholesterol acyltransferase; CH25H: Cholesterol 25-hydroxylase; CETP:
Cholesteryl ester transfer protein; NCEH1: Neutral cholesterol ester hydrolase 1; GPAT2:
Glycerol-3-phosphate acyltransferase 2, mitochondrial; GPAT3: Glycerol-3-phosphate
acyltransferase 3; DGKB: Diacylglycerol kinase beta; DGKG: Diacylglycerol kinase
gamma; CDS1: CDP-diacylglycerol synthase 1; LPCATI, 3: Lysophosphatidylcholine
acyltransferase 1, 3.

3.3.5.3 Fatty acid biosynthesis genes were upregulated upon NHEK
differentiation

Figure 3.45 shows the expression FA metabolism genes in differentiated NHEK
when compared to proliferating NHEK. Genes encoding fatty acid elongation,
desaturation and hydroxylation enzymes were upregulated in differentiated NHEK,
except for the fatty acid elongase isoform, ELOVL3 (log2 fold change -1.8). The
expression of ELOVL4 was the highest in differentiating NHEK (log2 fold change
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3.1), followed by FA hydroxylase FA2H (log2 fold change 2.7) and FA desaturase
FADS3 (log2 fold change 2.1). FABP7, which encodes FA binding protein 7 was
highly downregulated in differentiated NHEK (log2 fold change -7.0). Genes not
included in the figure were not significantly up/downregulated (log2 fold change

from -1 to 1).
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Figure 3.45 Fatty acid metabolism gene expression in differentiated NHEK compared
to proliferating NHEK. The expression of fatty acid metabolism genes in differentiated
NHEK (High Ca**, n=3) and proliferating NHEK (Low Ca®’, n=3) were analysed by IPA®
software. IPA® statistical analysis settings: p-value < 0.001, log2 fold change < -1
downregulation, log2 fold change > 1 upregulation. RED: upregulated; GREEN:
downregulated. CER: ceramide; NHEK: normal human epidermal keratinocytes; FABPS,
7: Fatty acid binding protein 5, 7, ELOVL 3, 4, 7: Fatty acid elongase 3, 4, 7; FADS3:
Fatty acid desaturase 3; FA2H: Fatty acid 2-hydroxylase.

3.4 Discussion

The study’s objective was to investigate the pathways mediating PUFA regulation
of CER synthesis in the epidermis, aiming to understand the mechanisms by which
the n-3 and n-6 PUFAs can alter ceramide concentrations in normal human
epidermal keratinocytes. During the differentiation process, proliferating

keratinocytes migrate from the basal epidermal layers towards the SC, where they

fully differentiate and release intracellular CERs that form the permeability barrier



177

together with cholesterol and FFAs (Lampe et al., 1983). Therefore, we aimed to
investigate the effect of PUFA supplementation on CER levels at different stages
of epidermal cell growth (proliferating vs differentiated). Exploring the barrier lipid
profile using an in vitro cell culture system is a useful investigative tool as it can be
manipulated to reflect the stages of keratinocyte differentiation using different
concentrations of Ca?" (Breiden et al., 2007b). Initiating NHEK differentiation in
vitro with Ca®" has been found to increase CER levels when compared to CER
levels in undifferentiated cells (Breiden et al., 2007b). In agreement with this study,
more CER species were detected and higher CER concentrations were measured in
differentiated NHEK compared to proliferating NHEK (Figure 3.1). The
alterations in CER[NP] and CER[AP], that were detected were consistent with
previous observations regarding changes in CER production with keratinocyte
differentiation (Mizutani et al., 2004). More CER[NP] species were detected with
differentiation, and CER[AP] was only detected in differentiated NHEK (Figure
3.9, 3.10, 3.15). In addition to this, CER de novo synthesis enzymes were highly
expressed in differentiated NHEK, where SPT catalytic subunits, SPTLC2 and
SPTLCI1, were highly expressed in differentiated cells in addition to SPTSSB,
which is involved in SPT activity and acyl-CoA preference (Figure 3.43). These
findings demonstrate the abundance of CERs with the gradual increase in the Ca?*
gradient in the skin reaching the CER-rich SC where keratinocytes are fully
differentiated.

The production of CER is stimulated with keratinocyte differentiation and CER
signaling regulates differentiation (Uchida, 2014). Additionally, differentiating
keratinocytes with Ca?" has been found to activate differentiation pathways such as
c-Raf/ ERK1/2 (Schmidt et al., 2000). Gene sequencing analysis showed CER
signaling pathways which regulate differentiation to be highly represented in Ca?*-
differentiated NHEK (Figure 3.42). This study showed the regulation of genes
involved in keratinocyte differentiation pathways such as ERK1/2 MAPK pathway,
JNK signaling pathway and p38 MAPK pathway by S1P, CER and SM signaling
(Meng et al., 2018). For example, SIP was found to activate keratinocyte
differentiation by binding to SI1P receptors (Igawa et al., 2019). The signaling
pathways activated depend on the S1P receptor isoform and cell type. In the current

study, S1P was found to be involved in the RAS/ERK1/2 pathway (Figure 3.42 A).
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Additionally, KSR which inhibits the RAS/ERK1/2 pathways was downregulated.
CER could produce S1P and was involved in the PI3K pathway as well (Figure
3.42 B). The S1P receptor, SIPRI, was highly expressed in differentiated NHEK
(Figure 3.43). In endothelial cells, S/PRI was found to be associated with
regulating the P13K pathway (Igawa et al., 2019). PPA2 was another gene that were
upregulated in differentiated NHEK and associated with CER signaling. This gene
plays a major role in filaggrin production and was found to be blocked in cultured
keratinocytes from harlequin ichthyosis patients (KAM et al., 1997). Similarly,
pathway analysis showed that CER was associated with the upregulation in JNK1
which is involved in the expression of cornified envelope protein, cystatin A
(Takahashi et al., 2001). From this, the involvement of CER signaling in regulating
NHEK differentiation is clear.

In addition to demonstrating the difference in CER profile seen at different stages
of epidermal cell growth, analysis of the individual effects of DHA, EPA and LA
supplementation on CER concentration in the two epidermal cell types was
performed. Figure 3.46 summarises the main findings. Interestingly, we found that
LA supplementation significantly affected differentiated NHEK where CER[NDS],
CER[NS] and CER[NP] levels were increased. On the other hand, DHA
supplementation had the same effect on both developmental stages of epidermal
cells, where it significantly increased the concentrations of CER species from most
CER classes. DHA significantly enhanced the levels of the most abundant CERs
where total CER[NS] was significantly increased in both proliferating and
differentiated NHEK, in addition to several CER[NS] species (Figure 3.2-3.4). The
physiological significance of the CER species that were affected by DHA and LA
is not understood as the role of specific CER species has not been fully explored
(Kendall et al., 2017, Takeda et al., 2018). However, one way to interrogate this
further is by grouping CERs based on total carbon-chain length, as skin CERs with
long chains are crucial for a healthy barrier (Jennemann et al., 2012, Janssens et al.,
2012). Interestingly, longer-chain CERs were found in the differentiated cells
where they ranged from C38-C52, whereas the C48 chain was the longest in
proliferating cells. Moreover, DHA had a stronger effect on proliferating cells

where it increased C41 (p=0.05) and C43 (p=0.06) levels. In differentiated cells,
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DHA only increased C38 CERs (p=0.002), whereas LA did not have a significant
effect CER total chain length in both cell types (Figure 3.16).
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Figure 3.46 Summary of PUFA treatment effects on lipid metabolism in NHEK. The
figure summarises the main increases and decreases found in CER and membrane lipid
levels, in addition to CER biosynthesis mRNA expression measured in differentiating
NHEK (High Ca®", n=3 donors), and proliferating NHEK (Low Ca*", n=3 donors) treated
with DHA, EPA and LA (10 uM) compared to control. Ceramides and membrane lipids
were measured using UPLC-MS/MS; CER biosynthesis enzyme gene expression was
measured by RT-qPCR. NHEK: normal human epidermal keratinocytes; Ca*": calcium;
PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic
acid; LA: linoleic acid; CER: ceramide; CER[NS]: non-hydroxy ceramide; CER[NDS]:
non-hydroxy dihydroceramide; CER[NH]: non-hydroxy 6-hydroxyceramide; CERS3:
ceramide synthase 3; DES2: dihydroceramide desaturase 2; FFA: free fatty acids; SM:
sphingomyelin; TG: triacylglycerol; LPC: lysophosphatidylcholine.

To better understand where in the CER biosynthesis pathway PUFAs are having an
effect on CER levels, alterations in the two chains that form CERs (the FA and
sphingoid base-chains) were investigated along with changes in CER de novo
biosynthesis enzyme gene expression. As previously explained in (Chapter 1),
newly synthesised CERs are produced through the de novo pathway from
CER[NDS]. The rate-limiting enzyme, SPT, produces dihydrosphingosine, then
CerS1-6 acylate FA-chains with specific carbon numbers to produce the CER
precursor, CER[NDS] (Figure 1.4) (Mullen et al., 2012). DHA altered base-chain
length in proliferating cells, which reflects dihydrosphingosine production and SPT
activity (Figure 3.17). Additionally, alterations in FA-chains were observed in
proliferating cells with DHA supplementation, and included those ranging from
C18-C25 (Figure 3.18). Interestingly, we found a significant upregulation in gene
expression of epidermis-specific CerSase, CERS3, (p=0.003) in proliferating

Differentiating
keratinocytes

Ca2+

Proliferating
keratinocytes
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NHEK with DHA (Figure 3.19). The FA preference of CerS3 includes chains with
medium (C18-C21) and long (C22-C25) carbon chains (Mizutani et al., 2004).
Moreover, both n-3 PUFAs (DHA and EPA) significantly upregulated DES2
expression in proliferating cells (Figure 3.20). In addition, it has been suggested
that CER[NH] is potentially synthesised by a desaturase similar to DES2 (Kovacik
etal., 2014). Consistent with this, DHA supplementation had a significant effect on
CER[NH] concentration, and led to a close to significant increase in N(24)P(18)
(p=0.06) in proliferating NHEK. (Figure 3.7, 3.9). These initial observations show
that proliferating NHEK are more responsive to the n-3 PUFA, DHA, and the effect
of DHA on CER metabolism in these cells are likely mediated through activation
of the de novo biosynthesis pathway.

Dysregulation in membrane lipid metabolism has been reported in inflammatory
skin disorders such as AD and psoriasis (Schéfer and Kragballe, 1991, Gerstein,
1963). Gene sequencing analysis showed an upregulation in the expression of TG
biosynthesis gene, GPAT3 in differentiated NHEK (Figure 3.44). GPAT3 is
expressed in the epidermis and in keratinocytes and was found to be upregulated
with treatment with PPARy activators (Lu et al., 2010). Furthermore, treating
immortalised keratinocytes with betulin, an anti-inflammatory and epidermal
differentiating agent, has been found to alter membrane lipid profile where CEs and
TGs were significantly downregulated, whereas glycerophospholipids,
diacylglycerides and CER were upregulated in betulin treated cells (Calderon et al.,
2020). Similarly, reducing dietary EPA and DHA was found to alter epidermal
phospholipid and sphingolipid profile in salmon skin (Cheng et al., 2018).
Therefore, examining changes in epidermal membrane lipids could help further
explain how PUFAs could modulate cutaneous lipid metabolism. Interestingly,
consistent with the CER data, DHA mainly affected membrane lipids in

proliferating cells, whereas LA mainly affected those in differentiated cells.

In proliferating NHEK, there was a decrease in in SM 42:2 (p= 0.03) as well as in
total TG (p=0.04) and in most TG species levels with DHA treatment (Figure 3.30,
3.35). DHA supplementation also decrease CE and proapoptotic PC and LPC levels
in proliferating cells, but the changes did not reach statistical significance. In

addition to the role of CerSases in the CER de novo biosynthesis pathway, these
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enzymes are involved in generating CERs via the salvage pathway by utilising free
sphingoid bases (Figure 1.4). CERs could also be released from SM or
glucosylceramide degradation. Therefore, the decrease in SM together with the
upregulation in CERS3 in proliferating cells with DHA supplementation could be
an indication for a mechanism by which DHA targets CER synthesis in the basal
epidermis by utilizing SM. Additionally, SM contains CER[NS] and CER[AS]
species (Holleran et al., 1993), which we found to be increased in proliferating
NHEK with DHA treatment. Taken together, this could suggest an upregulation in
CER levels in proliferating NHEKs with DHA through the breakdown of SM. In
addition to this, the decrease in proapoptotic glycerophospholipids and energy
producing glycerolipids in proliferating cells with DHA could reflect the anti-
inflammatory effect of n-3 PUFA, and suggest a proliferative effect on the basal
layers of the epidermis where these membrane lipids are utilized for cellular growth.
It has been found that CER synthesis and the activity of CER-related enzymes
depend on the type of tissue and its stage of development (Mullen et al., 2012).

Although DHA stimulated CER synthesis in differentiated NHEK, no effect on
CERS de novo biosynthesis enzymes, FA-chain and base-chain length was
observed. Additionally, the significant increase in CER[NS] and CER[AS] in
differentiated cells with DHA was not accompanied with changes in SM or other
membrane lipids. Furthermore, an increase in the concentration of CERs from most
classes with alterations in the sphingoid-base chains could suggest a role for SPT.
However, we did not observe changes in the sphingoid-base chains in differentiated
NHEK with DHA. Therefore, in differentiated cells, DHA could be targeting
alternative pathways to those of the CER de novo and SM recycling pathways.
Similarly, LA mainly enhanced non-hydroxy CER levels in differentiated cells,
with no changes in CER carbon-chains. Interestingly, LA supplementation showed
a trend for a gradual mRNA downregulation of the epidermal de novo biosynthesis
enzymes, CerS3 and Des2, with time in differentiated NHEK (Figure 3.21, 3.22).
In addition to this, LA did not have a significant effect on CER[AS] levels in
differentiated NHEK and no change was found in SM levels. The precursors for the
majority of SC CERs are SMs and glucosylceramides, which are converted back to
CER by SMase and GBA, respectively (Uchida et al., 2000, Holleran et al., 1994).
SM produces CER[NS] and CER[AS] species, whereas LA-containing omega-
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hydroxy CERs are produced from glucosylceramides (Holleran et al., 1993, Uchida
et al., 2000). Therefore, glucosylceramide degradation could be activated with LA

treatment during keratinocyte differentiation.

Moreover, previous studies and the present study showed that glucosylceramide
synthesis is stimulated during differentiation of keratinocytes (Sando et al., 1996).
The present study showed UGCG, a protein coding gene involved in
glucosylceramide synthesis, to be upregulated in differentiated NHEK (Figure
3.43). Additionally, ceramide synthesis from glucosylceramide was found to be
stimulated in differentiated NHEK where GBA was significantly upregulated (Lu
etal., 2010). In agreement with this, glucosylceramide degradation genes GBA and
GBA?2 were highly expressed in differentiating NHEK (Figure 3.43). LA is used to
differentiate keratinocytes; administration of a high dose of LA (15 uM) to NHEKSs
cultured in low CaCl, (0.03 mM) media upregulates involucrin and
transglutaminase gene and protein expression (Hanley et al., 1998). Similarly, the
addition of LA (10 pM) to high-Ca?" medium resulted in a significant increase in
differentiation markers and GBA, whereas SPTLC2 was not affected (Breiden et al.,
2007b). Breiden et al. also reported that administration of PPAR-a activator, LA,
to the differentiation media led to a further increase in CER synthesis when
compared to CER levels in differentiated NHEK without LA (Breiden et al.,
2007b). Moreover, we found that LA significantly increased proapoptotic, LPC
16:0, and FFA18:2 species in differentiated cells (p=0.04, p=0.008, respectively).
Similarly, gene sequencing analysis showed an increase in the expression of
LPCATI which catalyses the breakdown of LPC to PC, and fatty acid metabolism
genes ELOVL4, ELOVL7, FADS3 and FA2H in differentiated NHEK (Figure 3.44,
3.45). This could indicate a role for LA in epidermal growth and differentiation by
stimulating FA and membrane lipid synthesis, in addition to SC CER production

from glucosylceramide.

In addition to the role of n-6 PUFA LA in the differentiation process, activation of
PPAR-a with DHA treatment was found to upregulate filaggrin expression, but not
that of involucrin or loricrin, and to normalise SC lipid ratio (FFA:CER:cholesterol)

in a filaggrin deficient mouse skin model, indicating a role for DHA in inducing
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keratinocyte differentiation (Wallmeyer et al., 2015). Another study mentioned that
activating PPAR-a using strawberry seed extract (SSE) upregulated SPTLC2,
CERS3, and GBA, but not SM metabolism related genes in SC of skin equivalents
(Takeda et al., 2018). The studies on the effect of DHA on keratinocyte
differentiation and CER production are limited. However, it could be concluded
that alterations in CER synthesis reported in differentiation studies depend on the
PPAR-a activator and sample type. In our study, since DHA had a broad effect on
CER concentration in differentiated NHEK, without affecting CERS3 expression,
CER carbon-chains and membrane lipid metabolism, alteration in CER synthesis
could be due to activation of GBA through PPAR-a. From this, it could be shown
that n-3 and n-6 PUFA play a crucial role in modulating the epidermal
differentiation process, and ultimately the biosynthesis of permeability barrier

CERs.

3.5 Conclusion

This study examined potential PUFA-CER mechanisms involving the CER de novo
biosynthesis pathway in primary human epidermal skin cells. The individual effects
of n-3 (DHA, EPA) and n-6 (LA) PUFA supplementation on CER biosynthesis in
different layers of epidermal growth have been demonstrated independently. In
proliferating NHEK, which represent the basal layers, DHA increased the
concentration of most CER classes, and was paralleled by an upregulation in
CERS3 and DES2 gene expression and a reduction in SM and membrane lipid
levels. This could suggest that DHA stimulates CER synthesis in proliferating
NHEK through activating the CER de novo biosynthesis and SM recycling
pathways. In differentiated NHEK, which represents the granular layer, gene
sequencing analysis demonstrated the role of CER signaling in keratinocyte
differentiation. Additionally, genes involved in CER biosynthesis through SPT and
glucosylceramide metabolism were highly expressed in differentiated NHEK, in
addition to FA and TG synthesis genes. DHA might affect CER metabolism in
differentiated NHEK through pathways linked to differentiation which activate
GBA, as the increase in CER levels was not accompanied by changes in CERS gene
expression, SM and membrane lipid metabolism. This shows that the biomolecular

mechanisms by which DHA modulates CER synthesis differs according to the
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developmental stage of the epidermis. On the other hand, supplementation with LA
mainly affected the differentiated cells, by increasing non-hydroxy CER
concentrations, without affecting CER de novo biosynthesis enzymes or SM levels,
suggesting a specific role for n-6 LA in pathways involved in SC glucosylceramide
and differentiation. From this, it could be shown that DHA and LA mainly target
the CER generating pathways. In addition, LA is essential for improving skin
barrier function, whereas DHA may have a broader therapeutic benefit in the
epidermis as it could affect CER metabolism at basal and differentiated epidermal
layers. Future studies could focus on exploring the effect of DHA on the SM
degradation pathways in proliferating keratinocytes, and on the effect of DHA and
LA supplementation on glucosylceramide metabolism in differentiated NHEK. In
addition, the role of DHA in keratinocyte differentiation requires further

investigation.
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Chapter 4

The effect of DHA, EPA and LA
supplementation on ceramide biosynthesis in
primary human dermal fibroblasts
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4.1 Introduction

The intermediate layer of the skin, the dermis, contains heterogenous fibroblast
populations that produce ECM proteins, nerve endings, immune cells and a vascular
network, which support the integrity of the skin and keratinocyte growth (Russo et
al., 2020). Reticular fibroblasts are mainly involved in wound healing, where they
migrate towards the wound site and differentiate into myofibroblasts, followed by
a second migration to release collagen, which leads to the formation of scars
(Sorrell and Caplan, 2004). In addition to their role in supporting the epidermis and
keratinocyte growth, it has been suggested that papillary fibroblasts are involved in
the later stages of wound healing (Sorrell et al., 2004, Woodley, 2017, Griffin et
al., 2020). Additionally, dermal immune cells and lipid mediators are tightly
involved in the cutaneous inflammatory response and resolution (Hawkshaw et al.,
2020). As in the epidermis, the dermis contains lipids such as sterols, FAs, CERs
and phospholipids, but are found in lower concentrations than those in the
epidermis (Uchida et al., 1988). The lower lipid content in the dermis is reflected
by the limited number of studies on the role of dermal lipids and their metabolites
in skin health and disease, (Kendall et al., 2015). Moreover, although the
involvement of cutaneous lipids and their mediators in wound healing (Shakespeare
and Strange, 1982, Balazs et al., 2001) and skin inflammation (Nicolaou et al.,
2011) has been reported in several studies, results primarily depended on the
presence of the lipid-rich epidermis and epidermal-dermal interaction. Therefore,
little is known about the individual pathophysiological mechanisms which dermal

lipids may be involved in.

Two of the main lipid classes involved in skin inflammation are CERs and PUFA.
Ceramides are one of most crucial bioactive lipids implicated in cutaneous
homeostasis and disease as discussed in (Section 1.3). The role of n-3 and n-6
PUFA and their mediators in inflammation and wound healing has also been
extensively reviewed (Pilkington et al., 2011, Kendall and Nicolaou, 2013).
Research on dermal lipids in the absence of the epidermis has gained more interest
to elucidate the role of the dermis in skin health and disease. It was found that
treating HDF with DHA reduced the mRNA expression of profibrotic factors after

stimulating inflammation by lipopolysaccharide treatment (LPS) (Maeshige et al.,
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2019). In a study on hypertrophic scar (HS) formation using deepithelialised normal
and HS dermis, it was found that n-6 AA, which produces inflammatory mediators,
was significantly higher in whole tissue and cell membrane of HS dermis,
suggesting its role in the formation and maintenance of HS (Nomura et al., 2007).
Our laboratory group previously found that n-3 EPA altered CER profile in human
skin explants, where CER[NS] and CER[NDS] levels were increased in the dermis
but not in the separated epidermis (Kendall et al., 2017). Our aim from the present
study was to further examine the potential mechanisms involved in lipid
metabolism in the dermis independently, showing the individual effects of n-3
(DHA, EPA) and n-6 (LA) PUFA supplementation on CER concentrations, CER

de novo biosynthesis gene expression and membrane lipid levels in cultured HDF.

Specific objectives:

To determine the effects of DHA, EPA and LA treatment on:

1. Fibroblast CER profile and concentrations,

2. gene expression of CER de novo biosynthesis enzymes,

3. the profiles of complex membrane lipids (cholesterol, FAs, SM,
glycerolipids and glycerophospholipids) in HDF.

4.2 Materials and methods

4.2.1 Analysis of fibroblast ceramides using UPLC/ESI-MS/MS

Fibroblast CER analysis was performed using ultraperformance liquid
chromatography coupled to electrospray ionisation with triple quadrupole tandem
mass spectrometry (UPLC/ESI-MS/MS) (Section 2.4). HDF were treated with 10
uM DHA, EPA or LA, for three and seven days. Media were replaced daily with
fresh media containing 10 uM DHA, EPA or LA. PUFA treatments were prepared
as described in (Section 2.2.3). Cells were pelleted at three and seven days post-
PUFA treatment and CERs were extracted then analysed. CER concentrations in
treated cells were compared to those in DM SO vehicle controls from the same time-
point (n=3 individual donors) per time-point. Appendix 3 lists the MRM transitions
and indicative retention times for skin CER assay. Data were processed using
MassLynx software (Waters). Semi-quantitation using internal standards was used

for ceramides. Ceramide quantities were normalised to cell number (ng/ 107 cells).



188

Statistical analysis was performed using repeated measures One-Way ANOVA
comparing differences over treatment compared with control of the same time-
point, with corrections for multiple analyses using the Dunnett method. Data were
presented as mean + SD; p <0.05 was considered statistically significant (GraphPad
Prism software). The small sample number (n= 3 biological replicates) could affect
statistical significance. Therefore, p values that were not statistically significant but

close to 0.05 were reported.

4.2.2 Measurement of ceramide biosynthesis enzyme mRNA levels

Gene expression was measured by RT-qPCR analysis as described in (section 2.3).
Primary HDF were treated with 10 uM DHA, EPA or LA. PUFA treatments were
prepared as described in (Section 2.2.3). Media were replaced daily with fresh
media containing 10 uM DHA, EPA or LA, and cells were pelleted at six, 24 and
48 hours post PUFA-supplementation. Data were presented as individual ACt
values (Appendix 5) and relative fold increase (RFI) which compares CER
biosynthesis enzyme gene expression in treated cells to that in DMSO vehicle
controls of the same time-point where RFI of (1) is no change; (n=3 individual
donors). Statistical analysis was performed using repeated measures Two-Way
ANOVA comparing changes with treatment and time. Corrections for multiple
analyses was performed using the Dunnett method. Data were presented as mean +

SD; p < 0.05 was considered statistically significant (GraphPad Prism software).

4.2.3 Analysis of complex membrane lipids using UHPSFC-MSF

Complex lipids were analysed using UHPSFC-MSF system by Dr Marta
Koszyczarek (Section 2.5). Samples and PUFA treatments were prepared as
described above (4.2.1). Complex lipid concentrations in treated cells were
compared to those in DMSO vehicle controls of the same time-point; (n=3
individual donors) for each time-point. Data were processed using Progenesis QI
software (v 2.3, NonLinear Dynamics, Newcastle, UK). Lipid quantities were
normalised to cell number (ng/ 10" cells). Statistical analysis was performed using
repeated measures One-Way ANOVA comparing differences over treatment

compared with control of the same time-point, with corrections for multiple
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analyses using the Dunnett method. Data were presented as mean + SD; p < 0.05

was considered statistically significant (GraphPad Prism software).

4.3 Results

4.3.1 Supplementation with DHA and EPA for seven days significantly
increased ceramide concentrations in primary HDF

The effect of n-3 PUFAs (DHA, EPA) and n-6 PUFA (LA) on CER levels was
analysed using UPLC/ESI-MS/MS. Primary HDF were treated with PUFA for three
or seven days. For each sample analysed, concentrations of detected CER species
were reported as absolute values in ng/10" cells (mean = SD). Data were
categorised based on ceramide class and carbon chain numbers to help identify

possible trends.

4.3.1.1 Total ceramide levels were increased in HDF cultured for seven days

The amounts of individual ceramide species were quantitated and totalled. Figure
4.1 shows the concentrations (ng/10"® cells) for total CER measured in HDF
cultured for three and seven days. Control cells cultured for seven days produced
more CERs than those cultured for three days (p= 0.03), with a total CER
concentration of (mean= 24.36 ng/10"¢ cells) in the 7-day group and (mean= 8.78

ng/107° cells) in the 3-day group.

4.3.1.2 Total CER[NS] levels were increased with DHA treatment for three days
Changes in total ceramides per class were analysed to investigate the effect of
PUFA supplementation on the different classes of ceramides that are produced
using specific enzymes in the de novo biosynthesis pathway. Five CER classes were
detected in HDF: CER[NS], CER[NDS], CER[NH], CER[NP] CER[AH]. The
most abundant ceramides in both groups were the CER[NS] (3-days: mean= 4.36
ng/10"° cells, 7-days: mean= 13.09 ng/10"¢ cells).

Although no significant change was found in total CER levels, examining
individual CER classes revealed a trend for an increase in total CER[NS] 7-days
post DHA and LA treatment compared with control (p=0.05, p= 0.08, respectively)
(Figure 4.2).
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Figure 4.1 Total ceramide concentration in control HDF cultured for three and seven
days. Total ceramide was measured using UPLC/ESI-MS/MS in HDF cultured for three or
seven days. Data are presented as absolute concentration in ng/10"® cells (mean + SD).
Comparisons were performed between HDF cultured for three days (n=3 donors) and HDF
cultured for seven days (n=3 donors). Data were analysed by Student’s t-test. CER:
ceramide; HDF: human dermal fibroblast.
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Figure 4.2 The effect of PUFA supplementation on total ceramide levels per class in HDF. Total ceramide classes were measured using UPLC/ESI-MS/MS
in HDF treated with 10 uM DHA, EPA and LA for three or seven days. Data are presented as absolute concentration in ng/10°® cells (mean + SD). Comparisons
were performed between the control and PUFA treated cells of the same time point; (n=3 donors) per time-point. Data were analysed by One-Way ANOVA
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comparing differences over treatment compared with control, with corrections for multiple analyses using the Dunnett method; *p <0.05. PUFA:
polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; NS: non-hydroxy
ceramide; NDS: non-hydroxy dihydroceramide; NH: non-hydroxy 6-hydroxyceramide; NP: non-hydroxy phytoceramide; AH: alpha-hydroxy 6-
hydroxyceramide.
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4.3.1.3 Treatment with DHA or EPA for seven days significantly increased the
concentration of several CER[NS], CER[NH] and CER[AH] species

Class specific species were analysed to observe possible trends in skin CER
metabolism in HDF. Generally, n-3 PUFA significantly increased CER levels with
the longer treatment period of seven days when compared with controls. Increases

with n-6 LA did not reach statistical significance.

Most CER[NS]species were significantly increased with DHA treatment for seven
days

A total of eight CER[NS] species were detected in HDF (Figure 4.3). The small
sample number (n= 3 biological replicates) could affect statistical significance.
Therefore, p values that were not statistically significant but close to 0.05 were
reported. DHA significantly increased N(24)S(17) (p=0.02), N(23)S(18) (P=0.04),
N(24)S(18) (p= 0.047), N(24)S(19) (p= 0.004) when compared with control,
whereas the increase in N(24)S(16) and N(25)S(18) was close to significant (p=
0.06, p=0.07, respectively). At three days post DHA, the most abundant CER[NS]
species, N(24)S(18), were significantly increased (p= 0.03). LA increased the
concentrations of N(22)S(18), N(23)S(18) and N(24)S(18) without reaching
statistical significance (p= 0.08, p=0.08, p=0.0.5, respectively).

No significant changes were found in CER[NDS] species levels with PUFA

Figure 4.4 shows the eight CER[NDS] species detected in HDF. Although no
significant changes were detected with PUFA treatment, DHA seemed to increased
N(22)DS(18) (p= 0.06) after three days of treatment, whereas there was trend for
an increase in N(22)DS(18) and N(18)DS(22) (p=0.09, p=0.06) at seven days post

EPA-supplementation when compared with control.
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Figure 4.3 The effect of PUFA supplementation on CER|NS] species levels measured in HDF. Ceramides were measured using UPLC/ESI-MS/MS in
HDF treated with 10 uM DHA, EPA and LA for three or seven days. Data are presented as absolute concentration in ng/10"¢ cells (mean + SD). Comparisons
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were performed between the control and PUFA treated cells of the same time point; (n=3 donors) per time-point. Data were analysed by One-Way ANOVA
comparing differences over treatment compared with control, with corrections for multiple analyses using the Dunnett method; *p <0.05; **p <0.01. PUFA:
polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; NS:
non-hydroxy ceramide.
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Figure 4.4 The effect of PUFA supplementation on CER[NDS] species levels measured in HDF. Ceramides were measured using UPLC/ESI-MS/MS in
HDF treated with 10 uM DHA, EPA and LA for three or seven days. Data are presented as absolute concentration in ng/10"¢ cells (mean + SD). Comparisons
were performed between the control and PUFA treated cells of the same time point; (n=3 donors) per time-point. Data were analysed by repeated measures
One-Way ANOVA comparing differences over treatment compared with control, with corrections for multiple analyses using the Dunnett method. PUFA:
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polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; NDS:
non-hydroxy dihydroceramide.
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n-3 PUFA significantly increased CER[NH] and CER[AH] species levels at seven
days post supplementation

A total of four CER[NH] species were measured in HDF, whereas two CER[NP]
and three CER[AH] were measured (Figure 4.5). n-3 PUFA had an effect on the 6-
hydroxyceramides where EPA significantly increased N(25)H(16) concentration
when compared with control (p= 0.007), and DHA significantly increased
A(24)H(18) (p=<0.0001).
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Figure 4.5 The effect of PUFA supplementation on CER[NH], CER[NP] and CER|AH] species measured in HDF. Ceramides were measured using
UPLC/ESI-MS/MS in HDF treated with 10 uM DHA, EPA and LA for three or seven days. Data are presented as absolute concentration in ng/10"® cells (mean
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+ SD). Comparisons were performed between the control and PUFA treated cells of the same time point; (PUFA-treated n=3 each, control n=3) per time-point.
Data were analysed One-Way ANOVA with comparing differences over treatment compared with control, with corrections for multiple analyses using the
Dunnett method; **p <0.01; ***p <0.0001. PUFA: polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; NH: non-hydroxy 6-hydroxyceramide; NP: non-hydroxy phytoceramide; AH: alpha-hydroxy 6-
hydroxyceramide.
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4.3.1.4 DHA altered total carbon number of ceramides in HDF

Total carbon number (carbon number of the fatty acyl-chain + carbon number of
the sphingoid base-chain) shows the ceramide chain length which is important in
skin studies as alterations in total carbon number in the epidermis has been reported
in several skin disorders. Analysing ceramide total chain lengths in HDF showed a
significant increase in C42 ceramides at three days post DHA-supplementation (p=
0.04). In addition, DHA treatment for seven days increased C43 ceramides with (p=
0.03), whereas C41, C42 were increased but did not reach statistical significance

(p=0.06, p= 0.09, respectively) (Figure 4.6).



Total carbon number

3-days post PUFA treatment

40- 40-
3
0 20
© - ]
: 20=x T
<
e
S 151
c
H 21
E %
€
1@
g 27 = i 'J'_' ‘T‘ l
]
(8] v
% ] $‘£
L
0 . : : - ?.i‘ i : 0
Cc40 C41 C42 C43 C44

sHT [T

202

7-days post PUFA treatment

| |

¥

0.09

3]s

e Control
= DHA

A EPA
v LA

*

K

f%a?i

C40

ca1

c42

c43 c44

Figure 4.6 The effect of PUFA supplementation on CER total carbon chain number in HDF. Ceramides measured using UPLC/ESI-MS/MS in HDF
treated with 10 uM DHA, EPA and LA for three or seven days. Total carbon chain was calculated (sphingoid base-chain carbon number + fatty-acyl chain

carbon number) then totaled. Data are presented as absolute concentration in ng/10° cells (mean + SD). Comparisons were performed between the control and
PUFA treated cells of the same time point; (n=3 donors) per time-point. Data were analysed by One-Way ANOVA comparing differences over treatment
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compared with control, with corrections for multiple analyses using the Dunnett method; *p <0.05. PUFA: polyunsaturated fatty acid; HDF: human dermal
fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; C: carbon number.
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4.3.1.5 DHA significantly affected total sphingoid base-chain carbon number at
seven days post supplementation

Analysing the data according to the total carbon number of the sphingoid base-chain
could reveal effects on the de novo biosynthesis pathway regulated by SPT. DHA
significantly elevated ceramides with a C19 base chain (p= 0.004), whereas the
increase in C18 was close to significant (p= 0.06) (Figure 4.7). In addition, EPA
seemed to increase the C22 CERs (p= 0.06).
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Figure 4.7 The effect of PUFA supplementation on CER total spingoid base-chain length in HDF. Ceramides were measured using UPLC/ESI-MS/MS in
HDF treated with 10 uM DHA, EPA and LA for three or seven days. Sphingoid-base carbon chains were totaled (example: C16 = total of all ceramides with
C16 sphingoid base-chain). Data are presented as absolute concentration in ng/10°® cells (mean + SD). Comparisons were performed between the control and
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PUFA treated cells of the same time point; (n=3 donors) per time-point. Data were analysed by One-Way ANOVA comparing differences over treatment
compared with control, with corrections for multiple analyses using the Dunnett method; **p <0.01. PUFA: polyunsaturated fatty acid; HDF: human dermal
fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; C: carbon number.
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4.3.1.6 DHA had a significant effect on total fatty acyl-chain carbon number

Data were also categorised according to fatty-acyl chain length. This informs on
the contribution of changes to the fatty-acyl specific CerS enzymes. DHA increased
the concentration of C22 CERs at 3-days post treatment (p= 0.047). After seven
days of DHA treatment, long-chain CERs with a C23 and C24 FA-chains were
significantly increased (p= 0.04, p= 0.04). Ceramides with C25 FA-chain were
increased with DHA supplementation for seven days but did not reach statistical

significance (p= 0.08) (Figure 4.8)
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Figure 4.8 The effect of PUFA supplementation on CER total fatty acyl-chain length in HDF. Ceramides were measured using UPLC/ESI-MS/MS in
HDF treated with 10 uM DHA, EPA and LA for three or seven days. Fatty-acyl carbon chains were totaled (example: C18 = total of all ceramides with C18
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fatty-acyl chain).Data are presented as absolute concentration in ng/10° cells (mean + SD). Comparisons were performed between the control and PUFA treated
cells of the same time point; (n=3 donors) per time-point. Data were analysed by One-Way ANOVA comparing differences over treatment compared with
control, with corrections for multiple analyses using the Dunnett method; *p <0.05. PUFA: polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; FA: fatty acyl; CER: ceramide; C: carbon number.
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4.3.2 n-3 PUFA downregulated CERSS5 and CERS6 expression in HDF

CER biosynthesis enzyme mRNA levels were quantitated by RT-qPCR analysis to
investigate how PUFA regulates ceramide metabolism in the dermis via changes in
gene expression. The effect of DHA, EPA and LA on the expression of the fatty
acyl-specific CERSI-6 and DESI,2 that generate the sphingosine and
phytosphingosine ceramides, respectively, were analysed at six, 24 and 48 hours
post-PUFA supplementation. Data were presented as RFI, which compares CER
biosynthesis enzyme gene expression in treated cells to that in untreated controls of

the same time-point (n=3 donors).

4.3.2.1 DHA and EPA significantly downregulated CERS5 and CERS6
expression at 24 and 48 hours post supplementation

Figure 4.9 shows the RFI of CERS genes that were measured in HDF treated with
DHA, EPA and LA compared with control. The epidermis-specific CERS3 was not
detected in HDF. No change was found in the expression of CERSI-4 (Figure 4.9
A-C). The expression of CERSS was significantly downregulated at 24 hours post-
DHA supplementation compared with control (p= 0.008). There was a close to
significant downregulation of CERSS and a significant downregulation of CERS6
at 48 hours post-EPA supplementation compared with control (p= 0.06, p= 0.049,
respectively) (Figure 4.9 D,E).
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Figure 4.9 The effect of PUFA supplementation on CERS1-6 expression in HDF. A-
E) Ceramide synthase 1, 2, 4, 5 and 6 gene expression were measured using RT-qPCR
analysis in HDF treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. Data are
presented as relative fold increase (mean + SD). Comparisons were performed between the
control (vehicle DMSO) and PUFA treated cells of the same time point; (n=3 donors). RFI
=1: no change; RFI <1: downregulation; RFI >1: upregulation.Statistical analysis was
performed using repeated measures Two-Way ANOV A comparing changes with treatment
and time. Corrections for multiple analyses was performed using the Dunnett method; *p
<0.05; **p <0.01. PUFA: polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; h: hour; RFI: relative
fold increase; CERS1-6: ceramide synthase 1-6.
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4.3.2.2 No change was found in the expression of DES1 and DES?2 expression in
PUFA treated HDF

Figure 4.10 shows the RFI of DES] and DES?2 that were measured in HDF
treated with DHA, EPA and LA compared with control. No significant change
was observed in the expression of DESI and DES?2.
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Figure 4.10 The effect of PUFA supplementation on DES1-2 expression in HDF. A-B)
Desaturase 1, 2 gene expression were measured using RT-qPCR analysis in HDF treated
with 10 uM DHA, EPA and LA for six, 24 and 48 hours. Data are presented as relative
fold increase (mean = SD). Comparisons were performed between the control (vehicle
DMSO) and PUFA treated cells of the same time point; (n=3 donors). RFI =1: no change;
RFI <1: downregulation; RFI >1: upregulation.Statistical analysis was performed using
repeated measures Two-Way ANOVA comparing changes with treatment and time.
Corrections for multiple analyses was performed using the Dunnett method. PUFA:
polyunsaturated fatty acid; HDF: human dermal fibroblast; DMSO: dimethyl sulfoxide;
DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; h: hour; RFI:
relative fold increase; DESI, 2: desaturasel, 2.
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4.3.3 n-3 and n-6 PUFA supplementation altered membrane lipid metabolism
in HDF

To further investigate lipid metabolism in HDF that could be affected by PUFA
supplementation, structural and functional membrane lipids that include sterols,
FFAs, glycerolipids, glycerophospholipids and complex sphingolipids were
analysed using UHPSFC-MSE system. Primary HDF were treated with DHA, EPA
and LA for three or seven days and grouped according to time post-PUFA
supplementation. For each sample analysed, concentrations of detected lipid

species were reported as absolute values in ug/10" cells (mean + SD).

4.3.3.1 LA significantly reduced CE and TG levels, whereas DHA altered SM
levels

Sterol lipids including total cholesterol and six CE species were detected in cultured
HDF (Figure 4.11-4.13). In addition to this, two FFA species and 17 SM species
were measured (Figure 4.14-4.17). Among the two glycerolipids measured, a total
of three DG species and 11 TG species were detected in cultured HDF (Figure
4.18-4.21).

Although no change was found in total CE levels, LA significantly decreased CE
22:6 concentrations at seven days post supplementation (p= 0.03) (Figure 4.12).
No change was found in total cholesterol, total SM, total FFA and species levels.
DHA significantly increased SM 40:1 and reduced SM 40:2 at seven days post
supplementation (p= 0.04, p <0.0001, respectively) (Figure 4.18). LA significantly
decreased TG 48:1, TG 50:1 and TG 50:2 at seven days post supplementation (p=
0.03, p=0.003, p <0.0001, respectively) (Figure 4.23).
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Figure 4.11 The effect of PUFA supplementation on total CE levels in HDF. Total CE
was measured using UHPSFC-MSF in HDF treated with 10 uM DHA, EPA and LA for
three or seven days. Data are presented as absolute concentration in pg/10¢ cells (mean +
SD). Comparisons were performed between the control and PUFA treated cells of the same
time point; (n=3 donors) per time-point. Statistical analysis was performed using One-Way
ANOVA comparing differences over treatment compared with control, with corrections
for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; HDF:
human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; CE: cholesterol ester.
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Figure 4.12 The effect of PUFA supplementation on CE species levels measured in HDF. CE species were measured using UHPSFC-MS® in HDF treated
with 10 uM DHA, EPA and LA for three or seven days. Data are presented as absolute concentration in pg/10° cells (mean + SD). Comparisons were performed
between the control and PUFA treated cells of the same time point; (n=3 donors) per time-point. One-Way ANOVA comparing differences over treatment
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compared with control, with corrections for multiple analyses using the Dunnett method; *p <0.05. PUFA: polyunsaturated fatty acid; HDF: human dermal
fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; CE: cholesterol ester.



218

Total cholesterol in HDF

3 days post-PUFA 7 days post-PUFA
w40 T 40;
7] ]
o o
2 2
S 304 A S 307
= T Ay A
o) o
= =
c 20 c 201
2 o
hd whd
g g (1T
S 10 I S 10{ o=
] o
[ A c
O A O
© ol l . I . © ol . . .
ControlDHA EPA LA ControlDHA EPA LA

Figure 4.13 The effect of PUFA supplementation on total cholesterol levels in HDF.
Total cholesterol was measured using UHPSFC-MSF in HDF treated with 10 uM DHA,
EPA and LA for three or seven days. Data are presented as absolute concentration in
1g/10° cells (mean + SD). Comparisons were performed between the control and PUFA
treated cells of the same time point; (n=3 donors) per time-point. Statistical analysis was
performed using One-Way ANOVA comparing differences over treatment compared with
control, with corrections for multiple analyses using the Dunnett method. PUFA:
polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid,;
EPA: eicosapentaenoic acid; LA: linoleic acid.
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Figure 4.14 The effect of PUFA supplementation on total FFA levels in HDF. Total
FFA were measured using UHPSFC-MSF in HDF treated with 10 uM DHA, EPA and LA
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for three or seven days. Data are presented as absolute concentration in pg/10" cells (mean
+ SD). Comparisons were performed between the control and PUFA treated cells of the
same time point; (n=3 donors) per time-point. Statistical analysis was performed using
One-Way ANOVA comparing differences over treatment compared with control, with
corrections for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty
acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentacnoic
acid; LA: linoleic acid. FFA: free fatty acids.
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Figure 4.15 The effect of PUFA supplementation on FFA species levels measured in HDF. FFA species were measured using UHPSFC-MSF in HDF
treated with 10 uM DHA, EPA and LA for three or seven days. Data are presented as absolute concentration in ug/10°® cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells of the same time point; (PUFA-treated n=3 each, control n=3) per time-point. Statistical analysis was
performed using One-Way ANOVA comparing differences over treatment compared with control, with corrections for multiple analyses using the Dunnett
method. PUFA: polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid. FFA:
free fatty acids.



3 days post-PUFA

Total SM in HDF

Concentration(ug/1016 cells)

w 50;

©

17)

© 401

<

o

hay A o

g 30+

5

T 20 1

s

“:’ 10

g o|® -

)

O ol : . :
ControlDHA EPA LA

50+

40+

301

201

10+

221

7 days post-PUFA

il.ik

0
Control DHA EPA

Figure 4.16 The effect of PUFA supplementation on total SM levels measured in HDF.
Total SM was measured using UHPSFC-MS® in HDF treated with 10 uM DHA, EPA and
LA for three or seven days. Data are presented as absolute concentration in pg/10™ cells

(mean * SD). Comparisons were performed between the control and PUFA treated cells of
the same time point; (n=3 donors) per time-point. Statistical analysis was performed using
One-Way ANOVA comparing differences over treatment compared with control, with
corrections for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty
acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic
acid; LA: linoleic acid. SM: sphingomyelin.
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Figure 4.17 SM species levels measured in HDF after three days of PUFA supplementation. SM species were measured using UHPSFC-MSF in HDF
treated with 10 uM DHA, EPA and LA for three days. Data are presented as absolute concentration in pug/10¢ cells (mean + SD). Comparisons were performed
between the control and PUFA treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA comparing differences over treatment
compared with control, with corrections for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; HDF: human dermal fibroblast;
DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid. SM: sphingomyelin.
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Figure 4.18 SM species levels measured in HDF after seven days of PUFA supplementation. SM species were measured using UHPSFC-MSF in HDF
treated with 10 pM DHA, EPA and LA for seven days. Data are presented as absolute concentration in pg/10" cells (mean = SD). Comparisons were performed
between the control and PUFA treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA comparing differences over treatment
compared with control, with corrections for multiple analyses using the Dunnett method; *p <0.05; ****p <0.0001. PUFA: polyunsaturated fatty acid; HDF:
human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid. SM: sphingomyelin.
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Figure 4.19 The effect of PUFA supplementation on total DG levels measured in HDF.
Total DG was measured using UHPSFC-MS® in HDF treated with 10 uM DHA, EPA and
LA for three and seven days. Data are presented as absolute concentration in pg/10°° cells
(mean * SD). Comparisons were performed between the control and PUFA treated cells of
the same time-point; (n=3 donors). Statistical analysis was performed using One-Way
ANOVA comparing differences over treatment compared with control, with corrections
for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; HDF:
human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid. DG: diacylglycerol.
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Figure 4.20 The effect of PUFA supplementation on DG species levels measured in HDF. DG species were measured using UHPSFC-MSF in HDF treated
with 10 pM DHA, EPA and LA for three and seven days. Data are presented as absolute concentration in pg/10™ cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells of the same time-point; (n=3 donors). Statistical analysis was performed using One-Way ANOVA
comparing differences over treatment compared with control, with corrections for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty
acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid. DG: diacylglycerol.
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Total TG in HDF
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Figure 4.21 The effect of PUFA supplementation on total TG levels measured in HDF.
Total TG was measured using UHPSFC-MSF in HDF treated with 10 uM DHA, EPA and
LA for three and seven days. Data are presented as absolute concentration in pg/10°° cells
(mean * SD). Comparisons were performed between the control and PUFA treated cells of
the same time-point; (n=3 donors). Statistical analysis was performed using One-Way
ANOVA comparing differences over treatment compared with control, with corrections
for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; HDF:
human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid. TG: triacylglycerol.
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Figure 4.22 TG species levels measured in HDF after three days of PUFA supplementation. TG species was measured using UHPSFC-MSF in HDF treated
with 10 pM DHA, EPA and LA for three days. Data are presented as absolute concentration in pg/10 cells (mean + SD). Comparisons were performed
between the control and PUFA treated cells; (n= 3 donors). Statistical analysis was performed using One-Way ANOVA comparing differences over treatment
compared with control, with corrections for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; HDF: human dermal fibroblast;
DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid. TG: triacylglycerol.
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Figure 4.23 TG species levels measured in HDF after seven days of PUFA
supplementation. TG species was measured using UHPSFC-MSF in HDF treated with 10
uM DHA, EPA and LA for seven days. Data are presented as absolute concentration in
1g/10° cells (mean + SD). Comparisons were performed between the control and PUFA
treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA
comparing differences over treatment compared with control, with corrections for multiple
analyses using the Dunnett method; *p <0.05; **p <0.01; ****p <0.0001. PUFA:
polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid,;
EPA: eicosapentaenoic acid; LA: linoleic acid. TG: triacylglycerol.

4.3.3.2 DHA significantly reduced PE levels and increased PC levels, whereas LA
significantly reduced PC and LPC levels in HDF

The most abundant glycerophospholipids in HDF were the PCs with 48 species
detected, followed by 15 PE species and five LPC species. DHA significantly
reduced PE 36:4p/36:5¢ at 3 days post supplementation (p= 0.02), and a close to
significant decrease was also found three days-post DHA treatment in the following
species: PE 36:3, PE 36:4, PE 36:5 (p=0.05, p=0.09, p=0.07, respectively) (Figure
4.24).

Both DHA and LA altered PC concentrations at seven days post PUFA treatment.
n-3 DHA significantly increased PC 32:1, PC 34:5 and PC 36:5 (p= 0.04, p=
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<0.0001, p=0.04, respectively) (Figure 4.28). DHA also increased the levels of the
following PC species, although changes did not reach statistical significance: PC
32:2, PC 34:1, PC 34:2, PC 36:2/38:8p/38:9¢, PC 38:6 (p= 0.09, p= 0.06, p=0.07,
p= 0.08, p= 0.09, respectively). On the other hand, LA significantly reduced PC
32:1, PC 33:1/34:0p/34:1e, PC 34:1 (p= 0.048, p= 0.02, p= 0.03, respectively)
(Figure 4.28). LA also reduced PC 30:1 and PC 40:4p/40:6e, but changes did not
reach statistical significance (p= 0.07, p= 0.06, respectively).

In addition, the seven-day supplementation with LA significantly decreased total
LPC levels in HDF (p= 0.009) (Figure 4.29). LPC 16:0 and LPC 18:1 species were
reduced at seven days post-LA (p= 0.02, p=0.007, respectively) (Figure 4.30).
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Figure 4.24 The effect of PUFA supplementation on total PE levels measured in HDF.
Total PE was measured using UHPSFC-MSF in HDF treated with 10 uM DHA, EPA and
LA for three and seven days. Data are presented as absolute concentration in pg/10° cells
(mean * SD). Comparisons were performed between the control and PUFA treated cells of
the same time-point; (n=3 donors). Statistical analysis was performed using One-Way
ANOVA comparing differences over treatment compared with control, with corrections
for multiple analyses using the Dunnett method; *p <0.05. PUFA: polyunsaturated fatty
acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentacnoic
acid; LA: linoleic acid. PE: phosphatidylethanolamine.
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Figure 4.25 The effect of PUFA supplementation on PE species levels measured in HDF. PE species were measured using UHPSFC-MSF in HDF treated
with 10 pM DHA, EPA and LA for three and seven days. Data are presented as absolute concentration in pg/10™ cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells of the same time-point; (n=3 donors). Statistical analysis was performed using One-Way ANOVA
comparing differences over treatment compared with control, with corrections for multiple analyses using the Dunnett method; *p <0.05. PUFA:
polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaecnoic acid; LA: linoleic acid. PE:
phosphatidylethanolamine.
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Figure 4.26 The effect of PUFA supplementation on total PC levels measured in HDF.
Total PC was measured using UHPSFC-MSF in HDF treated with 10 pM DHA, EPA and
LA for three and seven days. Data are presented as absolute concentration in pg/10°° cells
(mean * SD). Comparisons were performed between the control and PUFA treated cells of
the same time-point; (n=3 donors). Statistical analysis was performed using One-Way
ANOVA comparing differences over treatment compared with control, with corrections
for multiple analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; HDF:
human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid. PC: phosphatidylcholine.
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Figure 4.27 PC species levels measured in HDF after three days of PUFA
supplementation. PC species were measured using UHPSFC-MSF in HDF treated with
10 uM DHA, EPA and LA for three days. Data are presented as absolute concentration in
1g/10° cells (mean + SD). Comparisons were performed between the control and PUFA
treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA
comparing differences over treatment compared with control, with corrections for multiple
analyses using the Dunnett method. PUFA: polyunsaturated fatty acid; HDF: human
dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic
acid. PC: phosphatidylcholine.



PC species (7 days post-PUFA)

234

7”\15- 40 0.06 ® Contro
2 * [= = DHA
; * 30 I; A EPA
VLA
g 10. |-I 20 L T
(o] -
[]
- I "] ol
£ 5 05 JOBAY o oY SEAY QmAW
g dt¥ dl T lel 0.07 Frokk
[«]
S ] iy .Fm K i iy
olomar— emnemis OBty WK, 0.0 amp¥ T d‘-d—-—-—-—b P —
N ¢ a2 ag G & S O I
2> % & SN g N g g o Y P A A A T 8V
LS P . 44 P FfFLE& L& LEFED
07 LT Lo L &L KRR AR 77 7Y RN o
Q ] Q Q\Q \\,bbu (ﬁ,bu. {b\,,’b‘ & K ng w
o® T e o BT o
> OO O O &L L
L 7V Q7 <
0.08 — 20
30 ) @ Control
) |-| g m DHA
g % y e 10 3 A EPA
£ 10 e 5= ‘ v LA
e : >
2 4 * 1
H |'| 9
g ? JI &, E
© i i
£0.57 Yoy s E 0.5 él
] o
: Pl a[ J : e
S 3& ¥ © .ﬂ
0.0 hd 0.0 = ” @ -
(] & O N A% P A% of Q Q,e O a2 @ 6 N N A% of 5 S
‘bb‘ 6 ‘bq ot 0_,6 \n,% \Q, \‘b‘b 03\ * Q%\ngfb \n, C;b‘b \VQ‘» VQ V D‘Q \D‘Q \ba' \ba' \ba' \ba' &‘:\\@ \Nb‘ ,\\bp‘
Q\bs\ <a\<z q%e Q%Q$b& Q«Q@% E R LR 59 59 c ® R 9 R <R Q&bwfﬁw
»© °,\“-’ '1>"’ & ,\\“: .§‘-» & Q\‘* .\\‘* & ok o”‘ Otx Otx \u PP AR
o AP oS LA A < RV QY < o €< <
L <L C IR AR i &



235

Figure 4.28 PC species levels measured in HDF after seven days of PUFA
supplementation. PC species were measured using UHPSFC-MSF in HDF treated with 10
uM DHA, EPA and LA for seven days. Data are presented as absolute concentration in
1g/10° cells (mean + SD). Comparisons were performed between the control and PUFA
treated cells; (n=3 donors). Statistical analysis was performed using One-Way ANOVA
comparing differences over treatment compared with control, with corrections for multiple
analyses using the Dunnett method; *p <0.05; ****p <0.0001. PUFA: polyunsaturated fatty
acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentacnoic
acid; LA: linoleic acid. PC: phosphatidylcholine.
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Figure 4.29 The effect of PUFA supplementation on total LPC levels measured in
HDF. Total LPC was measured using UHPSFC-MSF in HDF treated with 10 uM DHA,
EPA and LA for three and seven days. Data are presented as absolute concentration in
1g/10° cells (mean + SD). Comparisons were performed between the control and PUFA
treated cells of the same time-point; (n=3 donors). Statistical analysis was performed using
One-Way ANOVA comparing differences over treatment compared with control, with
corrections for multiple analyses using the Dunnett method; **p <0.01. PUFA:
polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid,;
EPA: eicosapentaenoic acid; LA: linoleic acid. LPC: lysophosphatidylcholine.
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Figure 4.30 The effect of PUFA supplementation on total LPC species levels measured in HDF. LPC species were measured using UHPSFC-MSF in HDF
treated with 10 uM DHA, EPA and LA for three and seven days. Data are presented as absolute concentration in pg/10"° cells (mean + SD). Comparisons were
performed between the control and PUFA treated cells of the same time-point; (n=3 donors). Statistical analysis was performed using One-Way ANOVA



238

comparing differences over treatment compared with control, with corrections for multiple analyses using the Dunnett method; *p <0.05; **p <0.01. PUFA:
polyunsaturated fatty acid; HDF: human dermal fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentacnoic acid; LA: linoleic acid. LPC:
lysophosphatidylcholine.



4.4 Discussion

PUFAs are major bioactive lipids involved in skin health, which demonstrate
healing properties. However, there is a lack of research on the molecular
mechanisms by which PUFAs target dermal lipids and protect the skin. Therefore,
a lipidomic analysis of skin CERs and membrane lipids in HDF was preformed to
monitor alterations in the dermal lipid profiles in response to n-3 and n-6 PUFA
supplementation. Generally, CER levels increased in a time-dependent manner
where concentrations were higher in control HDF cultured for seven days when
compared with cells cultured for three days. The reason for this could be that
fibroblasts are characterised by a steady and slow growth rate during homeostasis,
and proliferation is stimulated during skin injury such as in wound healing (Ejiri et
al., 2015). Kendall et al. previously demonstrated a significant increase in CER[NS]
and CER[NDS] species in isolated dermis tissue with EPA supplementation,
whereas DHA also had an effect on these dermal CERs but changes did not reach
statistical significance (Kendall et al., 2017). In agreement with this, we found a
significant increase in CER levels with #n-3 PUFA supplementation in HDF. DHA
significantly enhanced the concentration of several CER[NS] species (Figure 4.3)
in addition to A(24)H(18) (p= <0.0001), whereas EPA supplementation
significantly increased N(25)H(16) (p= 0.007). Other than our group’s previous
study, no information is available on the effect of n-3PUFA supplementation on
CER synthesis in the dermis. However, increasing the concentration of CER[NS]
and the two 6-hydroxyceramides in HDF with n-3 PUFAs could indicate their

signaling and protective roles in the skin, respectively.

To elucidate the main increases seen in CER[NS] species with DHA, alterations in
carbon chain lengths were examined. DHA mainly increased the concentration of
long-chain CERs with a fatty-acyl chain length of C23-C25 (Figure 4.8). This
could support the explanation suggesting the protective role of DHA in the dermis
by increasing the levels of long-chain CERs, which are crucial for skin health as
discussed in Chapter 1. Interestingly, DHA and EPA downregulated the expression
of CERSS5 (p= 0.008) and CERS6 (p= 0.049), respectively (Figure 4.9 D,E). Both
CerS5 and CerS6 are expressed ubiquitously and have a fatty-acyl preference for

the short-chain C14-C16 FAs (Table 1.2). Further investigation of membrane lipid
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metabolism in HDF showed an effect of DHA on SM levels where DHA
significantly increased SM 40:1 and reduced SM 40:2 at 7 days post
supplementation (p=0.04, p=<0.0001, respectively) (Figure 4.18). Taken together,
this could be an indication for a mechanism by which DHA targets CER synthesis
in the dermis by utilizing SM. Although SM usually generates both CER[NS] and
CERJAS] in the SC, we did not detect CER[AS] in HDF (Uchida et al., 2000).
Additionally, Kendall et al. did not find any changes in CER[AS] with n-3 PUFA
supplementation in the dermis (Kendall et al., 2017). Furthermore, DHA
significantly increased the long-chain PC 32:1, PC 34:5 and PC 36:5 (p= 0.04, p=
<0.0001, p= 0.04, respectively), which could reflect the alteration in CER and SM
levels seen with DHA as SM is broken down to CER and choline, which then
generates PC. The reduction in PE species, was observed with the 3-day DHA
supplementation, whereas no significant changes were found at 7-days post-DHA
(Figure 4.25). The metabolism of membrane lipids is tightly regulated and
interconnected. PE, for example, could generate PC, which are both found to be the
most abundant glycerophospholipids in the skin (van der Veen et al., 2017).
Therefore, the early reduction in PE could reflect the increase in PC observed at 7-
days post DHA supplementation. Additionally, PE and PC are structural and
functional membrane lipids involved in signaling process in the production of lipid

mediators and inflammation (Wertz, 1992).

With regard to the effect of n-6 PUFAs on fibroblast lipids, LA supplementation
mainly altered membrane lipid levels, whereas no significant effect was observed
in CER concentration or biosynthesis enzyme mRNA levels. However, one possible
explanation there seemed to be an increase in CER levels with LA but did not reach
statistical significance, could be that the increase in CER levels is due to increased
cell growth. Additionally, when performing MTT assay to assess LA toxicity on
HDF, there was a dose and time-dependent increase in HDF growth with LA
supplementation (Appendix 6). Treating HDF with AA and LA has been found to
stimulate fibroblast growth and proliferation when added to DMEM supplemented
with serum (Ejiri et al., 2015). Moreover, LA suppressed most long-chain
membrane lipids at 7 days post supplementation. There was a significant reduction
in membrane lipids used for energy production, inflammatory response and

apoptosis, suggesting a proliferative effect of LA on HDF. CE 22:6 concentration
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was significantly decreased (p= 0.03), and several long-chain TG species as well:
TG 48:1, TG 50:1 and TG 50:2 (p= 0.03, p= 0.003, p= <0.0001, respectively)
(Figure 4.23). In addition to being a source of energy, TG is used to produce
inflammatory lipid mediators (Lass et al., 2011). Therefore, the alteration in CE and
TG levels could be a sign of cellular growth. Interestingly, n-6 PUFA seemed to
have the opposite effect on PC metabolism in HDF to that of n-3 PUFA, where it
significantly reduced PC 32:1, PC 33:1/34:0p/34:1e and PC 34:1 level (p= 0.048,
p=0.02, p=0.03, respectively). This could explain the significant reduction in total
proapoptotic LPC levels (p=0.009), and two LPC species: LPC 16:0 and LPC 18:1
(p= 0.02, p= 0.007, respectively) (Figure 4.30). In agreement with our
observations, n-6 PUFA was found to enhance wound closure at early stages of
injury in mouse skin, whereas DHA was associated with delayed wound closure
and increased inflammatory cells, suggesting a distinctive effect of n-6 and »n-3

PUFA on the dermis in wound healing (Cardoso et al., 2004).

4.5 Conclusion

This study demonstrates the differential effect of »n-3 and n-6 PUFA
supplementation on lipid metabolism in HDF. While DHA and EPA stimulated
CER synthesis by altering membrane lipid levels, LA significantly reduced
membrane lipid concentrations without affecting CER synthesis. DHA seemed to
utilize membrane SM in favor of CER and PC generation in HDF, which could
indicate its involvement in inflammatory and signaling pathways in the dermis. On
the other hand, LA reduced CE, TG, PC and LPC levels, suggesting a role for n-6
PUFAs in prevention of apoptosis and stimulation of fibroblast growth. The reason
for this differential response of HDF to PUFAs requires further investigation, as
most studies on skin CERs are on the epidermis. However, this project could show
possible mechanisms by which r-3 and n-6 PUFAs could affect lipid metabolism

in the dermis.
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Chapter 5

Skin and plasma analysis of ceramides,
endocannabinoids, monoacylglycerols and N-
acylethanolamines in a streptozotocin-diabetic

rat model of peripheral neuropathy
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5.1 Introduction

A few studies on the functional properties of the permeability barrier in diabetes
reported barrier dysfunction and changes in SC lipids including CERs (Sakai et al.,
2003, Sakai et al., 2005, Kim et al., 2018). Additionally, diabetic peripheral
neuropathy (DPN), also known as distal symmetric polyneuropathy, is a serious
diabetic complication with skin manifestations, which have severe impact on
patient morbidity and healthcare costs (Callaghan et al., 2012a, Pop-Busui et al.,
2017). However, the specific mechanisms that are involved in DPN pathogenesis
are not fully understood (Alam et al., 2020, England et al., 2005). As the name
suggests, DPN is the dysfunction of the peripheral nerves in diabetic patients, which
initially affects sensory neurons that connect distal tissues such as the limbs, to the
central nervous system (CNS) (Callaghan et al., 2012a). In DPN, distal symmetric
sensory manifestations start in the feet with a “stocking and glove distribution” and
early painful symptoms include allodynia (pain due to non-painful stimulus),
paraesthesia (burning or prickling sensation) and hyperalgesia (hypersensitivity)
(Bansal et al., 2006). Advanced DPN leads to peripheral nerve fiber degeneration
and consequently, loss of sensation (Said, 2007). This loss of sensation, along with
angiopathy, puts the patient at an increased risk for unnoticed injury and impaired
wound healing, which could develop into diabetic foot syndrome (Volmer-Thole

and Lobmann, 2016, Brem and Tomic-Canic, 2007).

Globally, there are around one million amputations annually due to diabetic foot
ulcers (Singh et al., 2020). In the UK, foot ulcer care resulting from DPN and poor
wound healing costs about £1 billion (Jeffcoate et al., 2018). However, the
International Diabetes Federation mention in their latest Diabetes Atlas edition that
these costs could be significantly reduced with proper management of diabetes
complications (Williams et al., 2020). There is an urgent need for updated early
screening techniques and novel research that looks into alternative pathological
mechanisms to the classical pathways associated with hyperglycemia; such as
dyslipidemia related mechanisms, and potential new therapeutic targets such as
ceramides (Perez-Matos et al., 2017). Since DPN is a complication of diabetes with
manifestations in the skin, it is important to consider exploring the tissue at which

these debilitating symptoms occur (Callaghan et al., 2012b).
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As previously discussed in (Chapter 1), the skin is a multifunctional sensory organ
that contains a highly interconnected immuno- and neurobiological network of
specialised cells which include CER producing keratinocytes and fibroblasts,
immune cells, in addition to sensory afferents and receptors (Chi et al., 2013,
Kendall and Nicolaou, 2013). Skin CERs are major constituents of the skin
permeability barrier, that enforce the barrier structurally and functionally to
maintain skin homeostasis. Additionally, studies on diabetic and non- diabetic
dermopathies have reported alterations in SC CER to be major contributors in

barrier disruption (Jungersted et al., 2010, Kim et al., 2018).

There is a lack of research that points out the potential role of cutaneous CERs in
the development of DPN related dermopathies. In addition to this, evidence linking
systemic CERs and DPN is scarce. It has been suggested that mutations in the rate-
limiting CER synthesis enzyme, SPT, might be a common factor for the
development of neuropathy in diabetes. For example, it has been found that
mutations in SPT subunit-1 lead to the production of the neurotoxic deoxy-CERs,
that have been first reported in the hereditary sensory autonomic neuropathy
(HSAN), HSAN1, which closely resembles DPN, and in type-2 diabetes (Bertea et
al., 2010, Dawkins et al., 2001). Additionally, a study on plasma sphingolipid
profile in DPN, showed that deoxy-CER[NS] were increased in the plasma of type
-2 diabetic patients with DPN but not in that of patients with non-diabetic sensory
neuropathies (Dohrn et al., 2015). Another pilot study showed that increased very
long chain plasma deoxy-CER[NS] and alterations in biological CER species were
diagnostic factors in DPN patients, as they were elevated in the plasma of type-1
diabetic patients with DPN but not in diabetics without neuropathy symptoms
(Hammad et al., 2017). In addition, the precursor of dihydroceramides, palmitate,
has been found have a pro- apoptotic effect in immortalized mouse Schwann cells
and rat primary Schwann cells (Suzuki et al., 2011). These findings could show that
alterations in circulating CERs may be a predisposing factor for DPN development
in diabetic patients. However, studies on the role of CER in diabetes and DPN
development are limited; more studies are therefore required to confirm the

underlying pathogenetic mechanisms involved.
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In addition to CERs, the endocannabinoid system plays a significant role in
regulating physiological and pathological processes by mediating mechanisms such
as lipogenesis, energy metabolism, immune and inflammatory response
(Argenziano et al., 2019, Vettor and Pagano, 2009). Endocannabinoids, along with
their receptors (CBi, CB2) and bioactive analogues, have been implicated in
systemic and peripheral bioactivities associated with diabetes and its complications
such as DPN (Gruden et al., 2016). For example, activation of CB; receptors in
pancreatic B-cells has been found to negatively affect the glucose-mediated release
of insulin and glucose homeostasis (Juan-Pic6 et al., 2006). Similarly, CB; receptor
activation by ANA was found to cause glucose intolerance, whereas CB; receptor
antagonists were suggested as therapeutic drugs in obesity-related diabetes
(Bermudez-Siva et al., 2006). In addition, alterations in endocannabinoids and the
activity of CBj receptor have been reported in obese patients with type-2 DM, and
were found to be associated with metabolic dysfunction and impaired insulin
sensitivity (Annuzzi et al., 2010). On the other hand, CB> receptor agonists have
been shown to ameliorate inflammatory responses and tissue injury, and to improve
diabetes-related complications such as neuropathic pain (Kumawat and Kaur, 2019,
Soethoudt et al., 2017). Moreover, endocannabinoids play a crucial role in
mediating skin inflammatory and immune response and have been implicated in
various skin diseases and wound healing (Kendall and Nicolaou, 2013, Toth et al.,
2019). Endocannabinoid receptors have been found to be highly expressed in
cutaneous nerve endings (Stander et al., 2005). In addition, it has been found that
AEA and its CB; receptor negatively affect keratinocyte differentiation
(Maccarrone et al., 2003). Most studies on the endocannabinoid system in DPN,
however, are around therapeutic strategies that target neuropathic pain.

Keratinocyte CB2 receptors in the epidermis of rat hind paws, were found to be

involved in antinociceptive mechanisms (Ibrahim et al., 2005). Additionally, in
STZ-diabetic rats, blocking endocannabinoid transport was found to improve DPN-

related pain (Hasanein and Soltani, 2009).

From this, it could be shown that studies on systemic CERs and endocannabinoids
in non-obesity related type-1 diabetes and DPN are limited. Similarly, there are
currently no studies on the involvement of skin CERs and endocannabinoids in the

development of DPN. In the present study, we aim to investigate changes in the
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levels of skin and systemic CERs and bioactive lipid mediators in an animal model
of type-1 diabetes with DPN. In addition to the main initial hyperglycemia related
pathways in DPN, we hypothesize that potential changes in skin bioactive lipids
profile are involved in the local neuropathy and could be reflected by alterations in
systemic bioactive lipids levels.

Specific objectives:

To examine differences in cutaneous and systemic lipid levels in DPN when

compared with control by analysing:

1) skin CERs and endocannabinoids and their congeners, in addition to,
2) plasma CERs and endocannabinoids and their congeners in an STZ-induced

type-1 DM rat model of DPN.

5.2 Materials and methods

5.2.1 Animal model and tissue samples

The animal model was prepared, and samples were provided by Louisa Zolkiewski,
Dr Natalie Gardiner and Dr Richard Unwin (University of Manchester). All
experiments were conducted using adult male Wistar rats (start weight 300-400g;
Charles River, UK) in accordance with the UK Animals (Scientific Procedures) Act
1986, EU-201063 and ethical approval (University of Manchester AWERB). When
rats weighed around 300gm (8-10 weeks old) diabetes was induced by an
intraperitoneal STZ injection as described in (Freeman et al., 2016, Newton et al.,
2017, Zhang et al., 2019, Karamoysoyli et al., 2008). STZ (Sigma, UK:Cat No.
S0130); 55 mg/kg diluted in 0.9% w/v sterile saline was administered the morning
after an overnight fast. After three days, blood glucose levels were measured using
a strip-operated reflector photometer (Aviva Blood Glucose Meter System
(Accuchek®). Animals with blood glucose less than 15mmol/L were excluded from
the study. The required duration of STZ-induced diabetes to initiate peripheral
nerve damage is from 8 to 16 weeks (Biessels et al., 2014, Freeman et al., 2016).
Therefore, plasma and hind foot pad skin samples from diabetic and age-matched
naive controls were collected at 8, 12 and 16 weeks post STZ-induced diabetes. For
long-term maintenance, diabetic rats of the 16 week group were treated with a
subcutaneous slow-release insulin pellet (~1 U insulin/day; Linshin, Canada;

inserted under isoflurane anaesthesia (induced at 4% isoflurane and maintained at
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2% oxygen flow rate approximately 1L/min) with post-operative analgesia
(buprenorphine 0.001mg/kg) on week 12. This dose of insulin was sufficient to
maintain condition, but did correct hyperglycaemia (details and blood glucose
levels found in
https://www.research.manchester.ac.uk/portal/en/theses/investigating-the-
pathogenesis-of-urinary-bladder-dysfunction-in-experimental-diabetes-
mellitus(de49d2cd-ba56-4b74-8022-84458d95c4e7).html). All tissue samples

were stored at -80°C awaiting analysis.

5.2.2 Analysis of skin and plasma ceramides, endocannabinoids and their
related mediators using UPLC/ESI-MS/MS

Skin and plasma sample lipid extraction was performed as described in (Section
2.5.3). Lipidomic analysis was performed using ultraperformance liquid
chromatography coupled to electrospray ionisation with triple quadrupole tandem
mass spectrometry (UPLC/ESI-MS/MS) (Section 2.5.4). Appendix 3, 4 lists the
MRM transitions and indicative retention times for skin and plasma lipidomic
analysis. Data were processed using MassLynx software (Waters). Semi-
quantitation wusing internal standards was wused for ceramides, while
endocannabinoids and NAE were quantitated against calibration lines constructed
using commercially available standards. Finally, lipid quantities were normalised
to protein content for skin, or sample volume for plasma. Protein content
determination is described in (Section 2.4.4.3). Data from different time-points
were not compared in order to eliminate intra-batch variability due to age difference
as it was not the aim of this study. Statistical analysis was performed using t-tests
with corrections for multiple analyses using the Holm-Sidak method. Data were
presented as mean = SD; p <0.05 was considered statistically significant (GraphPad

Prism software).

5.3 Results

5.3.1 There was a significant decrease in CER[NH] levels in STZ-diabetic skin
Differences in skin CER levels between control and diabetes were analysed by
UPLC/ESI-MS/MS (Section 2.5.4). Skin from STZ-diabetic and age-matched

control rats was arranged into three groups based on time of sample collection post-
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STZ injection. Skin was sampled at 8 weeks (diabetic n=8, control n=9), 12 weeks
(diabetic n=4, control n=4) and 16 weeks (diabetic n=6, control n=6) post-STZ. The
16 weeks diabetic group received insulin. For each sample analysed, concentrations
of detected CER species were reported as absolute values in ng/mg protein (mean
+ SD). All ceramides detected in the diabetic skin samples were detected in and
compared to their representative control samples. Data were categorised based on

ceramide class and carbon chain numbers to help identify possible trends.

5.3.1.1 No differences were found in total ceramide levels between control and
STZ-diabetic animals

The amounts of individual ceramide species were quantitated and totalled. Figure
5.1 shows the concentrations (ng/mg protein) for total CER measured in control and
diabetic skin. No significant change was found in total CER levels between control
and diabetes.

Total skin ceramides
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Figure 5.1 Total ceramide concentration in control and STZ- diabetic rat skin. Total
ceramide concentration was measured using UPLC/ESI-MS/MS in control and diabetic
skin collected at 8, 12 and 16 weeks post-STZ. Comparisons were performed between the
control and diabetic group of the same time point; 8 weeks post-STZ control n=8, diabetic
n=9; 12 weeks post-STZ control n=4, diabetic n=4; 16 weeks post-STZ control n=6,
diabetic n=6. Results are expressed as absolute concentration in ng/mg protein (mean +
SD). Log transformed data were analysed by t-tests with corrections for multiple analyses
using the Holm-Sidak method. STZ: streptozotocin.
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5.3.1.2 Total CER[NH] levels were reduced with diabetes

Six CER classes were detected in rat skin: CER[NDS], CER[NS], CER[NH],
CER[AS] CER[AP], CER[EOH]. Although no difference was found in total CER
levels, examining individual CER classes revealed a close to significant decrease

in total CER[NH] at 16 weeks post-STZ (p=0.05) (Figure 5.2).
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Figure 5.2 Total CER classes measured in control and STZ-diabetic rat skin. Ceramide class totals measured using UPLC/ESI-MS/MS in control and diabetic skin collected
at 8,12 and 16 weeks post-STZ; data presented as absolute concentration in ng/mg protein (mean = SD); Comparisons were performed between the control and diabetic group
of the same time point; 8 weeks post-STZ control n=8, diabetic n=9; 12 weeks post-STZ control n=4, diabetic n=4; 16 weeks post-STZ control n=6, diabetic n=6. Log
transformed data were analysed by t-tests with corrections for multiple analyses using the Holm-Sidak method; *p <0.05. STZ: streptozotocin; CER: ceramide; NDS: non-
hydroxy dihydroceramide; NS: non-hydroxyceramide; NH: non-hydroxy 6-hydroxyceramide; AS: alpha-hydroxyceramide; AP: alpha-hydroxy phytoceramide; EOH: ester-

linked omega 6-hydroxyceramide.
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5.3.1.3 Several CER[NH] species were decreased with diabetes

Individual species were analysed to observe possible trends in skin CER
metabolism between control and diabetes. Figure 5.3-5.6 shows the CER species
that were detected in each class: CER[NDS] (six species), CER[NS] (14 species),
CER[NH] (10 species), CER[AS] (four species), CER[AP] (10 species) and
CER[EOH] (two species). There was a significant difference between control and
diabetes in several CER[NH] species at 16 weeks post-STZ; this group received
insulin. The decrease was most significant in the following species: N(24)H(17)
(p=0.01), N(23)H(18) (p=0.0003), N(24)H(18) (p=0.02), N(25)H(18) (p=0.001),
N(26)H(18) (p=0.02) (Figure 5.4). No significant differences between control and

diabetes were observed in individual species from other classes.
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Figure 5.3 CER[NDS] and CER|[NS] species measured in control and STZ-diabetic
rat skin. A) CER[NS] species totals measured using UPLC/ESI-MS/MS in control and
diabetic skin collected at 8,12 and 16 weeks post-STZ; data presented as absolute
concentration in ng/mg protein (mean + SD); B) CER[NDS] species totals measured using
UPLC/ESI-MS/MS in control and diabetic skin collected at 8,12 and 16 weeks post-STZ;
data presented as absolute concentration in ng/mg protein (mean + SD). Comparisons were
performed between the control and diabetic group of the same time point; 8 weeks post-
STZ control n=8, diabetic n=9; 12 weeks post-STZ control n=4, diabetic n=4; 16 weeks
post-STZ control n=6, diabetic n=6. Log transformed data were analysed by t-tests with
corrections for multiple analyses using the Holm-Sidak method. STZ: streptozotocin; CER]
NDS]: non-hydroxy dihydroceramide; CER[NS]: non-hydroxyceramide.
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Figure 5.4 CER|[NH] species measured in control and STZ-diabetic rat skin. CER[NH] species totals measured using UPLC/ESI-MS/MS in control and
diabetic skin collected at 8,12 and 16 weeks post-STZ; data presented as absolute concentration in ng/mg protein (mean + SD). Comparisons were performed
between the control and diabetic group of the same time point; 8 weeks post-STZ control n=8, diabetic n=9; 12 weeks post-STZ control n=4, diabetic n=4; 16

weeks post-STZ control n=6, diabetic n=6. Log transformed data were analysed by t-tests with corrections for multiple analyses using the Holm-Sidak method;
*p <0.05; **p<0.01; *** p<0.001. STZ: streptozotocin; CER[NH]: non-hydroxy 6-hydroxyceramide.
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Figure 5.5 CER[AS] and CER|[AP] species measured in control and STZ-diabetic rat skin. A) CER[AS] species detected in control and diabetic skin
measured using UPLC/ESI-MS/MS in control and diabetic skin collected at 8,12 and 16 weeks post-STZ; data presented as absolute concentration in ng/mg
protein (mean + SD); B) CER[AP] species measured using UPLC/ESI-MS/MS in control and diabetic skin collected at 8,12 and 16 weeks post-STZ; data
presented as absolute concentration in ng/mg protein (mean = SD). Comparisons were performed between the control and diabetic group of the same time point;
8 weeks post-STZ control n=8, diabetic n=9; 12 weeks post-STZ control n=4, diabetic n=4; 16 weeks post-STZ control n=6, diabetic n=6. Log transformed
data were analysed by t-tests with corrections for multiple analyses using the Holm-Sidak method. STZ: streptozotocin; CER[AS]: alpha-hydroxyceramide;
CER[AP]: alpha-hydroxy phytoceramide.
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Figure 5.6 CER[[EOH] measured in control and STZ-diabetic rat skin. CER[EOH] species detected in control and diabetic skin collected at 8,12 and 16
weeks post-STZ, data presented as absolute concentration in ng/mg protein (mean + SD). Comparisons were performed between the control and diabetic group
of the same time point; 8 weeks post-STZ control n=8, diabetic n=9; 12 weeks post-STZ control n=4, diabetic n=4; 16 weeks post-STZ control n=6, diabetic

e control
= diabetic



257

n=6. Log transformed data were analysed by t-tests with corrections for multiple analyses using the Holm-Sidak method. STZ: streptozotocin; CER[EOH]:
ester-linked omega 6-hydroxyceramide.
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5.3.1.4 No difference in total carbon number was found

The measured ceramides had a total carbon number that ranged from C38-C68
(Figure 5.7). Analysing ceramide total chain lengths (Total carbon number of the
fatty acyl-chain + the sphingoid base-chain) did not show a significant difference

between control and diabetes.

5.3.1.5 No difference in total sphingoid-base chains was observed
Ceramides measured had either a dihydrosphingosine, sphingosine, or 6-
hydroxysphingosine base chain that ranged from C16-C24. No difference was

found in total sphingoid-base chains between control and diabetes (Figure 5.8).

5.3.1.6 No difference in total fatty acyl-chain levels was observed

The fatty acyl-chains that were detected were either non-hydroxy acyl-chains or a-
hydroxy acyl-chains and ranged from C16-C32 (Figure 5.9). Presenting the data
according to fatty-acyl chain length, did not show any significant differences with

diabetes.
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Figure 5.7 Total carbon chain number in control and STZ-diabetic rat skin. Total carbon number in skin ceramides measured using UPLC/ESI-MS/MS
in control and diabetic skin collected at 8,12 and 16 weeks post-STZ; data presented as absolute concentration in ng/mg protein (mean + SD); Total carbon
chain was calculated (sphingoid base-chain carbon number + fatty-acyl chain carbon number) then totaled. Comparisons were performed between the control
and diabetic group of the same time point; 8 weeks post-STZ control n=8, diabetic n=9; 12 weeks post-STZ control n=4, diabetic n=4; 16 weeks post-STZ
control n=6, diabetic n=6. Log transformed data were analysed by t-tests with corrections for multiple analyses using the Holm-Sidak method. STZ:
streptozotocin; CER: ceramide; C: carbon number.
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Figure 5.8 Total sphingoid base-chain length in control and STZ-diabetic rat skin. Total sphingoid base-chain length in skin ceramides measured using
UPLC/ESI-MS/MS in control and diabetic skin collected at 8,12 and 16 weeks post-STZ; data presented as absolute concentration in ng/mg protein (mean =+
SD); Sphingoid-base carbon chains were totaled (example: C16 = total of all ceramides with C16 sphingoid base-chain). Comparisons were performed between
the control and diabetic group of the same time point; 8 weeks post-STZ control n=8, diabetic n=9; 12 weeks post-STZ control n=4, diabetic n=4; 16 weeks
post-STZ control n=6, diabetic n=6. Log transformed data were analysed by t-tests with corrections for multiple analyses using the Holm-Sidak method. STZ:
streptozotocin; CER: ceramide; C: carbon number.
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Figure 5.9 Total fatty acyl-chain length in control and STZ-diabetic rat skin. Total fatty acyl-chain length in skin ceramides measured using UPLC/ESI-
MS/MS in control and diabetic skin collected at 8,12 and 16 weeks post-STZ; data presented as absolute concentration in ng/mg protein (mean = SD); Fatty-
acyl carbon chains were totaled (example: C16 = total of all ceramides with C16 fatty-acyl chain). Comparisons were performed between the control and
diabetic group of the same time point; 8 weeks post-STZ control n=8, diabetic n=9; 12 weeks post-STZ control n=4, diabetic n=4; 16 weeks post-STZ control
n=6, diabetic n=6. Log transformed data were analysed by t-tests with corrections for multiple analyses using the Holm-Sidak method. STZ: streptozotocin;
CER: ceramide; C: carbon number.
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5.3.2 There was a significant increase in CER[NDS] and CER[NS] levels in
diabetic plasma compared with control

Differences in plasma CER levels between control and diabetes was analysed by
UPLC/ESI-MS/MS (Section 2.5.4). Plasma from STZ-diabetic and age-matched
control rats was arranged into three groups based on time of sample collection post-
STZ injection. Plasma was sampled at 8 weeks (diabetic n=9, control n=9), 12
weeks (diabetic n=7, control n=7) and 16 weeks (diabetic n=6, control n=6) post-
STZ. The 16 weeks diabetic group received insulin. For each sample analysed,
concentrations of detected CER species were reported as absolute values in ng/ml
plasma (mean £ SD). All ceramides detected in the diabetic plasma samples were
detected in and compared to their representative control samples. Data were
categorised based on ceramide class and carbon chain numbers to help identify

possible trends.

5.3.2.1 No significant difference was found in total ceramide levels

The amounts of individual ceramide species were quantitated and totalled. Figure
5.10 shows the concentrations (ng/ml plasma) for total CER measured in control
and diabetic plasma. No significant difference was found in total CER levels
between control and diabetes.
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Figure 5.10 Total ceramide levels in control and STZ-diabetic rat plasma. Total
ceramide concentration was measured using UPLC/ESI-MS/MS in control and diabetic
plasma collected at 8,12 and 16 weeks post-STZ. Comparisons were performed between
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the control and diabetic group of the same time point; 8 weeks post-STZ control n=9,
diabetic n=9; 12 weeks post-STZ control n=7, diabetic n=7; 16 weeks post-STZ control
n=6, diabetic n=6. Results are expressed as absolute concentration in ng/mL plasma (mean

+ SD). Log transformed data were analysed by t-tests with corrections for multiple analyses
using the Holm-Sidak method. STZ: streptozotocin.

5.3.2.2 There was a significant increase in total CER[NDS] with diabetes

Presenting the data according to CER class totals could help monitor effects on the
ceramide de novo biosynthesis enzymes that produce ceramides with a specific
sphingoid base-chain; dihydrosphingosine (SPT), sphingosine (Desl) or 6-
hydroxysphingosine (unidentified). Four CER classes were detected in rat plasma:
CER[NDS], CER[NS], CER[AS], CER[AH]. Although no difference was found in
total CER levels, examining individual CER classes revealed a significant increase
in CER[NDS] (p= 0.03) and a close to significant increase in CER[NS] (p= 0.05)
at 12 weeks post-STZ. No significant change was found in other CER classes or at

the other time-points (Figure 5.11).
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Figure 5.11 Total CER per class measured in control and STZ-diabetic rat plasma. Total ceramide classes were measured using UPLC/ESI-MS/MS in
control and diabetic plasma collected at 8,12 and 16 weeks post-STZ., data are presented as absolute concentration in ng/mL plasma (mean + SD). Comparisons
were performed between the control and diabetic group of the same time point; 8 weeks post-STZ control n=9, diabetic n=9; 12 weeks post-STZ control n=7,
diabetic n=7; 16 weeks post-STZ control n=6, diabetic n=6. Log transformed data were analysed by t-tests with corrections for multiple analyses using the
Holm-Sidak method; *p <0.05. STZ: streptozotocin; CER: ceramide; NDS: non-hydroxy dihydrosphingosine; NS: non-hydroxy sphingosine; AS: alpha-
hydroxy sphingosine; AH: alpha-hydroxy 6-hydroxysphingosine.
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5.3.2.3 Several CER[NDS] and CER[NS] species were elevated in diabetic plasma
Individual species were analysed to observe possible trends in plasma CER
metabolism between control and diabetes with and without insulin treatment.
Figure 5.12, 5.13 shows the CER[NDS] (four species), CER[NS] (eight species),
CERJAS] (three species), CER[AH] (three species) that were detected. There was
significant increase in CER[NDS] and CER[NS] species at 12 weeks post-STZ. All
CER[NDS] species were increased at 12 weeks post-STZ: N(18)DS(24) (p=0.03),
N(22)DS(18) (p=0.01), N(24)DS(18) (p=0.03), N(25)DS(18) (p=0.03) (Figure
5.12 A). The following CER[NS] species were significantly increased in diabetic
plasma at 12 weeks post-STZ as well; N(16)S(18) (p=0.002), N(18)S(18) (p=0.04),
N(20)S(18) (p=0.04) (Figure 5.12 B). Additionally, there was a significant increase
in the A(24) H(17) ceramide species at 8 week post-STZ (p= 0.045) (Figure 5.13
B). No difference was found between control and diabetes at 16 weeks post-STZ

(Figure 5.12, 5.13).
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Figure 5.12 CER[NDS] and CER|[NS] species measured in control and STZ-diabetic rat plasma. A) CER[NDS] species measured using UPLC/ESI-
MS/MS in control and diabetic plasma collected at 8,12 and 16 weeks post-STZ; data are presented as absolute concentration in ng/mL plasma (mean + SD);
B) CER[NS] species measured using UPLC/ESI-MS/MS in control and diabetic plasma collected at 8,12 and 16 weeks post-STZ; data are presented as absolute
concentration in ng/mL plasma (mean = SD). Comparisons were performed between the control and diabetic group of the same time point; 8 weeks post-STZ
control n=9, diabetic n=9; 12 weeks post-STZ control n=7, diabetic n=7; 16 weeks post-STZ control n=6, diabetic n=6. Log transformed data were analysed
by t-tests with corrections for multiple analyses using the Holm-Sidak method; *p <0.05; **p<0.01. STZ: streptozotocin; CER: ceramide; NDS: non-hydroxy
dihydrosphingosine; NS: non-hydroxy sphingosine.
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Figure 5.13 CER|AS] and CER|[AH] species measured in control and STZ-diabetic rat plasma. A) CER[AS] species measured using UPLC/ESI-MS/MS
in control and diabetic plasma collected at 8,12 and 16 weeks post-STZ; data presented as ng/mL plasma (mean + SD); B) CER[AH] species measured using
UPLC/ESI-MS/MS in control and diabetic plasma collected at 8,12 and 16 weeks post-ST; presented as ng/mL plasma (mean + SD. Comparisons were
performed between control and diabetic plasma of the same time point; 8 weeks post-STZ control n=9, diabetic n=9; 12 weeks post-STZ control n=7, diabetic
n=7; 16 weeks post-STZ control n=6, diabetic n=6. Log transformed data were analysed by t-tests with corrections for multiple analyses using the Holm-Sidak
method. *p <0.05. STZ: streptozotocin; CER: ceramide; AS: alpha-hydroxy sphingosine; AH: alpha-hydroxy 6-hydroxysphingosine.
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5.3.2.4 Short chain ceramides were significantly increased in diabetic plasma

Analysing ceramide total chain lengths (carbon number of the fatty acyl-chain +
carbon number of the sphingoid base-chain) is a useful way to observe changes in
ceramide metabolism with disease. The ceramides that were measured, has a total
carbon number that ranged from C34-C52. There was a significant increase in the
short-chain ceramides with a C34 total carbon number at 12 weeks post-STZ

(Figure 5.14).

5.3.2.5 Total C24 sphingoid base-chain was increased in diabetic plasma
Ceramides measured had either a dihydrosphingosine (DS), sphingosine (S), or 6-
hydroxysphingosine (H) base chain. A total C18 sphingoid base-chain, for example,
is calculated by taking the sum of all ceramides with a C18 sphingoid base-chain
(all DS, S and H base-chains with a C18 carbon number). The base chains had a
carbon number that ranged from C17-C26. There was a significant increase in
ceramide levels with a C24 sphingoid base-chain at 12 weeks post-STZ (p= 0.04)
(Figure 5.15).

5.3.2.6 Total C16 fatty acyl-chains were elevated in diabetic plasma

Another way to present the data is to group the ceramides according to fatty-acyl
chain length, as it could help monitor activities of the fatty-acyl specific de novo
biosynthesis enzymes (CerS1-6). The fatty acyl-chains that were detected were
either non-hydroxy acyl-chains or a-hydroxy acyl-chains. A C18 total fatty acyl-
chain carbon number for example, is calculated by taking the sum of all ceramides
with a CI8 fatty acyl-chain (non-hydroxy + a-hydroxy acyl-chains with a C18
carbon number). The ceramides measured had fatty acyl-chains that ranged from
C16-C26. There was a significant increase in the C16 fatty acyl-chains at 12 weeks
post-STZ (p= 0.002) (Figure 5.16).
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Figure 5.14 CER total carbon chains measured in control and STZ-diabetic rat plasma. Total carbon number in plasma ceramides measured using
UPLC/ESI-MS/MS in control and diabetic plasma collected at 8,12 and 16 weeks post-STZ; data presented as absolute concentration in ng/mL plasma (mean
+ SD). Comparisons were performed between the control and diabetic group of the same time point; 8 weeks post-STZ control n=9, diabetic n=9; 12 weeks

post-STZ control n=7, diabetic n=7; 16 weeks post-STZ control n=6, diabetic n=6. Log transformed data were analysed by t-tests with corrections for multiple
analyses using the Holm-Sidak method; **p <0.01. STZ: streptozotocin; C: carbon number.
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Figure 5.15 Total CER sphingoid base-chains measured in control and STZ-diabetic rat plasma. Total base-chain carbon number in plasma ceramides
measured using UPLC/ESI-MS/MS in control and diabetic plasma collected at 8,12 and 16 weeks post-STZ; data presented as absolute concentration in ng/mL
plasma (mean + SD). Comparisons were performed between the control and diabetic group of the same time point; 8 weeks post-STZ control n=9, diabetic
n=9; 12 weeks post-STZ control n=7, diabetic n=7; 16 weeks post-STZ control n=6, diabetic n=6. Log transformed data were analysed by t-tests with corrections
for multiple analyses using the Holm-Sidak method. STZ: streptozotocin; C: carbon number; DS: dihydrosphingosine; S: sphingosine; H: 6-
hydroxysphingosine.
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Figure 5.16 Total CER fatty-acyl-chains measured in control and STZ-diabetic rat plasma. Total fatty acyl-chain carbon number in plasma ceramides
measured using UPLC/ESI-MS/MS in control and diabetic plasma collected at 8,12 and 16 weeks post-STZ; data presented as absolute concentration in ng/mL
plasma (mean + SD). Comparisons were performed between the control and diabetic group of the same time point; 8 weeks post-STZ control n=9, diabetic
n=9; 12 weeks post-STZ control n=7, diabetic n=7; 16 weeks post-STZ control n=6, diabetic n=6. Log transformed data were analysed by t-tests with corrections
for multiple analyses using the Holm-Sidak method. **p <0.01. STZ: streptozotocin; C: carbon number.
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5.3.3 MAG and NAE species were reduced in diabetic skin

Differences in skin endocannabinoids, MAG and NAE levels between control and
diabetes was analysed by UPLC/ESI-MS/MS (Section 2.5.4). The same samples
used for the skin ceramides analysis were analysed for skin endocannabinoids,
MAG and NAE. Foot pad skin from STZ-diabetic rats was arranged into three
groups based on time of sampling post-STZ injection. Skin was sampled at 8 weeks
(diabetic n=8, control n=9), 12 weeks (diabetic n=4, control n=4) and 16 weeks
(diabetic n=6, control n=6) post-STZ. The 16 weeks diabetic group received insulin.
Endocannabinoids, NAE and MAG concentrations were reported as absolute values
in ng/mg protein (Mean + SD). All detected species in the diabetic skin samples

were detected in/ and compared to the control skin samples.

2-AG was the only endocannabinoid detected. Analysing independent species
revealed an increase in LG concentration at 8 weeks post-STZ (p=0.03) (Figure
5.17 A). At 16 weeks post-STZ, PDEA, OEA and VEA concentrations were
significantly reduced (p= 0.0, p= 0.02, p=0.001) respectively (Figure 5.17 B).
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Figure 5.17 Endocannabinoid and NAE measured in control and STZ-diabetic rat
skin. A) Total endocannabinoids and MAG measured using UPLC/ESI-MS/MS in control
and diabetic skin collected at 8,12 and 16 weeks post-STZ; data presented as ng/mg protein
(mean * SD); B) Total NAE measured using UPLC/ESI-MS/MS in control and diabetic
skin collected at 8,12 and 16 weeks post-STZ; data presented as ng/mg protein (mean +
SD). Comparisons were performed between control and diabetic skin of the same time
point; 8 weeks post-STZ control n=8, diabetic n=9; 12 weeks post-STZ control n=4,
diabetic n=4; 16 weeks post-STZ control n=6, diabetic n=6. Log transformed data were
analysed by t-tests with corrections for multiple analyses using the Holm-Sidak method;
*p <0.05; *** p<0.001. STZ: streptozotocin; NAE: N-acyl ethanolamine; MAG:
monoacylglycerol; AG: arachidonoyl glycerol; LG: lineoleoyl glycerol; PAG: palmitoyl
glycerol; OG: oleoyl glycerol; STG: stearoyl glycerol; MEA: myristoyl ethanolamine;
PDEA: pentadecanoyl ethanolamine; POEA: palmitoleoyl ethanolamine; PEA: palmitoyl
ethanolamine; HEA: heptadecanoyl ethanolamine; ALEA: a-linolenoyl ethanolamine;
LEA: lineoleoyl ethanolamine; OEA: oleoyl ethanolamine; VEA: vaccenoyl ethanolamine;
SEA: stearoyl ethanolamine; DEA: docosanoyl ethanolamine; NEA: nervonoyl
ethanolamine.
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5.3.4 There was a significant decrease in NAE species in diabetic plasma

Differences in plasma endocannabinoids, MAG and NAE levels between control
and diabetes was analysed by UPLC/ESI-MS/MS (Section 2.5.4). The same
samples used for the plasma ceramides analysis were analysed for plasma
endocannabinoids, MAG and NAE. Plasma from STZ-diabetic rats was arranged
into three groups based on time of sample collection post-STZ injection. Plasma
was sampled at 8 weeks (diabetic n=9, control n=9), 12 weeks (diabetic n=7, control
n=7) and 16 weeks (diabetic n=6, control n=6) post-STZ. The 16 weeks diabetic
group received insulin. Endocannabinoids, NAE and MAG concentrations were
reported as absolute values in pg/ml plasma (mean = SD). All detected species in
the diabetic plasma samples were detected in and compared to the control plasma

samples.

2-AG was the only endocannabinoid detected. Analysing individual species
revealed a significant decrease in the concentration of the NAE species, POEA and
VEA, in diabetes at 8, 12 and 16 weeks post-STZ; POEA (p= 0.03, p= 0.01, p=
0.0.4) at 8, 12 and 16 weeks post-STZ, respectively; VEA (p= 0.002, p= 0.02, p=
0.048) at 8, 12, and 16 weeks post-STZ, respectively (Figure 5.18 B). No
differences were found in 2-AG and MAG species levels between control and

diabetes (Figure 5.18 A).
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Figure 5.18 Endocannabinoids and N-acyl ethanolamines measured in control and
STZ-diabetic rat plasma. A) Total endocannabinoids and MAG measured using
UPLC/ESI-MS/MS in control and diabetic plasma collected at 8,12 and 16 weeks post-
STZ; data presented as pug/mL plasma (mean + SD); B) Total NAE measured using
UPLC/ESI-MS/MS in control and diabetic plasma collected at 8,12 and 16 weeks post-
STZ; data presented as pg/mL plasma (mean £+ SD). Comparisons were performed between
control and diabetic plasma of the same time point; 8 weeks post-STZ control n=9, diabetic
n=9; 12 weeks post-STZ control n=7, diabetic n=7; 16 weeks post-STZ control n=6,
diabetic n=6. Log transformed data were analysed by t-tests with corrections for multiple
analyses using the Holm-Sidak method; *p <0.05; ** p<0.01. STZ: streptozotocin; NAE:
N-acyl ethanolamine; MAG: monoacylglycerol; AG: arachidonoyl glycerol, LG:
lineoleoyl glycerol; OG: oleoyl glycerol; STG: stearoyl glycerol; MEA: myristoyl
ethanolamine; PDEA: pentadecanoyl ethanolamine; POEA: palmitoleoyl ethanolamine;
PEA: palmitoyl ethanolamine; HEA: heptadecanoyl ethanolamine; LEA: lineoleoyl
ethanolamine; OEA: oleoyl ethanolamine; VEA: vaccenoyl ethanolamine; SEA: stearoyl
ethanolamine.
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5.4 Discussion

In this study, changes in skin and plasma CER levels were assessed in the context
of DPN in order to investigate the potential involvement of skin lipids in the
development of associated dermopathies, and how alterations in circulating lipids
could reflect that. The STZ-diabetic rat is the preferred animal model in diabetic
neuropathy studies as it has been shown to present structural peripheral nerve
damage and neuropathic symptoms similar to those seen in DPN patients as
previously shown in (Sima and Sugimoto, 1999, Gardiner et al., 2007,
Zherebitskaya et al., 2012, Biessels et al., 2014). The rats are made diabetic by
injecting STZ intraperitoneally to cause B-cell damage and insulin deficiency
(Calcutt and Chaplan, 1997). The intended outcome from this animal model of type-
1 DM was to display structural peripheral nerve changes and negative DPN
symptoms, such as loss of sensation. The required duration of STZ-induced
diabetes to initiate peripheral nerve damage is from 8 to 16 weeks as found in
(Biessels et al., 2014). It should be noted that the 16 weeks batch of STZ-diabetic
rats received insulin in order to maintain the animals for the duration of the
experiment as STZ-induced diabetes could cause cachexia (extreme weight loss and
muscle wasting) (Biessels et al., 2014). Therefore, CER analysis was conducted at
individual time-points (8, 12 and 16 weeks) after the induction of diabetes to

monitor possible changes in CER levels with disease progression.

Foot pad skin from STZ-induced diabetic rats were compared to samples from age-
matched naive rats. Rat skin has been found to be comparable in structure,
permeability properties, lipid class and drug penetration rate to that in human skin
(Aoki et al., 2019, Marjukka Suhonen et al., 2003, Pappinen et al., 2008). The
present study revealed alterations in CER[NH] at 16 weeks post-STZ. There was a
close to significant decrease in total CER[NH] levels (p= 0.05) and statistically
significant decreases in individual CER[NH] species at 16 weeks post-STZ. The
exact enzymes involved in the biosynthesis of these CERs remain to be identified.
Skin specific 6-hydroxysphingosine CERs have been found to be essential for skin
barrier permeability protection and thermal stability (Kovacik et al., 2017).
Additionally, in a study on the effect of seasonal changes on skin CERs, it was

suggested that 6-hydroxysphingosine CERs might be involved in thermal
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adaptation (Pappas et al., 2018). Therefore, the preset study could suggest a role for
the reduction observed in these ceramides in the development of DPN associated
barrier dysfunction. However, functional tests are required to further investigate the

effect of decreased CER[NH] in rat foot pad skin on the barrier.

The lack of statistical significance at 12 weeks post-STZ could be attributed to the
short duration of the disease at that time-point, as it has been found that the degree
of skin barrier disruption and nerve loss corresponds to the duration of
hyperglycemia and diabetes (Park et al., 2011, Shun et al., 2004). Similarly,
intraepidermal nerve fibre damage in STZ-diabetic rat hind paws occurs at 12
weeks post the induction of diabetes onwards (Freeman et al., 2016). This could
suggest that more time was required to observe significant changes in CER levels
following the course of the systemic development of DPN which leads to peripheral
tissue injury with disease progression. One study on skin CERs in type-2 diabetic
mice reported a reduction in SPT expression and CER levels (Kim et al., 2018). In
this study, although the reduction in CER synthesis was not significant, it was
suggested to be a main factor for barrier and wound healing impairment. In addition,
it was mentioned that the duration of hyperglycemia was not sufficient to produce

statistically significant alterations.

Furthermore, plasma from STZ-induced diabetic rats were compared to samples
from age-matched naive rats. The data showed significant alterations in plasma
CER levels with diabetes at 12 weeks post-STZ administration. Although nerve
damage assessment was not done for this study, it has been previously shown that
sensory and motor nerve conduction velocities were decreased, in addition to
intraepidermal nerve fibre damage in STZ-diabetic rat hind paws at >12 weeks post-
STZ (Freeman et al., 2016). Similarly, levels of the neurotrophic factor, neuritin,
which promotes axonal regeneration were found to be reduced in the nerves of STZ-
diabetic rats at 12 weeks post-STZ (Karamoysoyli et al., 2008). From this, it could
be shown that alterations in plasma CER levels were observed at the same time-

point that DPN would usually occur.
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In plasma, a significantly higher total CER[NDS] levels were reported with diabetes
at 12 weeks-post STZ (p= 0.03),when compared with control animals (Figure 5.3).
When analysing individual CER species, several CER[NDS] and CER[NS] species
were significantly elevated at 12 weeks post-STZ (Figure 5.4). Dihydroceramides
are precursors for all ceramide classes and their de novo synthesis is regulated by
SPT, the rate-limiting enzyme in the de novo CER biosynthesis pathway, and
CerS1-6. From CER[NDS], the fatty acyl-chain specific CerS and sphingosine
specific Desl, produce CER[NS] as discussed in (Chapter 1) (Airola and Hannun,
2013). De novo ceramide synthesis has been shown to be involved in lipotoxic -
cell apoptosis, which was significantly reduced by blocking this pathway (Galadari
etal., 2013, Boslem et al., 2012). For example, it has been found that blocking SPT
activity, using inhibitors such as myriocin, improved glucose homeostasis, insulin
sensitivity and prevented diabetes in rodents (Holland et al., 2007, Sokolowska and

Blachnio-Zabielska, 2019, Ussher et al., 2010).

Although CER biosynthesis in DPN is largely unexplored, neurotoxic deoxy-
CER|[NS], which are produced due to mutations in SPTLCI1 that alter SPT substrate
preference, have been reported in DPN (Hammad et al., 2017). In addition to this,
L-serine level, the preferred SPT substrate, was found to be reduced in STZ-diabetic
rats with DPN, whereas L-serine supplementation lowered deoxy-CER[NS] levels
and reduced DPN outcomes (Othman et al., 2015). Moreover, in a study on
neurogenesis, it was suggested that elevated CER levels in neurons due to high
SPT activity could lead to apoptosis (Herget et al., 2000). This could suggest a
major role for the de novo CER biosynthesis pathway in the development and
progression of the nerve loss through apoptosis. However, the exact pathological
significance of CER in DPN is not fully understood. For example, the mechanism
by which mutations in the ubiquitous enzyme, SPT, specifically target peripheral

nerves remains to be explained (Herget et al., 2000).

One way to help explain this could be by investigating changes in CER species
containing specific sphingoid base-chain lengths to DPN development to help
monitor changes in SPT and Des1,2 activity. In addition to shifts in SPT substrate
preference seen in DPN and HSN1, alterations in SPT acyl-CoA specificity have
been reported in HSN1. In the CER de novo biosynthesis pathway, SPT utilises L-
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serine (C2) and the most abundant acyl-CoA, palmitoyl-CoA (C16) to produce a
C18 dihydrosphingosine (Figure 1.4). In the present study, a significant increase in
the total C24 base-chains was observed at 12 weeks post-STZ (p= 0.04), and were
found in CER[NDS] (Figure 5.5, 5.2). It has been found that C20
dihydrosphingosine was elevated in human embryonic kidney cells (HEK293)
expressing particular SPTLC mutations and in plasma from patients with a specific
HSNI1 subclass, and the C18 dihydrosphingosine levels were not reduced (Bode et
al., 2016). Bode and colleagues explained that the C20 sphingoid bases are a
product of L-serine and stearyl-CoA, and were observed in one specific HSN1
subclass. Additionally, in other HEK293 SPTLC mutations both the C18 and C20
sphingoid bases were elevated where the activity of SPT was increased (Bode et
al., 2016). SPT activity is subjected to several variables such as tissue type, the
developmental stage of the tissue and diet (Hanada, 2003). Furthermore, there are
various SPT mutations that produce distinct sphingoid base profiles and
pathological symptoms, making neuropathy investigations using sphingoid base

profiles both challenging and valuable (Bode et al., 2016).

Moreover, correlating CER species containing specific fatty acyl-chain lengths to
distinct disease mechanisms has been mentioned in previous studies establishing
the effect of plasma and tissue CERs on diabetes and DPN (Hammad et al., 2017,
Véret et al., 2011). When analysing total fatty-acyl chain carbon number (e.g. Total
C18 fatty acyl-chain= concentration of all CERs containing a C18 non-hydroxy
fatty acyl-chain + concentration of all CERs containing a C18 a-hydroxy fatty acyl-
chains) and total carbon number (fatty acyl-chain carbon number + sphingoid base-
chain carbon number), a significant increase in the C16 short fatty acyl-chain (p=
0.002), and the short chain CERs (C34) CER (p= 0.002) were found, respectively
(Figure 5.4, 5.6). These short chain CERs are produced by the C14-C16 specific
CER synthases, CerS5 and CerS6, which are expressed ubiquitously across tissues
(Table 1.2). These findings are consistent with previous studies that reported
increases in plasma CERs with short and medium fatty acyl-chains in diabetes. It
has been demonstrated that CERs with a C16, C22 and C24 fatty acyl-chain were
increased in STZ-diabetic rats and were suggested to promote apoptosis (van

Blitterswijk et al., 2003). Additionally, C16 and C18 CERs were found to play a
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major role in insulin signalling (Stith et al., 2019, Raichur et al., 2014). Moreover,
in addition to deoxy-CER[NS], naturally occurring CERs with a C24 and C26 fatty
acyl-chain were found to be increased in the plasma in of type-1 diabetic patients
with neuropathy, but were not elevated in that of diabetic patients without
neuropathy (Hammad et al., 2017). The exact pathogenic role of these CER species
in diabetes and DPN is not fully understood. Therefore, comparing the data
highlighted in this animal model with that in the literature that focuses on the effect
of specific CER species in diabetes and neuropathy could help elucidate underlying

mechanisms.

Although we did not obtain the glucose levels for the STZ-diabetic rats, glucose
was measured by study collaborators to confirm diabetes (Section 5.2). This model
is characterized by STZ-induced PB-cell damage and insulin deficiency and
establishes hyperglycemia within 2-3 days (Freeman et al., 2016, Calcutt and
Chaplan, 1997). Interestingly, accumulation of CER[NDS] and CER[NS] that were
observed in the present study are in agreement with a study which found these CER
classes to be involved in B-cell apoptosis in a rat pancreatic B-cell line (Véret et al.,
2011). The same study suggests that accumulation of these CERs was triggered by
glucolipotoxicity due to palmitate and hyperglycemia. Palmitic acid has been found
to mediate various inflammatory mechanisms in obesity and diabetes either directly
through high circulating levels or through its utilisation to produce CERs de novo
(Korbecki and Bajdak-Rusinek, 2019). Véret et al. reported that palmitate
supplementation with high glucose levels elevated CER[NDS] with a C18, C22 and
C24 fatty acyl-chain, upregulated CERS4 and increased CER[NS] with fatty-acyl
chains that ranged from C16-C22. Additionally, the impact of glucolipotoxicity on
CER recycling through the salvage pathway was examined. No effect on
sphingosine levels in [B-cells was seen with palmitate supplementation and
hyperglycemia independently or combined, whereas dihydrosphingosine was
significantly elevated with palmitate and high glucose, confirming a specific impact

on the de novo biosynthesis pathway (Véret et al., 2011).

Another study comparing lipid levels in dibetic mice that recieved insulin with
control diabetic mice, found that insulin withdrawal in the first group further

increased the levels of C16-C24 CERs in plasma and muscles, whereas SPT, CERS1
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and CERSS expression in muscle was increased in the de novo biosynthesis fraction,
the sarcoplasmic reticulum (Zabielski et al., 2014). Zabielski and colleagues also
showed that there was an increase in all C18 plasma FFAs and in C16-C18 muscle
FFAs, which could be due to the diet composition used for the STZ-diabetic rat
model, which contains oleate (C18) and linoleate (C18) fatty acids (80%) and 20%
palmitate (C16), linolenate (C18) and stearate (18) (Zabielski et al., 2014).
Consistent with the mentioned observations, CER[NDS] species were found to be
elevated in STZ-diabetic rat plasma and contained C18, C22, C24 and C25 fatty
acyl-chains, in addition to CER[NS] with a C16-C20 fatty acyl-chain. This could
imply a connection between hyperglycemia and insulin deficiency and the CER de
novo biosynthesis pathway, by mediating utilisation of endogenous FFAs to
produce these specific apoptotic CER species through the upregulation of CER de

novo biosynthesis enzymes.

Finally, endocannabinoids and their congeners were analysed in skin and plasma to
examine their levels in a model of DPN and elucidate their potential role in the
development of the disease. In plasma, there was a significant decrease in POEA
and VEA levels at all time points post-STZ . In skin, however, the changes were
significant at 16 weeks post-STZ where PDEA, OEA and VEA were reduced. In
addition to endocannabinoids, their related lipid mediators play a crucial role in
inflammatory signaling pathways. It has been found that VEA is the primary and
second most abundant C18 FA-ethanolamine in rat and human plasma, respectively
(Rohrig et al., 2016). Interestingly they were significantly decreased in STZ-
diabetic rat plasma even at the earliest time-point (8 weeks post-STZ). Additionally,
the reduced levels in plasma C18 VEA and C16 palmitoleic acid derived-EA
(POEA), could reflect the increase observed in plasma short fatty acyl-CER levels.
It has been mentioned that the bioavailability of endocannabinoid precursors, FFAs,
has an effect on their levels (Phinney, 1996, Annuzzi et al., 2010). These studies
were on obesity and obesity-related diabetes where endocannabinoids were found
to be increased. However, the animal model that was used in the present study was
fed regular chow diet. This could reflect the competitive lipid metabolism process
in the STZ-induced diabetes, in which the CER de novo biosynthesis pathway is
activated to utilise C16-C18 FFAs and produce apoptotic CERs. Furthermore, there

was a wider range of skin lipid mediators that were reduced with diabetes. Both
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CB1 and CB2 receptors are expressed in skin cells and nerve fibers, and are involved

in regulating nociceptive pathways and skin cell functions (Barrie and Manolios,
2017, Téth et al., 2019). The reduction in skin lipid mediators could be explained
by the diabetes-related dyslipidemia. Again, this could show the highly interlinked
lipid metabolism mechanisms in skin, and that these specific alterations in skin
bioactive lipids in DPN could be a major contributor for skin injury and delayed

healing.

5.5 Conclusion

In conclusion, this study showed alterations in skin and plasma CERs and
endocannabinoid-related bioactive lipids in an animal model of DPN. These
alterations could show a specific role of CER[NH] ceramides in the development
of DPN. As concluded from this study, the accumulation of circulating C16-C24
CERs may be involved in the development of diabetes and DPN, through the
induction of inflammatory, apoptotic and neurotoxic mechanisms. Additionally, we
showed alterations in skin CER and lipid mediator profiles in DPN, which have not
been previously explored. These alterations could disrupt skin homeostasis and cell
signaling, which in the context of DPN could render the skin susceptible to injury,
affect cutaneous nerve development, and impair wound healing. Further
investigation is required to elucidate the potential pathogenic role of individual
cutaneous and circulating CER species and lipid mediators on diabetic

dermopathies.
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Chapter 6

General discussion, conclusions and further
work
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6.1 Thesis aims and objectives

Ceramides are a dynamic group of bioactive lipids, which are considered a major
constituent of the epidermal permeability barrier. Alterations in ceramide levels
have been reported in several skin disorders. However, the exact roles of individual
CER species in health and disease remain unclear. Additionally, a recent study
reported that n-3 PUFA have been found to influence ceramide levels in human
skin (Kendall et al., 2017). The exact mechanisms, however, by which these fatty
acids can manipulate ceramide metabolism are not fully understood. Understanding
how cutaneous ceramides could be targeted by PUFA could help in the
development of therapeutic approaches for inflammatory skin disorders. The
primary aim of this thesis was to explore mechanisms involved in the metabolism
of cutaneous lipids in normal skin cells treated with PUFAs, and to examine
differences in cutaneous and systemic lipid profiles in diabetes when compared

with control.

The epidermis and dermis are structurally and functionally distinct, and the majority
of studies examining cutaneous CERs include the epidermis, specifically the SC
where CER concentration is the highest. The lipid composition of the epidermis and
dermis differ, and n-3 PUFAs have been found to have a differential effect on
ceramide levels in these layers (Uchida et al., 1988, Kendall et al., 2015, Kendall et
al., 2017). Therefore, it was hypothesised that #n-3 and n-6 PUFA may have specific
effects on ceramide metabolism in cultured primary human keratinocytes and
fibroblasts. In order to elucidate the individual action of DHA, EPA and LA on
CER metabolism in different compartments of human skin, proliferating
keratinocytes representing the basal layers and differentiating keratinocytes which
represent the granular epidermis were used, in addition to dermal fibroblasts. To
achieve this, ceramide levels, CER biosynthesis enzyme gene expression and
membrane lipid levels were analysed in PUFA-treated and control normal human

skin cells.

Furthermore, diabetes is a global metabolic disease with complications that could
present in the skin. For example, DPN is a major diabetic complication that leads

to diabetic foot due to loss of sensation, repeated tissue injury and dysfunctional
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wound healing (Volmer-Thole and Lobmann, 2016, Feldman et al., 2017).
However, changes in cutaneous ceramides have not been previously investigated in
DPN. Therefore, the project assessed likely alterations in skin CER levels in a
diabetic animal model of DPN. An STZ-diabetic rat model of DPN was used as a
tool to investigate changes in cutaneous ceramides that could be involved in the
susceptibility of diabetic skin to injury. Studies on cutaneous functional properties
in diabetes, although limited, have reported barrier impairment and changes in SC
CERs (Sakai et al., 2003, Kim et al., 2018). It was, therefore, hypothesised that
cutaneous CER levels would be altered in DPN. Accumulation of circulating and
tissue CERs have been found to be involved in pathogenic processes such as insulin
resistance and B-cell dysfunction in diabetes (Hage Hassan et al., 2016, Yaribeygi
et al., 2020, Guo et al., 2010). Therefore, plasma CERs, in addition to skin and
plasma lipid mediators were analysed, which could reflect systemic factors that may

be involved in diabetic dermopathies.

6.2 Exploring the pathways mediating PUFA regulation of ceramide
biosynthesis in primary human skin cells

The individual effects of DHA, EPA and LA supplementation on CER biosynthesis
at different stages of epidermal cellular growth were reported in this study. In the
epidermis, both proliferating and differentiating NHEK responded to DHA
supplementation, whereas LA induced a response in differentiating cells. Lipid
metabolism in HDF showed a differential effect of n-3 and n-6 PUFA. Figure 6.1

summarises the main findings observed.
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Figure 6.1 Summary of the effects of PUFA treatment on lipid metabolism in NHEK
and HDF. The figure summarises the main increases (red arrow) and decreases (green
arrow) found in CER and membrane lipid levels, in addition to CER biosynthesis gene
expression, measured in differentiating NHEK (High Ca?*, n= 3 donors), proliferating
NHEK (Low Ca®’, n=3 donors) and HDF (n= 3 donors ) treated with DHA, EPA and LA
(10 uM) compared to control. Ceramides and membrane lipids were measured using
UPLC-MS/MS; CER biosynthesis enzyme gene expression was measured by RT-qPCR.
NHEK: normal human epidermal keratinocytes; Ca’": calcium; HDF: human dermal
fibroblasts; PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; LA: linoleic acid; CER: ceramide; CER[NS]: non-hydroxy
ceramide; CER[NDS]: non-hydroxy dihydroceramide; CER[NH]: non-hydroxy 6-
hydroxyceramide; CER[AH]: alpha-hydroxy 6-hydroxyceramide; CERS3: ceramide
synthase 3; CERSS5: ceramide synthase 5; CERS6: ceramide synthase 6; DES2:
dihydroceramide desaturase 2; FFA: free fatty acids; SM: sphingomyelin; CE: cholesterol
ester; TG: triacylglycerol; PE: phosphatidylethanolamine; PC: phosphatidylcholine; LPC:

lysophosphatidylcholine.

6.2.1 Proliferating NHEK

In proliferating NHEK, which represent the basal layers, DHA enhanced the levels

of the majority of CER classes, which was accompanied by an upregulation in

CERS3 and DES?2 gene expression and a reduction in SM levels (Chapter 3). This

suggests an action of DHA on the CER de novo biosynthesis and SM recycling

pathway. DHA stimulated the de novo synthesis of CERs that are involved in skin
health. The FA preference of CerS3 includes CERs with medium (C18-C21) and

Differentiating
keratinocytes

Ca2+

Proliferating
keratinocytes

Dermal
fibroblasts
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long (C22-C25) carbon chains which are essential for normal barrier function
(Mizutani et al., 2004). In addition to this, Des2 produces phytoceramides, which
are also critical for barrier integrity (Choi et al., 2018). This could suggest a
protective role for DHA in the epidermis. Moreover, it has been found that SM is a
precursor for CER[NS] and CER[AS] species (Uchida et al., 2000). Therefore, the
reduction in SM with DHA and the observed increase in CER[NS] and CER[AS]
classes could indicate the action of DHA on an additional CER synthesis pathway
involving the breakdown of SM in the basal epidermal layers. Furthermore, DHA
altered membrane lipid levels were TG, CE and proapoptotic PC and LPC levels
were reduced. The decrease in proapoptotic glycerophospholipids and energy
producing glycerolipids in proliferating cells with DHA could reflect the anti-
inflammatory effect of n-3 PUFA, and suggests a proliferative effect on the basal

cells where these membrane lipids are utilised for cellular growth.

6.2.2 Differentiating NHEK

In differentiated NHEK, which represents the granular layers, the increase in CER
concentrations with PUFAs was not accompanied by changes in CER de novo
biosynthesis enzyme gene expression, SM and membrane lipid metabolism
(Chapter 3). Since the significant increase in CER[NS] and CER[AS] in
differentiated cells with DHA was not accompanied with changes in SM or other
membrane lipids, DHA could increase CER levels through alternative pathways
linked to differentiation. Interestingly, CER signaling pathways which regulate
keratinocyte differentiation were highly enriched in differentiated NHEK.
Activation of PPAR-a with DHA treatment has been found to induce differentiation
and to normalise SC lipid ratio in a filaggrin deficient mouse skin model
(Wallmeyer et al., 2015). Similarly, activating PPAR-o has been found to
upregulated B-glucocerebrosidase, but not SM related enzymes in SC of skin
equivalents (Takeda et al., 2018). Moreover, gene sequencing analysis showed an
upregulation in the glucosylceramide metabolism genes in differentiated NHEK. In
addition to SM, glucosylceramides are precursors for SC CERs which are converted
back to CER by B-glucocerebrosidase (Uchida et al., 2000, Holleran et al., 1994).
Additionally, glucosylceramide synthesis is stimulated during differentiation of

keratinocytes (Sando et al., 1996). Therefore, this could suggest a role for PPAR-
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a activation in keratinocyte differentiation and CER synthesis through utilization
of glucosylceramide, and the differential effect of DHA on CER synthesis

according to the developmental stage of the epidermis.

LA supplementation increased non-hydroxy CER levels in differentiated cells,
without affecting CER de novo biosynthesis enzymes or SM levels. LA-containing
omega-hydroxy CERs, which are essential for a healthy barrier, are produced from
glucosylceramides (Holleran et al., 1993). In addition to this, LA is a PPAR-a
activator used to initiate keratinocyte differentiation, which upregulates
differentiation markers and B-glucocerebrosidase (Hanley et al., 1998, Breiden et
al., 2007a). Taken together, it is suggested that LA could stimulate CER synthesis
in granular epidermal layers through glucosylceramide degradation. Additionally,
it could be shown that n-3 and n-6 PUFAs play a crucial role in modulating the
epidermal differentiation process, and ultimately the biosynthesis of SC CERs from
glucosylceramide. Figure 6.2 summarises the expression of lipid metabolism genes

in differentiated NHEK compared to proliferating NHEK.

Differentiating keratinocytes

/CER synthesis CER degradation TG, DG synthesh

4 SPTLC2 l ACER1 GPAT3
SPTLC3 DGKB 1 Increase
GBA DGKG
GBA2 CDS1 l Decrease
UGCG
PC synthesis
CERS1
I LPCAT1
FA synthesis
ELOVL4 Cholesterol metabolism
ELOVL7 CH25H

FAZH DHCR24
FADS3 CETP

Figure 6.2 Summary lipid metabolism genes found altered in differentiating NHEK.
The figure summarises the main increases (red arrow) and decreases (green arrow) found
in the expression of CER, sterols, FA, glycerolipids and glycerophospholipids metabolism
genes measured in differentiating NHEK (High Ca’’, n= 3 donors) compared to
proliferating NHEK (Low Ca®’, n= 3 donors). Lipid metabolism gene expression was
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measured using next generation sequencing; data were analysed using Ingenuity Pathway
Analysis software (IPA®, Qiagen). NHEK: normal human epidermal keratinocytes; Ca®":
calcium; CER: ceramide; CERSI: ceramide synthase 1; FA: fatty acids; UGCG: UDP-
glucose ceramide glucosyltransferase; GBA: Glucosylceramidase beta; GBA2:
Glucosylceramidase beta 2; S1PR1: Sphingosine-1-phosphate receptor 1; ACERI: Alkaline
ceramidase 1; SPTLC2: Serine palmitoyltransferase long chain base subunit 2; SPTLC3:
Serine palmitoyltransferase long chain base subunit 3; DHCR24: 24-dehydrocholesterol
reductase; CH25H: Cholesterol 25-hydroxylase; CETP: Cholesteryl ester transfer protein;
GPAT3: Glycerol-3-phosphate acyltransferase 3; DGKB: Diacylglycerol kinase beta;
DGKG: Diacylglycerol kinase gamma; CDSI: CDP-diacylglycerol synthase 1; LPCATI:
Lysophosphatidylcholine acyltransferase 1; ELOVL 4: Fatty acid elongase 4; ELOVL 7.
Fatty acid elongase 7; FADS3: Fatty acid desaturase 3; FA2H: Fatty acid 2-hydroxylase.

6.2.3 Primary HDF

Studies investigating lipid metabolism in the dermis are limited. In this study, DHA
and EPA stimulated CER synthesis and altered membrane lipid levels, whereas LA
significantly reduced membrane lipid concentrations without changing CER
concentrations (Chapter 4). DHA mainly targeted long-chain CERs with a fatty-
acyl chain length of C23-C25. Additionally, DHA and EPA downregulated the
expression of CERSS and CERS6, which have a fatty-acyl preference for the short-
chain C14-C16 CERs. This suggests a protective role of DHA in the dermis by
stimulating the production of long-chain CERs, which are crucial for skin health.
Furthermore, DHA seemed to utilise membrane SM in favor of CER and which
indicates the involvement of SM pathways in CER production in the dermis. Since
with LA supplementation there was a significant reduction in membrane lipids used
for energy production, inflammatory response and apoptosis, this shows a
proliferative role of LA in HDF. Treating HDF with AA and LA has been found to
stimulate fibroblast growth and proliferation (Ejiri et al., 2015). Therefore, the

alteration in CE and TG levels are a sign of cellular growth.

6.3 Investigating changes in cutaneous ceramide levels in an STZ-
diabetic rat model of DPN

This study showed alterations in skin and plasma CERs and endocannabinoid-
related bioactive lipids in diabetic model of DPN. The main finding was the
reduction in CER[NH] in skin with diabetes (Chapter 5). The enzymes involved
in the biosynthesis of the 6-hydroxysphingosine CERs have not been identified to

date. However, skin specific CER[NH] have been found to be essential for skin
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barrier permeability protection and thermal stability (Kovacik et al., 2017). Another
study reported that 6-hydroxysphingosine CERs may be involved in thermal
adaptation (Pappas et al., 2018). Therefore, the reduction in CER[NH] that was
observed could indicate a disruption in barrier function. Studies on skin CERs in
diabetes suggest a role for altered CERs in barrier impairment (Kim et al., 2018,

Sakai et al., 2003).

The accumulation of circulating short-chain (C16-C24) CERs may be involved in
the development of diabetes. These short chain CERs are produced by the C14-C16
specific CER synthases, CerS5 and CerS6, which are expressed ubiquitously across
tissues. Previous studies have reported increases in plasma CERs with short and
medium fatty acyl-chains in diabetes. For example, CERs with a C16, C22 and C24
fatty acyl-chain were increased in STZ-diabetic rats and were suggested to promote
apoptosis (van Blitterswijk et al., 2003). Additionally, C16 and C18 CERs were
found to play a major role in insulin signalling (Stith et al., 2019, Raichur et al.,
2014). Similarly, accumulation of CER was found to be involved in 3-cell apoptosis

in rat pancreatic B-cell line (Véret et al., 2011).

Regarding lipid mediators, skin and plasma endocannabinoid congeners were
significantly reduced with diabetes. In skin, PDEA, OEA and VEA were the main
species reduced, whereas POEA and VEA were the main species affected in
plasma. Lipid mediators play a crucial role in inflammatory signaling pathways. It
has been found that VEA is the primary and second most abundant C18 FA-
ethanolamine in rat and human plasma, respectively (Rohrig et al., 2016).
Additionally, the reduced levels in plasma C18 VEA and C16 POEA, could reflect
the increase observed in plasma short fatty acyl-CER levels. Diabetes is a metabolic
disorder involving pathogenic processes such as hyperglycemia and dyslipidemia.
Furthermore, competitive lipid metabolism could be a possible mechanism where
the CER biosynthesis pathway is activated to utilise C16-C18 FFAs to produce
short-chain CERs. It has been mentioned that the bioavailability of

endocannabinoid precursors, FFAs, has an effect on their levels (Phinney, 1996,
Annuzzi et al., 2010). Both CB1 and CB2 receptors are expressed in skin cells and

nerve fibers, and are involved in regulating nociceptive pathways and skin cell
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functions (Barrie and Manolios, 2017, Téth et al., 2019). The reduction in skin lipid
mediators could be explained by the diabetes-related dyslipidemia. Again, this
could show the highly interlinked lipid metabolism mechanisms in skin, and that
these specific alterations in skin bioactive lipids in DPN could be a major
contributor for skin injury and delayed healing. It has been found that in diabetes,
dysfunctional insulin signaling affects the proliferation, differentiation and
migration of CER producing keratinocytes, which leads to barrier function

impairment and consequently, impaired wound healing (Wertheimer et al., 2000).

6.4 Conclusion and future directions

The different responses of epidermal and dermal skin cells to #-3 and n-6 PUFA
supplementation observed in this study show compartmental differences in lipid
metabolism in the skin. This includes differences in the CER metabolism pathways
targeted by the fatty acids and in the response of the epidermal and dermal cells to
the fatty acid treatments. The keratinocyte data showed that DHA and LA mainly
targeted the CER generating pathways. In proliferating cells, DHA works through
activating the de novo biosynthesis and sphingomyelin recycling pathway. On the
other hand, stimulation of ceramide synthesis in differentiating cells may suggest
the involvement of DHA and LA in the differentiation process which could activate
the glucosylceramide recycling pathway. In fibroblasts, n-3 PUFA acids seemed to
utilise membrane lipids in favor of ceramide and anti-inflammatory lipid mediator
generation, which could indicate its protective role in the dermis. On the other hand,
LA was involved in stimulation of fibroblast growth. Finally, the barrier critical
CER[NH] were reduced in diabetic rat skin suggesting their potential role as

therapeutic targets in the treatment of cutaneous issues associated with diabetes.

The number of samples was one limitation in this study as the PUFA experiments
were conducted with cultured primary human skin cells from three biological
replicates (n=3 donors). This could have affected variability between donors, which
was also the case in the diabetic lipidomics study. Therefore a larger sample size
would reduce the interference of such factors with the results. Additionally, the
PUFA study used primary human skin cells, which are useful in investigating
specific metabolic pathways in different cells types individually. However, cells

cultured independently in a monolayer do not accurately represent biological
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mechanisms occurring in whole tissue were different cells and molecules interact.
Therefore, future studies could replicate the preliminary findings from this study in

an in vivo model such as skin biopsy.

The metabolism and individual role of PUFAs in different skin compartments in
addition to cutaneous CER metabolism are not fully explored. In differentiated
NHEK, gene sequencing analysis showed an upregulation in the genes involved in
the synthesis of very long-chain fatty acids and PUFA. Future studies could focus
on investigating the effect of DHA on the SM degradation pathway in proliferating
keratinocytes, and on the effect of DHA and LA supplementation on
glucosylceramide metabolism in differentiated NHEK. In addition to this, the role
of DHA in keratinocyte differentiation requires further investigation. This could be
investigated in vitro using mass spectrometry-based lipidomics, CER gene
expression analysis and differentiation assays such as western blot and TEER assay.
Moreover, since DHA had a broad effect on CER synthesis in NHEK, affecting
both keratinocyte types, DHA may have a wider therapeutic benefit in the epidermis
as it could affect CER metabolism at basal and differentiated epidermal layers. On
the other hand, LA’s specific action on differentiated NHEK could suggest its

involvement in improving skin barrier function.

It has been found that dihydrosphingosine supplementation in differentiating
NHEK increased very-long chain CERs and could, therefore, be used for cosmetic
applications which improve the barrier (Sigruener et al., 2013). Similarly, the
specific effect of LA, in the present study, on differentiated NHEK, was based on
direct supplementation of LA in cell culture. Therefore, clinical studies using LA
topical application on skin could be considered to confirm the in vitro results and
to investigate its effectiveness compared to epidermal uptake of LA through
circulation and the dermis. Moreover, further investigation using in vivo models
such as skin biopsy could be used to elucidate the therapeutic role of DHA and LA
in the epidermis and dermis. This could be achieved by comparing CER profile and
enzyme activity in healthy and injured skin, in addition to blood samples with and
without PUFA supplementation. Furthermore, there are limited functional studies
that explore barrier dysfunction and changes in SC lipids in diabetic skin (Sakai et

al., 2003, Sakai et al., 2005, Kim et al., 2018). In addition to this, the potential
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pathogenetic role of individual skin and plasma CER species on nerve damage and
sensory loss associated with diabetes has not been fully investigated. This project
did not include functional tests on the STZ-diabetic rat foot pads to measure barrier
function. Therefore, it would be interesting to further investigate the effect of the
reduction in CER[NH] on the skin barrier using the same animal model. To achieve
this, mass spectrometry lipidomics, in addition to techniques comparing barrier
structure and function in healthy and diseased skin could be used, such as skin
permeability assay and electron microscopy which have been performed on rat skin
as described in (Li et al., 2007). In addition to this, correlation studies could be
useful to determine the involvement of pathogenic mechanisms such as
hyperglycemia with skin CER alterations in diabetes. Finally, since DHA enhanced
CER profile and gene expression in both proliferating and differentiating NHEK,
in addition to HDF (Figure 6.1), exploring the the effect of this major anti-
inflammatory agent on CER concentration and CER enzyme activity in diabetic
skin could help develop therapeutic approaches for cutaneous inflammatory
diseases. Future clinical studies using diabetic skin could investigate whether DHA
supplementation or topical application could correct the CER profile in diabetic

skin.
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Appendix 1

Sample cDNA Reaction ¢DNA TaqMan Primer Water GAPDH CERS4

# concentration Volume (nl) (nb) (nb) (nb) Ct Ct
(b (nl)

33-1a 20 20 2 10 1 5 18.92 29.79

33-1b 20 10 1 5 0.5 2.5 19.70 30.62

33-2a 200 20 4 10 1 5 21.28 32.11

33-2b 200 10 2 5 0.5 2.5 21.42 32.27

34-1a 20 20 2 10 1 5 19.04 30.07

34-1b 20 10 1 5 0.5 2.5 19.81 30.70

34-2a 200 20 4 10 1 5 21.37 32.19

34-2b 200 10 2 5 0.5 2.5 21.32 32.24

Table A 1.1 Determination of cDNA concentration and reaction volume. The
concentration of cDNA samples and the reaction volume of the RT-qPCR reaction were
optimized. NHEK samples from two individual donors were cultured in duplicates and
RNA was extracted. RNA samples were converted to cDNA (20 ul), then one cDNA from
each donor was diluted to give a final volume of 200 pl. RT-qPCR using both cDNA
concentrations was performed using two final reaction volumes (20 pl and 10 pl). Diluting
c¢DNA and working with a reaction volume of 10 ul did not affect the Ct of housekeeping
gene, GAPDH, and test gene, CERS4 when compared to 20 pl reaction volume.

Appendix 2

Several experiments were designed and carried out to test ceramide extraction
protocols from human plasma and skin cells and to choose the best ceramide
UPLC/ESI-MS/MS method parameters. This would allow the identification of the
most reliable protocol for optimum lipid extraction and internal standards (IS)
recovery from human plasma and primary skin cells. Process efficiency (PE) was
assessed following (Matuszewski et al., 2003) study, where PE(%) = C/A x 100. A:
IS dried then reconstituted in acidified methanol; C= Sample spiked with IS before

the extraction.

Experiment 1: Process efficiency (%) was calculated for three methods tested using
different extraction solvents: chloroform/methanol (CHCL3;/CH30H) and
isopropanol: water: ethyl acetate (30:10:60 (v/v/v)) using 3 types of matrices

(deionized water, HaCaT keratinocytes and human plasma). After choosing the best
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solvents, our laboratory further assessed PE, matrix effect (ME) and recovery (RE)
and modified plasma and skin ceramide extraction assays. ME(%) = B/A x 100;
RE(%)=C/B x 100. A: IS dried then reconstituted in acidified methanol; B: Sample
spiked with IS after the extraction; C= Sample spiked with IS before the extraction.

Sample+ solvent +IS

Incubate

Centrifuge/collect bottom/recon. with solvent x3

Dry

l

Reconstitute 100ul MEOH + 0.1% FA .

Ceramide internal standards extraction

B CHCL3/CH30H

M isopropanol: water:
ethyl acetate

Process efficiency (%)

Figure A 2.1 Experiment 1-a. Internal standards extraction from deionized water where
there is minimum matrix effect, using two extraction solvents: CHCL3/CH3;OH or
isopropanol: water: ethyl acetate. Both solvents showed good process efficiency when there
is minimum matrix effect as the sample here was deionized water.



Ceramide internal standards extraction

20 B CHCL3/CH30H

ethyl acetate

Process efficiency (%)
w
o

isopropanol: water:
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Figure A 2.2 Experiment 1-b. The figure summarizes the process efficiency for the same
extraction method as above using HaCaT keratinocyte samples (n=3). When using HaCaT
keratinocytes, CHCL3/CH3OH recovery was better than isopropanol: water: ethyl acetate.

Ceramide internal standards extraction
__ 70
]
£ 60
g 50 B CHCL3/CH30H
2 40
% 30 isopropanol: water:
v 20 ethyl acetate
Q
o 10
g 0 ,L l I_J_l*
\,é” \,é” \,8’ \,t?’ \,8’ \,é” \,é” \,é” \,8’ \,8” \,é”
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L EX LT EL P
SEFIFLIILES
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Figure A 2.3 Experiment 1-c. The figure summarizes the process efficiency for the same
extraction method as above using human plasma samples. Plasma also showed less

recovery for the internal standards extracted using the two solvents.

Experiment 2: As CHCL3/CH30OH showed better PE(%), the effect of using

acidified CHCL3/CH30H as an extraction solvent on the recovery of the internal

standards was examined and compared with the results to those from using only

CHCL3/CH30H. Deionised water was used as the sample.
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d9 internal standards extraction

B CHCL3/CH30H
B CHCL3/CH30H+ 0.1% FA

Process efficiency (%)

Figure A 2.4 Experiment 2. Process efficiency percentage for internal standards extraction
from deionized water using CHCL3/CH3OH or CHCL3/CH3OH + 0.1% formic acid. Dried
samples were reconstituted in methanol + 0.1% formic acid. CHCL3/CH3OH was found to
be a more efficient extracting solvent than acidified CHCL3/CH30H.

Since the type of sample had an effect on the recovery of internal standards,
additional experiments were designed to examine matrix effect and develop a
method using the solvent of choice (CHCL3/CH3OH) that would recover all internal
standards. For these experiments human pooled plasma and HDF samples were
used to test matrix effect on the internal standards recovery. Further developments

to the extraction protocol were then made by members of our laboratory team.

Experiment 3: Optimising collision energy (CE) and capillary voltage (CV).

Samples run in duplicates and peak area averaged.

N(16)S(18)-d9
1200000
1000000
g 800000
& 600000
® 400000 I
& 200000 . -
0
IS 3¢ IS 3e IS 3g IS 3i

(30CE,30CV) (30CE,50CV) (45CE,30CV) (45CE,50CV)
Figure A 2.8 Experiment 3-a. Using transition 547.576>264.4
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N(16)H(18)-d9

300000
250000
200000
150000
100000
50000

0 || |

IS 3¢ IS 3e IS 3g IS 3i
(30CE,30CV) (30CE,50CV) (45CE,30CV) (45CE,50CV)

Peak Area

Figure A 2.9 Experiment 3-b. Using transition 545.615>280.4

E(18:1)0(26)S(18)-d9

2500000

2000000
1500000
1000000
500000
0

IS 3¢ IS 3e IS 3g IS 3i
(30CE,30CV) (30CE,50CV) (45CE,30CV) (45CE,50CV)

Peak Area

Figure A 2.10 Experiment 3-c. Using transition 967.973>264.4

Appendix 3

Table A 3.1 MRM transitions and retention times used for the ceramide assay.
Ceramides were analysed using LC-MS/MS. MRM: multiple reaction monitoring; NDS:
non-hydroxy dihydroceramide; NS: non-hydroxy ceramide; NP: non-hydroxy
phytoceramide; NH: non-hydroxy 6-hydroxyceramide; AS: alpha-hydroxy ceramide; AP:
alpha-hydroxy phytoceramide; AH: alpha-hydroxy 6-hydroxyceramide; EODS: ester-
linked omega-hydroxy dihydroceramide; EOS: ester-linked omega-hydroxy ceramide;
EOP: ester-linked omega-hydroxy phytoceramide; EOH: ester-linked omega-hydroxy 6-
hydroxyceramide.
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N(21)S(19)
N(22)S(19)
N(23)S(19)
N(24)S(19)
N(25)S(19)
N(26)S(19)
N(27)S(19)
N(28)S(19)
N(30)S(19)
N(14)S(20)
N(15)S(20)
N(16)S(20)
N(17)S(20)
N(18)S(20)
N(19)S(20)
N(20)S(20)
N(21)S(20)

664.661
678.676
692.692
706.708
720.723
510.489
524.504
538.520
552.536
566.551
580.567
594.583
608.598
622.614
636.629
650.645
664.661
678.676
692.692
706.708
720.723
524.504
538.520
552.536
566.551
580.567
594.583
608.598
622.614
636.629
650.645
664.661
678.676
692.692
706.708
720.723
748.755
538.520
552.536
566.551
580.567
594.583
608.598
622.614
636.629

250.4
250.4
250.4
250.4
250.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
292.4
292.4
292.4
292.4
292.4
292.4
292.4
292.4

12.67
12.93
13.24
13.57
13.94
10.63
10.76
10.88
11.02
11.15
11.31
11.5
11.68
11.9
12.11
12.36
12.61
12.91
13.19
13.53
13.88
10.78
10.9
11
11.16
11.3
11.49
11.68
11.84
12.06
12.32
12.57
12.86
13.19
13.48
13.86
14.6
10.9
11.01
11.15
11.3
11.48
11.68
11.85
12.04

327



N(22)S(20)
N(23)S(20)
N(24)S(20)
N(25)S(20)
N(26)S(20)
N(27)S(20)
N(28)S(20)
N(29)S(20)
N(30)S(20)
N(14)S(21)
N(15)S(21)
N(16)S(21)
N(18)S(21)
N(20)S(21)
NQ2DS(21)
N(22)S(21)
N(23)S(21)
N(24)S(21)
N(25)S(21)
N(26)S(21)
NQ27)S(21)
N(28)S(21)
N(30)S(21)
N(14)S(22)
N(15)S(22)
N(16)S(22)
N(17)S(22)
N(18)S(22)
N(19)S(22)
N(20)S(22)
NQ21)S(22)
N(22)S(22)
N(23)S(22)
N(24)S(22)
N(25)S(22)
N(26)S(22)
NQ27)S(22)
N(28)S(22)
N(29)S(22)
N(18)S(23)
N(19)S(23)
N(20)S(23)
N(24)S(23)
N(25)S(23)
N(26)S(23)

650.645
664.661
678.676
692.692
706.708
720.723
734.739
748.755
762.770
552.536
566.551
580.567
608.598
636.629
650.645
664.661
678.676
692.692
706.708
720.723
734.739
748.755
776.786
566.551
580.567
594.583
608.598
622.614
636.629
650.645
664.661
678.676
692.692
706.708
720.723
734.739
748.755
762.770
776.786
636.629
650.645
664.661
720.723
734.739
748.755

292.4
292.4
292.4
292.4
292.4
292.4
292.4
292.4
292.4
306.4
306.4
306.4
306.4
306.4
306.4
306.4
306.4
306.4
306.4
306.4
306.4
306.4
306.4
320.4
320.4
320.4
320.4
320.4
320.4
320.4
320.4
320.4
320.4
320.4
320.4
320.4
320.4
320.4
320.4
334.4
334.4
334.4
334.4
334.4
334.4

12.29
12.57
12.82
13.15
13.44
13.8
14.14
14.53
14.95
11.03
11.17
11.3
11.61
12.01
12.27
12.5
12.79
13.12
13.44
13.78
14.1
14.48

11.19
11.32
11.5
11.6
11.85
12.07
12.29
12.51
12.81
13.11
13.4
13.76
14.08
14.46
14.86
15.3
12.09
12.31
12.57
13.77
14.11
14.5
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N(17)S(24) 636.629 348.4 12.13
N(18)S(24) 650.645 348.4 12.33
N(19)S(24) 664.661 348.4 12.56
N(20)S(24) 678.676 348.4 12.81
N21)S(24) 692.692 348.4 13.08
N(22)S(24) 706.708 348.4 13.43
N(23)S(24) 720.723 348.4 13.75
N(24)S(24) 734.739 348.4 14.1
N(25)S(24) 748.755 348.4 14.5
N(26)S(24) 762.770 348.4 14.88

N(16)P(18)-d9 565.65 282.4 10.73
N(22)P(16) 612.593 254.4 11.31
N(23)P(16) 626.609 254.4 11.49
N(24)P(16) 640.624 254.4 11.7
N(25)P(16) 654.640 254.4 11.9
N(26)P(16) 668.656 254.4 12.13
N(Q27)P(16) 682.671 254.4 12.38
N(28)P(16) 696.687 254.4 12.61
N(29)P(16) 710.703 254.4 12.94
N(30)P(16) 724.718 254.4 13.22
N(14)P(17) 514.484 268.4 10.41
N(15)P(17) 528.499 268.4 10.5
N(16)P(17) 542.515 268.4 10.62
N(17)P(17) 556.530 268.4 10.74
N(18)P(17) 570.546 268.4 10.85
N(22)P(17) 626.609 268.4 11.47
N(@23)P(17) 640.624 268.4 11.66
N(Q24)P(17) 654.640 268.4 11.87
N(@25)P(17) 668.656 268.4 12.08
N(26)P(17) 682.671 268.4 12.34
NQ7)P(17) 696.687 268.4 12.61
N(@28)P(17) 710.703 268.4 12.85
N(29)P(17) 724.718 268.4 13.15
N(14)P(18) 528.499 282.4 10.52
N(15)P(18) 542.515 282.4 10.63
N(16)P(18) 556.530 282.4 10.73
N(17)P(18) 570.546 282.4 10.83
N(18)P(18) 584.562 282.4 10.98
N(19)P(18) 598.577 282.4 11.12
N(20)P(18) 612.593 282.4 11.28
NQ21)P(18) 626.609 282.4 11.46
N(22)P(18) 640.624 282.4 11.62
N(23)P(18) 654.640 282.4 11.83

N(24)P(18) 668.656 282.4 12.04



N(25)P(18)
N(26)P(18)
N(@27)P(18)
N(28)P(18)
N(14)P(19)
N(15)P(19)
N(16)P(19)
N(20)P(19)
N(21)P(19)
N(22)P(19)
N(23)P(19)
N(24)P(19)
N(25)P(19)
N(26)P(19)
N(27)P(19)
N(14)P(20)
N(15)P(20)
N(16)P(20)
N(20)P(20)
N(21)P(20)
N(22)P(20)
N(23)P(20)
N(24)P(20)
N(25)P(20)
N(26)P(20)
N(20)P(21)
NQ21)P21)
N(22)P(21)
N(23)P(21)
N(24)P(21)
N(25)P(21)
N(26)P(21)
N(14)P(22)
N(15)P(22)
N(16)P(22)
N(18)P(22)
N(19)P(22)
N(20)P(22)
N(21)P(22)
N(22)P(22)
N(23)P(22)
N(24)P(22)
N(25)P(22)
N(26)P(22)
N(27)P(22)

682.671
696.687
710.703
724.718
542.515
556.530
570.546
626.609
640.624
654.640
668.656
682.671
696.687
710.703
724.718
556.530
570.546
584.562
640.624
654.640
668.656
682.671
696.687
710.703
724.718
654.640
668.656
682.671
696.687
710.703
724.718
738.734
584.562
598.577
612.593
640.624
654.640
668.656
682.671
696.687
710.703
724.718
738.734
752.750
766.765

282.4
282.4
282.4
282.4
296.4
296.4
296.4
296.4
296.4
296.4
296.4
296.4
296.4
296.4
296.4
3104
310.4
3104
310.4
3104
310.4
3104
310.4
3104
310.4
324.4
324.4
324.4
324.4
324.4
324.4
324.4
338.4
338.4
338.4
338.4
338.4
338.4
338.4
338.4
338.4
338.4
338.4
338.4
338.4

12.29
12.53
12.8
13.13
10.6
10.72
10.86
11.43
11.58
11.81
12.03
12.25
12.51
12.77
13.06
10.72
10.85
10.98
11.6
11.77
12
12.23
12.48
12.74
13.04
11.77
11.97
12.21
12.44
12.72
13
13.32
11.01
11.12
11.25
11.56
11.76
11.99
12.22
12.41
12.69
13.01
13.31
13.62
13.95
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N(28)P(22) 780.781 338.4 14.36
N(20)P(23) 682.671 352.4 12.22
N(22)P(23) 710.703 352.4 12.7
N(@23)P(23) 724.718 352.4 13
N(16)P(24) 640.624 366.4 11.63
N(18)P(24) 668.656 366.4 11.99
N(20)P(24) 696.687 366.4 12.46
NQ21)P24) 710.703 366.4 12.7
N(22)P(24) 724.718 366.4 12.98

N(16)H(18)-d9 545.615 280.4 10.53
N(17)H(15) 508.473 238.4 10.35
N(18)H(15) 522.489 238.4 10.44
N(19)H(15) 536.504 238.4 10.53
N(20)H(15) 550.520 238.4 10.62
NQDH(15) 564.536 238.4 10.74
N(23)H(15) 592.567 238.4 11.01
NQ4)H(15) 606.583 238.4 11.18
N(25)H(15) 620.598 238.4 11.34
N(26)H(15) 634.614 238.4 11.52
NQ7)H(15) 648.629 238.4 11.67
N(28)H(15) 662.645 238.4 11.9
N(29)H(15) 676.661 238.4 12.09
N30)H(15) 690.676 238.4 12.34
NGDH(5) 704.692 238.4 12.58
N(16)H(16) 508.473 252.4 10.34
N(17)H(16) 522.489 252.4 10.43
N(18)H(16) 536.504 252.4 10.53
N(19)H(16) 550.520 252.4 10.61
N(20)H(16) 564.536 252.4 10.73
N(22)H(16) 592.567 252.4 11.06
N(23)H(16) 606.583 252.4 11.2
N(24)H(16) 620.598 252.4 11.37
N(25)H(16) 634.614 252.4 11.55
N(26)H(16) 648.629 252.4 11.74
N(Q27)H(16) 662.645 252.4 11.89
N(28)H(16) 676.661 252.4 12.1
N(29)H(16) 690.676 252.4 12.35
N(30)H(16) 704.692 252.4 12.62
N(16)H(17) 522.489 266.4 10.44
N(17)H(17) 536.504 266.4 10.53
N(18)H(17) 550.520 266.4 10.63
N(19)H(17) 564.536 266.4 10.72
N(20)H(17) 578.551 266.4 10.88

NQDH(17) 592.567 266.4 10.99



N(22)H(17)
N(23)H(17)
NQ4)H(17)
N(25)H(17)
N(26)H(17)
NQ7)H(17)
N(28)H(17)
N(29)H(17)
N(16)H(18)
N(17)H(18)
N(18)H(18)
N(19)H(18)
N(20)H(18)
NQ1DH(18)
N(22)H(18)
N(23)H(18)
N(24)H(18)
N(25)H(18)
N(26)H(18)
NQ27)H(18)
N(28)H(18)
N@30)H(18)
N(16)H(19)
N(17)H(19)
N(18)H(19)
N(19)H(19)
N(20)H(19)
NQ1H(19)
N(22)H(19)
N(23)H(19)
N(24)H(19)
N(25)H(19)
N(26)H(19)
NQ27)H(19)
N(28)H(19)
N(@30)H(19)
N(16)H(20)
N(17)H(20)
N(18)H(20)
N(19)H(20)
N(20)H(20)
NQ1)H(20)
N(22)H(20)
N(23)H(20)
N(24)H(20)

606.583
620.598
634.614
648.629
662.645
676.661
690.676
704.692
536.504
550.520
564.536
578.551
592.567
606.583
620.598
634.614
648.629
662.645
676.661
690.676
704.692
732.723
550.520
564.536
578.551
592.567
606.583
620.598
634.614
648.629
662.645
676.661
690.676
704.692
718.708
746.739
564.536
578.551
592.567
606.583
620.598
634.614
648.629
662.645
676.661

266.4
266.4
266.4
266.4
266.4
266.4
266.4
266.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4

11.16
11.35
11.52
11.72
11.91
12.13
12.4
12.56
10.53
10.62
10.73
10.85
10.99
11.14
11.31
11.48
11.67
11.88
12.09
12.33
12.58
13.1
10.62
10.71
10.85
10.98
11.13
11.26
11.44
11.63
11.83
12.05
12.29
12.57
12.83
13.44
10.72
10.83
10.97
11.12
11.24
11.42
11.61
11.82
12.02
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N(25)H(20)
N(26)H(20)
N@27)H(20)
N(28)H(20)
N(29)H(20)
N(30)H(20)
N(22)H(21)
N(23)H(21)
NQ4)H(21)
N(25)H(21)
N(26)H(21)
N(28)H(21)
N(16)H(22)
N(17)H(22)
N(18)H(22)
N(19)H(22)
N(20)H(22)
N(22)H(22)
N(23)H(22)
NQ24)H(22)
N(26)H(22)
N(28)H(22)

A(16)S(18)-d9

A(16)S(16)
A(17)S(16)
A(18)S(16)
A(20)S(16)
A(21)S(16)
A(22)S(16)
A(23)S(16)
A(24)S(16)
A(25)S(16)
A(26)S(16)
A(27)S(16)
A(28)S(16)
A(16)S(17)
A(17)S(17)
A(18)S(17)
A(19)S(17)
A20)S(17)
A(22)S(17)
AQ24)S(17)
A(25)S(17)
A(26)S(17)

690.676
704.692
718.708
732.723
746.739
760.755
662.645
676.661
690.676
704.692
718.708
746.739
592.567
606.583
620.598
634.614
648.629
676.661
690.676
704.692
732.723
760.755
545.561
526.4835348
540.4991848
554.5148349
582.546135
596.5617851
610.5774352
624.5930853
638.6087353
652.6243854
666.6400355
680.6556855
694.6713356
540.4991848
554.5148349
568.530485
582.546135
596.5617851
624.5930853
652.6243854
666.6400355
680.6556855

308.4
308.4
308.4
308.4
308.4
308.4
322.4
322.4
322.4
322.4
322.4
322.4
336.4
336.4
336.4
336.4
336.4
336.4
336.4
336.4
336.4
336.4
264.4
236.4
236.4
236.4
236.4
236.4
236.4
236.4
236.4
236.4
236.4
236.4
236.4
250.4
250.4
250.4
250.4
250.4
250.4
250.4
250.4
250.4

12.26
12.5
12.77
13.06
13.41
13.73
11.82
12
12.21
12.48
12.74
13.33
10.97
11.1
11.25
11.38
11.57
11.96
12.17
12.44
12.97
13.6
10.79
10.58
10.67
10.8
11.08
11.22
11.38
11.56
11.77
11.99
12.23
12.45
12.75
10.65
10.8
10.92
11.05
11.22
11.56
11.96
12.19
12.44
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AQ7)S(7)
A(28)S(17)
A(15)S(18)
A(16)S(18)
A(17)S(18)
A(18)S(18)
A(19)S(18)
A(20)S(18)
AQ21)S(18)
A(22)S(18)
A(23)S(18)
A(24)S(18)
A(25)S(18)
A(26)S(18)
AQ27)S(18)
A(28)S(18)
A(15)S(19)
A(16)S(19)
A(17)S(19)
A(18)S(19)
A(24)S(19)
A(25)S(19)
A(26)S(19)
AQ27)S(19)
A(15)S(20)
A(16)S(20)
A(17)S(20)
A(18)S(20)
A(22)S(20)
A(23)S(20)
A(24)S(20)
A(25)S(20)
A(26)S(20)
AQ27)S(20)
A(16)S(21)
A(18)S(21)
AQ4)S(21)
A(25)S(21)
A(26)S(21)
A(16)S(22)
A(17)S(22)
A(18)S(22)
A(23)S(22)
AQ24)S(22)
A(25)S(22)

694.6713356
708.6869857
540.4991848
554.5148349
568.530485
582.546135
596.5617851
610.5774352
624.5930853
638.6087353
652.6243854
666.6400355
680.6556855
694.6713356
708.6869857
722.7026357
554.5148349
568.530485
582.546135
596.5617851
680.6556855
694.6713356
708.6869857
722.7026357
568.530485
582.546135
596.5617851
610.5774352
666.6400355
680.6556855
694.6713356
708.6869857
722.7026357
736.7182858
596.5617851
624.5930853
708.6869857
722.7026357
736.7182858
610.5774352
624.5930853
638.6087353
708.6869857
722.7026357
736.7182858

250.4
250.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
278.4
292.4
292.4
292.4
292.4
292.4
292.4
292.4
292.4
292.4
292.4
306.4
306.4
306.4
306.4
306.4
320.4
320.4
320.4
320.4
320.4
320.4

12.71
12.99
10.65
10.79
10.91
11.04
11.19
11.35
11.5
11.75
11.93
12.17
12.39
12.66
12.96
13.26
10.77
10.91
11
11.19
12.38
12.62
12.9
13.25
10.88
11.05
11.18
11.33
12.09
12.34
12.61
12.87
13.19
13.48
11.19
11.51
12.86
13.17
13.5
11.38
11.49
11.69
12.83
13.14
13.46
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A(16)P(18)-d9 581.629 282.4 10.63
A(18)P(16) 572.525 254.4 10.65
A(19)P(16) 586.541 254.4 10.76
A(20)P(16) 600.557 254.4 10.89
AQ21)P(16) 614.572 254.4 11.02
A(22)P(16) 628.588 254.4 11.18
A(23)P(16) 642.604 254.4 11.34
A(24)P(16) 656.619 254.4 11.54
A(25)P(16) 670.635 254.4 11.72
A(26)P(16) 684.651 254.4 11.92
A(17)P(17) 572.525 268.4 10.63
A(18)P(17) 586.541 268.4 10.76
A(19)P(17) 600.557 268.4 10.89
AQ0)P(17) 614.572 268.4 11.01
AQP(17) 628.588 268.4 11.16
AQ22)P(17) 642.604 268.4 11.33
AQ23)P(17) 656.619 268.4 11.49
AQ4)P(17) 670.635 268.4 11.7
AQ25)P(17) 684.651 268.4 11.9
AQ6)P(17) 698.666 268.4 12.11
A(16)P(18) 572.525 282.4 10.63
A(17)P(18) 586.541 282.4 10.75
A(18)P(18) 600.557 282.4 10.88
A(19)P(18) 614.572 282.4 11
AQ20)P(18) 628.588 282.4 11.14
A(22)P(18) 656.619 282.4 11.47
A(23)P(18) 670.635 282.4 11.63
AQ24)P(18) 684.651 282.4 11.86
A(25)P(18) 698.666 282.4 12.07
AQ26)P(18) 712.682 282.4 12.32
AQT)P(18) 726.698 282.4 12.57
A(15)P(19) 572.525 296.4 10.63
A(16)P(19) 586.541 296.4 10.74
A(17)P(19) 600.557 296.4 10.85
A(18)P(19) 614.572 296.4 10.99
A(19)P(19) 628.588 296.4 11.13
A(20)P(19) 642.604 296.4 11.27
AQ1)P(19) 656.619 296.4 11.42
A(22)P(19) 670.635 296.4 11.63
A(23)P(19) 684.651 296.4 11.83
AQ24)P(19) 698.666 296.4 12.04
A(25)P(19) 712.682 296.4 12.26
A(26)P(19) 726.698 296.4 12.52

A(16)P(20) 600.557 310.4 10.88
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A(17)P(20) 614.572 310.4 10.99
A(18)P(20) 628.588 310.4 11.14
A(19)P(20) 642.604 310.4 11.29
A(20)P(20) 656.619 310.4 11.44
AQ21)P(20) 670.635 310.4 11.62
A(22)P(20) 684.651 310.4 11.83
A(23)P(20) 698.666 310.4 12.02
A(24)P(20) 712.682 310.4 12.26
A(25)P(20) 726.698 310.4 12.52
A(26)P(20) 740.713 310.4 12.78
A(I7)PQ1) 628.588 324.4 11.13
A(18)P(21) 642.604 324.4 11.27
AQ0)P21) 670.635 324.4 11.6
AQ4)P(21) 726.698 324.4 12.48
A(16)P(22) 628.588 338.4 11.14
A(17)P(22) 642.604 338.4 11.26
A(18)P(22) 656.619 338.4 11.43
A(19)P(22) 670.635 338.4 11.61
AQ0)P(22) 684.651 338.4 11.78
AQ22)P(22) 712.682 338.4 12.21
AQ23)P(22) 726.698 338.4 12.44
AQ4)P(22) 740.713 338.4 12.68
AQ26)P(22) 768.745 338.4 13.1
A(14)P(23) 614.572 352.4 10.95
A(15)P(23) 628.588 352.4 11.11
A(16)P(23) 642.604 352.4 11.22
A(17)P(23) 656.619 352.4 11.41
A(15)P(24) 642.604 366.4 11.23

A(16)H(18)-d9 561.587 280.4 10.42
AQ4H(14) 608.562 224.4 10.9
AQ25)H(14) 622.577 224.4 11.02
AQ6)H(14) 636.593 224.4 11.18
AQ28)H(14) 664.624 224.4 115
AQ6)H(15) 650.609 238.4 11.31
AQTH(5) 664.624 238.4 11.47
AQ28)H(15) 678.640 238.4 11.68
AQ9)H(15) 692.656 238.4 11.86
A(18)H(16) 552.499 252.4 10.41
A(19)H(16) 566.515 252.4 10.52
A(20)H(16) 580.530 252.4 10.63
AQDH(16) 594.546 252.4 10.72
A(22)H(16) 608.562 252.4 10.89
A(23)H(16) 622.577 252.4 11.04

AQ4)H(16) 636.593 252.4 11.18



A(25)H(16)
A(26)H(16)
AQT)H(16)
A(28)H(16)
A(29)H(16)
A30)H(16)
A(16)H(17)
A(ITH1T)
A(18)H(17)
A(19H(17)
AQ20)H(17)
AQDH(17)
AQ22)H(17)
A@23)H(17)
AQ4H1T)
AQ25)H(17)
AQ26)H(17)
AQTH1T)
A@28)H(17)
AQ9H(17)
A(16)H(18)
A(17)H(18)
A(18)H(18)
A(19)H(18)
A(20)H(18)
AQDH(18)
A(22)H(18)
A(23)H(18)
AQ4)H(18)
A(25)H(18)
A(26)H(18)
AQTH(18)
A(28)H(18)
A(16)H(19)
A(17)H(19)
A(18)H(19)
A(19)H(19)
A(20)H(19)
AQDH(19)
A(22)H(19)
A(23)H(19)
AQ4)H(19)
A(25)H(19)
A(26)H(19)
AQT)H(19)

650.609
664.624
678.640
692.656
706.671
720.687
538.484
552.499
566.515
580.530
594.546
608.562
622.577
636.593
650.609
664.624
678.640
692.656
706.671
720.687
552.499
566.515
580.530
594.546
608.562
622.577
636.593
650.609
664.624
678.640
692.656
706.671
720.687
566.515
580.530
594.546
608.562
622.577
636.593
650.609
664.624
678.640
692.656
706.671
720.687

252.4
2524
252.4
2524
252.4
252.4
266.4
266.4
266.4
266.4
266.4
266.4
266.4
266.4
266.4
266.4
266.4
266.4
266.4
266.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
280.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4
294.4

11.36
11.54
11.65
11.84
12.07
12.28
10.35
10.42
10.53
10.63
10.74
10.85
11.01
11.16
11.32
11.5
11.7
11.89
12.04
12.23
10.42
10.51
10.62
10.75
10.87
10.96
11.12
11.29
11.46
11.64
11.85
12.07
12.32
10.51
10.6
10.72
10.81
10.96
11.1
11.25
11.42
11.61
11.81
12.03
12.24
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A(28)H(19)
A(16)H(20)
A(17)H(20)
A(18)H(20)
A(19)H(20)
A(20)H(20)
AQDH(Q20)
A(22)H(20)
A(23)H(20)
AQ24)H(20)
A(25)H(20)
A(26)H(20)
AQ7)H(20)
A(28)H(20)
A(15)H(21)
A(16)H(21)
A(18)H(21)
A(22)H(21)
A(23)H(21)
AQ4)H(21)
A(25)H(21)
AQ26)H(21)
A(16)H(22)
A(1T)H(22)
A(18)H(22)
A(22)H(22)
A(23)H(22)
AQ4)H(22)
A(26)H(22)
E(18:2)0(33)DS(16)
E(18:2)0(34)DS(16)
E(18:2)0(32)DS(17)
E(18:2)0(33)DS(17)
E(18:2)0(34)DS(17)
E(18:2)0(30)DS(18)
E(18:2)0(31)DS(18)
E(18:2)0(32)DS(18)
E(18:2)0(33)DS(18)
E(18:2)0(34)DS(18)
E(18:2)0(28)DS(19)
E(18:2)0(29)DS(19)
E(18:2)0(30)DS(19)
E(18:2)0(31)DS(19)
E(18:2)0(32)DS(19)

734.702
580.530
594.546
608.562
622.577
636.593
650.609
664.624
678.640
692.656
706.671
720.687
734.702
748.718
580.530
594.546
622.577
678.640
692.656
706.671
720.687
734.702
608.562
622.577
636.593
692.656
706.671
720.687
748.718
1028.995
1043.011
1028.995
1043.011
1057.026
1014.979
1028.995
1043.011
1057.026
1071.042
1000.964
1014.979
1028.995
1043.011
1057.026

294.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4
322.4
322.4
322.4
322.4
322.4
322.4
322.4
322.4
336.4
336.4
336.4
336.4
336.4
336.4
336.4
238.4
238.4
252.4
252.4
252.4
266.4
266.4
266.4
266.4
266.4
280.4
280.4
280.4
280.4
280.4

12.52
10.61
10.72
10.83
10.96
11.11
11.24
11.4
11.6
11.78
12.01
12.22
12.47
12.73
10.62
10.73
10.97
11.57
11.77
11.98
12.19
12.46
10.84
10.93
11.09
11.74
11.93
12.2
12.69
16.14
16.69
16.18
16.61
17.08
15.81
16.26
16.7
16.95
17.38
15.31
15.7
16.13
16.6
17.05
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E(18:2)0(33)DS(19)
E(18:2)0(34)DS(19)
E(18:2)0(28)DS(20)
E(18:2)0(29)DS(20)
E(18:2)0(30)DS(20)
E(18:2)0(31)DS(20)
E(18:2)0(32)DS(20)
E(18:2)0(27)DS(21)
E(18:2)0(28)DS(21)
E(18:2)0(29)DS(21)
E(18:2)0(30)DS(21)
E(18:2)0(31)DS(21)
E(18:2)0(32)DS(21)
E(18:2)0(33)DS(21)
E(18:2)0(28)DS(22)
E(18:2)0(29)DS(22)
E(18:2)0(30)DS(22)
E(18:2)0(31)DS(22)
E(18:2)0(32)DS(22)
E(18:2)0(28)DS(23)
E(18:2)0(29)DS(23)
E(18:2)0(30)DS(23)
E(18:2)0(31)DS(23)
E(18:1)0(26)S(18)-d9
E(18:2)0(29)S(16)
E(18:2)0(30)S(16)
E(18:2)0(31)S(16)
E(18:2)0(32)S(16)
E(18:2)0(28)S(17)
E(18:2)0(29)S(17)
E(18:2)0(30)S(17)
E(18:2)0(31)S(17)
E(18:2)0(32)S(17)
E(18:2)0(33)S(17)
E(18:2)0(34)S(17)
E(18:2)0(27)S(18)
E(18:2)0(28)S(18)
E(18:2)0(29)S(18)
E(18:2)0(30)S(18)
E(18:2)0(31)S(18)
E(18:2)0(32)S(18)
E(18:2)0(33)S(18)
E(18:2)0(34)S(18)
E(18:2)0(28)S(19)

1071.042
1085.058
1014.979
1028.995
1043.011
1057.026
1071.042
1014.979
1028.995
1043.011
1057.026
1071.042
1085.058
1099.073
1043.011
1057.026
1071.042
1085.058
1099.073
1057.026
1071.042
1085.058
1099.073
967.973

970.917

984.932

998.948

1012.964
970.917

984.932

998.948

1012.964
1026.979
1040.995
1055.011
970.917

984.932

998.948

1012.964
1026.979
1040.995
1055.011
1069.026
998.948

280.4
280.4
294.4
294.4
294.4
294.4
294.4
308.4
308.4
308.4
308.4
308.4
308.4
308.4
322.4
322.4
322.4
322.4
322.4
336.4
336.4
336.4
336.4
264.4
236.4
236.4
236.4
236.4
250.4
250.4
250.4
250.4
250.4
250.4
250.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
264.4
278.4

17.55
17.98
15.66
16.09
16.53
16.96
17.43
15.55
15.95
16.42
16.89
17.39
17.85
18.33
16.38
16.8
17.25
17.79
18.26
16.75
17.25
17.71
18.19
15.64
16.24
16.72
17.17
17.64
16.18
16.57
17.08
17.56
18.01
18.53
19.06
16.2
16.54
16.98
17.43
17.95
18.44
18.95
19.44
16.93
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E(18:2)0(29)S(19) 1012.964 278.4 17.43
E(18:2)0(30)S(19) 1026.979 278.4 17.9
E(18:2)0(31)S(19) 1040.995 278.4 18.39
E(18:2)0(32)S(19) 1055.011 278.4 18.86
E(18:2)0(33)S(19) 1069.026 278.4 19.39
E(18:2)0(34)S(19) 1083.042 278.4 19.9
E(18:2)0(26)S(20) 984.932 292.4 16.36
E(18:2)0(27)S(20) 998.948 292.4 16.87
E(18:2)0(28)S(20) 1012.964 292.4 17.36
E(18:2)0(29)S(20) 1026.979 292.4 17.81
E(18:2)0(30)S(20) 1040.995 292.4 18.34
E(18:2)0(31)S(20) 1055.011 292.4 18.83
E(18:2)0(32)S(20) 1069.026 292.4 19.33
E(18:2)0(33)S(20) 1083.042 292.4 19.79
E(18:2)0(34)S(20) 1097.058 292.4 20.31
E(18:2)0(26)S(21) 998.948 306.4 16.8
E(18:2)0(27)S(21) 1012.964 306.4 17.32
E(18:2)0(28)S(21) 1026.979 306.4 17.75
E(18:2)0(29)S(21) 1040.995 306.4 18.28
E(18:2)0(30)S(21) 1055.011 306.4 18.74
E(18:2)0(31)S(21) 1069.026 306.4 19.28
E(18:2)0(32)S(21) 1083.042 306.4 19.74
E(18:2)0(33)S(21) 1097.058 306.4 20.31
E(18:2)0(24)S(22) 984.932 320.4 16.25
E(18:2)0(26)S(22) 1012.964 320.4 17.21
E(18:2)0(27)S(22) 1026.979 320.4 17.69
E(18:2)0(28)S(22) 1040.995 320.4 18.22
E(18:2)0(29)S(22) 1055.011 320.4 18.71
E(18:2)0(30)S(22) 1069.026 320.4 19.21
E(18:2)0(31)S(22) 1083.042 320.4 19.74
E(18:2)0(32)S(22) 1097.058 320.4 20.18

E(18:1)0(26)P(18)-d9 986.031 282.4 15.09
E(18:2)0(30)P(16) 1002.943 254.4 16.08
E(18:2)0(30)P(17) 1016.959 268.4 16.48
E(18:2)0(31)P(17) 1030.974 268.4 16.97
E(18:2)0(32)P(17) 1044.990 268.4 17.45
E(18:2)0(28)P(18) 1002.943 282.4 15.9
E(18:2)0(29)P(18) 1016.959 282.4 16.41
E(18:2)0(30)P(18) 1030.974 282.4 16.85
E(18:2)0(31)P(18) 1044.990 282.4 17.3
E(18:2)0(32)P(18) 1059.005 282.4 17.8
E(18:2)0(30)P(19) 1044.990 296.4 17.27
E(18:2)0(32)P(19) 1073.021 296.4 18.26

E(18:2)0(28)P(20) 1030.974 310.4 16.71



E(18:2)0(29)P(20)
E(18:2)0(30)P(20)
E(18:2)0(31)P(20)
E(18:2)0(32)P(20)
E(18:2)0(28)P(21)
E(18:2)0(29)P(21)
E(18:2)0(30)P(21)
E(18:2)0(31)P(21)
E(18:2)0(32)P(21)
E(18:2)0(28)P(22)
E(18:2)0(29)P(22)
E(18:2)0(30)P(22)
E(18:2)0(31)P(22)
E(18:2)0(32)P(22)
E(18:2)0(28)H(17)
E(18:2)0(29)H(17)
E(18:2)0(30)H(17)
E(18:2)0(31)H(17)
E(18:2)0(32)H(17)
E(18:2)0(28)H(18)
E(18:2)0(29)H(18)
E(18:2)0(30)H(18)
E(18:2)0(31)H(18)
E(18:2)0(32)H(18)
E(18:2)0(33)H(18)
E(18:2)0(29)H(19)
E(18:2)0(30)H(19)
E(18:2)0(31)H(19)
E(18:2)0(32)H(19)
E(18:2)0(28)H(20)
E(18:2)0(29)H(20)
E(18:2)0(30)H(20)
E(18:2)0(31)H(20)
E(18:2)0(32)H(20)
E(18:2)0(27)H(21)
E(18:2)0(28)H(21)
E(18:2)0(29)H(21)
E(18:2)0(30)H(21)
E(18:2)0(31)H(21)
E(18:2)0(28)H(22)
E(18:2)0(29)H(22)
E(18:2)0(30)H(22)

1044.990
1059.005
1073.021
1087.037
1044.990
1059.005
1073.021
1087.037
1101.052
1059.005
1073.021
1087.037
1101.052
1115.068
968.901

982.917

996.932

1010.948
1024.964
982.917

996.932

1010.948
1024.964
1038.979
1052.995
1010.948
1024.964
1038.979
1052.995
1010.948
1024.964
1038.979
1052.995
1067.011
1010.948
1024.964
1038.979
1052.995
1067.011
1038.979
1052.995
1067.011

310.4
3104
310.4
3104
324.4
324.4
324.4
324.4
324.4
338.4
338.4
338.4
338.4
338.4
266.4
266.4
266.4
266.4
266.4
280.4
280.4
280.4
280.4
280.4
280.4
294.4
294.4
294.4
294.4
308.4
308.4
308.4
308.4
308.4
322.4
322.4
322.4
322.4
322.4
336.4
336.4
336.4

17.18
17.67
18.15
18.62
17.21
17.68
18.1
18.56
19.12
17.53
18.04
18.52
19.08
19.57
14.86
15.24
15.67
16.11
16.57
15.16
15.58
16.05
16.51
16.9
17.41
15.96
16.37
16.85
17.3
15.85
16.32
16.78
17.25
17.69
16.02
16.23
16.65
17.16
17.68
16.64
17.05
17.58
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Appendix 4

Table A 4.1 MRM transitions and retention times used for the endocannabinoid assay.
Lipid mediators were analysed using LC-MS/MS. MRM: multiple reaction monitoring;
NAE: N-acyl ethanolamine; MAG: monoacylglycerol; AEA: arachidonoyl ethanolamine;
AG: arachidonoyl glycerol; LG: lineoleoyl glycerol; PAG: palmitoyl glycerol; OG: oleoyl
glycerol; STG: stearoyl glycerol; MEA: myristoyl ethanolamine; PDEA: pentadecanoyl
ethanolamine; POEA: palmitoleoyl ethanolamine; PEA: palmitoyl ethanolamine; HEA:
heptadecanoyl ecthanolamine; ALEA: o-linolenoyl ethanolamine; LEA: lineoleoyl
ethanolamine; OEA: oleoyl ethanolamine; VEA: vaccenoyl ethanolamine; SEA: stearoyl
ethanolamine; DEA: docosanoyl ethanolamine; NEA: nervonoyl ethanolamine.

AEA-d8 356>63 5.41
2-AG-d8 387>293 6.19
MEA 272>62 4.66
PDEA 286>62 5.32
POEA 298>62 4.97
PEA 300>62 6.15
HEA 314>62 7.15
STEA 328>62 8.27
OEA 326>62 6.58
VEA 326>62 ~6.50
LEA 324>62 5.41
ALEA 322>62 4.68
DGLEA 350>62 6.00
AEA 348>62 5.48
EPEA 346>62 4.74
DPEA 374>62 5.69
DHEA 372>62 5.38
DEA 384>62 13.63
NEA 410>62 13.69
LGEA 412>62 12.70 (2nd injection)
PGE:-EA 378>360 2.16
PGD:-EA 378>360 2.50
15 HETE EA 364>62 3.61
PGF>-EA 380>344 2.10
5(6) EET EA 364>346 4.29
8(9) EET EA 364>346 4.20
11(12) EET EA 364>346 4.04
14(15) EET EA 364>346 3.79
2-STG 359>341 9.63
2-0G 357>265 7.71
2-LG 355>263 6.29
2-AG 379>287 6.24
2-PG 331>239 7.30

NAT 412>126 4.19
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Appendix 5
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Figure A 5.1 The individual ACt values for CERS1 expression in proliferating NHEK.
Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK: normal
epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; ACt: delta cycle threshold; CERS1: ceramide synthase 1.

CERS2
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04 % 2 . 94{ 1 2 .
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0 20 40 60 0 20 40 60
Time (hour) Time (hour)
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8 e NHEK1 8 e NHEK1
6 ® NHEK 2 6 ® NHEK 2
G4l B ] L 4 NHEK3 G4f ¥ . ¥ A NHEK3
° NHEK 4 NHEK 4
2 2
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0 20 40 60 0 20 40 60
Time (hour) Time (hour)

Figure A 5.2 The individual ACt values for CERS2 expression in proliferating NHEK.
Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK: normal
epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; ACt: delta cycle threshold; CERS2: ceramide synthase 2.
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Figure A 5.3 The individual ACt values for CERS3 expression in proliferating NHEK.
Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK: normal
epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:

linoleic acid; ACt: delta cycle threshold; CERS3: ceramide synthase 3.
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Figure A 5.4 The individual ACt values for CERS4 expression in proliferating NHEK.
Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK: normal
epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:

linoleic acid; ACt: delta cycle threshold; CERS4: ceramide synthase 4.
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Figure A 5.5 The individual ACt values for CERS5 expression in proliferating NHEK.
Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK: normal
epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; ACt: delta cycle threshold; CERSS: ceramide synthase 5.
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Figure A 5.6 The individual ACt values for CERS6 expression in proliferating NHEK.
Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK: normal
epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; ACt: delta cycle threshold; CERS6: ceramide synthase 6.
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Figure A 5.7 The individual ACt values for DES1 expression in proliferating NHEK.
Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK: normal
epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; ACt: delta cycle threshold; DES1: desaturase 1.
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Figure A 5.8 The individual ACt values for DES2 expression in proliferating NHEK.
Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK: normal
epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA:
linoleic acid; ACt: delta cycle threshold; DES2: desaturase 2.
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Figure A 5.9 The individual ACt values for CERS1 expression in differentiating
NHEK. Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK:
normal epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic
acid; LA: linoleic acid; ACt: delta cycle threshold; CERS1: ceramide synthase 1.
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Figure A 5.10 The individual ACt values for CERS2 expression in differentiating
NHEK. Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK:
normal epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic
acid; LA: linoleic acid; ACt: delta cycle threshold; CERS2: ceramide synthase 2.



348

CERS3
Control DHA (10 uM)
6- o NHEK 1 6 © NHEK 1
4 m NHEK 2 o4 ® NHEK 2
S |# () 4 NHEK 3 %) . s 4 NHEK 3
<] ' T NHEK 4 <, E NHEK 4
0 r T 1 0+ r r 1
0 20 40 60 0 20 40 60
Time (hour) Time (hour)
EPA (10 uM) LA (10 uM)
6 e NHEK1 6 e NHEK1
4 ® NHEK 2 4 ° ® NHEK 2
S |¢g 8 . 4 NHEK 3 S |3 " & A NHEK 3
< u 'Y | u A
2 NHEK4 2 NHEK 4
0+ T T J 0+ T T d
0 20 40 60 0 20 40 60
Time (hour) Time (hour)

Figure A 5.11 The individual ACt values for CERS3 expression in differentiating
NHEK. Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK:
normal epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic
acid; LA: linoleic acid; ACt: delta cycle threshold; CERS3: ceramide synthase 3.
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Figure A 5.12 The individual ACt values for CERS4 expression in differentiating
NHEK. Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK:
normal epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic
acid; LA: linoleic acid; ACt: delta cycle threshold; CERS4: ceramide synthase 4.
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Figure A 5.13 The individual ACt values for DES1 expression in differentiating
NHEK. Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK:
normal epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic

acid; LA: linoleic acid; ACt: delta cycle threshold; DES1: desaturase 1.

DES2
Control DHA (10 uM)
10 e NHEK 1 10 ° NHEK 1
i : e m NHEK 2 g " . NHEK 2
- N A - A
S s A NHEK 3 C s A A NHEK 3
NHEK 4 NHEK 4
0+ T T J 0+ T T J
20 40 60 0 20 40 60
Time (hour) Time (hour)
EPA (10 uM) LA (10 uM)
10 e NHEK1 10 NHEK 1
[] = , m NHEK 2 2 H - NHEK 2
= A - A
S s A NHEK3 G 5 . A NHEK3
NHEK 4 < NHEK 4
0 T T 1 0
20 40 60 0 20 40 60
Time (hour) Time (hour)

Figure A 5.14 The individual ACt values for DES2 expression in differentiating
NHEK. Cells were treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. NHEK:
normal epidermal keratinocytes; DHA: docosahexaenoic acid; EPA: eicosapentaenoic
acid; LA: linoleic acid; ACt: delta cycle threshold; DES2: desaturase 2.
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Figure A 5.15 The individual ACt values for CERS1 expression in HDF. Cells were
treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. HDF: human dermal
fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid;
ACt: delta cycle threshold; CERS1: ceramide synthase 1.
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Figure A 5.16 The individual ACt values for CERS2 expression in HDF. Cells were
treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. HDF: human dermal
fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid;
ACt: delta cycle threshold; CERS2: ceramide synthase 2.
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Figure A 5.17 The individual ACt values for CERS4 expression in HDF. Cells were
treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. HDF: human dermal
fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid;
ACt: delta cycle threshold; CERS4: ceramide synthase 4.
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Figure A 5.18 The individual ACt values for CERS5 expression in HDF. Cells were
treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. HDF: human dermal
fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid;
ACt: delta cycle threshold; CERSS: ceramide synthase 5.
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Figure A 5.19 The individual ACt values for CERS6 expression in HDF. Cells were
treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. HDF: human dermal
fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid,;

ACt: delta cycle threshold; CERS6: ceramide synthase 6.

DES1
Control
8
e HDF1
6 m HDF2
-
o A HDF3
94 2 [ ]
2
0+ r r 1
0 20 40 60
Time (hour)
EPA (10 uM)
8
e HDF1
6 m HDF2
5 o A HDF3
g4 g @ "
2
0+ r r 1
0 20 40 60
Time (hour)

DHA (10 uM)

>o

20 40
Time (hour)

LA (10 uM)

60

20 40
Time (hour)

60

HDF1

m HDF2

HDF3

HDF1

m HDF2

HDF3

Figure A 5.20 The individual ACt values for DES1 expression in HDF. Cells were
treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. HDF: human dermal
fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid;

ACt: delta cycle threshold; DES1: desaturase 1.
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Figure A 5.21 The individual ACt values for DES2 expression in HDF. Cells were
treated with 10 uM DHA, EPA and LA for six, 24 and 48 hours. HDF: human dermal
fibroblast; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid;

ACt: delta cycle threshold; DES2: desaturase 2.
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Figure A 6.1 Growth curves. HDF cells were treated with 0, 5, 10, 20 and 50 uM of A)
DHA, B) EPA and C) LA for 0, 1, 3 and 4 days. HDF: human dermal fibroblasts; DHA:

docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid.
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Appendix 7
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Figure A 7.1 Total CER measured in proliferating and differentiated NHEK, HDF,
rat skin and plasma. NHEK: normal human epidermal keratinocyte; HDF: human dermal
fibroblast; CER: ceramide; NS: non-hydroxy ceramide; NDS: non-hydroxy
dihydroceramide; NH: non-hydroxy  6-hydroxyceramide; NP: non-hydroxy
phytoceramide; AH: alpha-hydroxy 6-hydroxyceramide; AS: alpha-hydroxy ceramide;
AP: alpha-hydroxy phytoceramide; EOH: ester-linked omega hydroxy 6-
hydroxyceramide.
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Figure A 7.2 Total membrane lipids measured in proliferating NHEK, differentiated
NHEK and HDF. NHEK: normal human epidermal keratinocyte; HDF: human dermal
fibroblast; CER: ceramide; SM: sphingomyelin; CE: cholesterol ester; DG: diacylglycerol;

TG: triacylglycerol; FFA: free fatty acids; PE: phosphatidylethanolamine;

phosphatidylcholine; LPC: lysophosphatidylcholine.
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Table A 8.1 Ceramide species measured in proliferating NHEK (n= 3 individual

donors).

Species
N(24)S(16)
N(22)S(18)
N(25)S(16)
NQ4)S(17)
N(23)S(18)
N(26)S(16)
N(24)S(18)
N(26)S(17)
N(25)S(18)
N(24)S(19)
N(28)S(16)
N(26)S(18)
N(24)S(20)
NQ27)S(18)
N(26)S(19)
N(28)S(18)
N(26)S(20)
N(24)S(22)
N(28)S(20)
N(26)S(22)
N(24)DS(16)
N(22)DS(18)
N(18)DS(22)
N(16)DS(24)
N(24)DS(18)
N(23)DS(18)
N(26)DS(16)
N(18)DS(24)
N(16)DS(26)
N(25)DS(18)

Mean
3.61
1.40
0.13
0.11
0.09
1.55
5.77
0.13
0.34
0.02
0.12
5.24
0.21
0.06
0.03
0.50
0.29
0.02
0.06
0.03
0.30
0.37
0.34
0.16
0.83
0.02
0.11
0.37
0.05
0.03

SD
2.82
0.56
0.12
0.10
0.06
1.38
3.51
0.13
0.28
0.02
0.09
3.44
0.15
0.06
0.03
0.34
0.24
0.02
0.06
0.03
0.17
0.12
0.12
0.08
0.35
0.01
0.06
0.14
0.03
0.02

Mean
8.14
3.72
0.24
0.25
0.22
3.21
14.65
0.31
0.79
0.06
0.23
12.57
0.61
0.12
0.08

0.87
0.07
0.12
0.10
0.64
0.76
0.64
0.34
1.82
0.06
0.25
0.86
0.14
0.08

SD

5.75
1.74
0.18
0.17
0.06
2.48
8.08
0.18
0.49
0.02
0.14
6.33
0.39
0.09
0.05
0.59
0.52
0.05
0.08
0.06
0.42
0.19
0.22
0.20
0.71
0.01
0.13
0.30
0.06
0.03

Mean
391
1.96
0.11
0.12
0.11
1.71
7.76
0.15
0.44
0.04
0.13
7.30
0.26
0.09
0.06
0.64
0.41
0.04
0.08
0.06
0.31
0.40
0.39
0.16
0.98
0.02
0.11
0.46
0.06
0.04

SD

2.06
0.82
0.13
0.07
0.12
0.96
2.66
0.09
0.54
0.01
0.12
3.55
0.21
0.12
0.03
0.64
0.41
0.05
0.11
0.09
0.13
0.17
0.19
0.06
0.49
0.01
0.07
0.22
0.04
0.04

Mean
2.90
1.71
0.09
0.10
0.09
1.36
8.06
0.14
0.39
0.03
0.13
7.06
0.34
0.07
0.05
0.72
0.44
0.04
0.06
0.05
0.34
0.48
0.38
0.46
1.30
0.02
0.15
0.63
0.07
0.04

SD

1.27
0.55
0.05
0.04
0.04
0.54
2.77
0.07
0.25
0.02
0.07
237
0.15
0.06
0.03
0.29
0.20
0.03
0.03
0.04
0.19
0.22
0.18
0.40
0.61
0.01
0.07
0.35
0.05
0.03
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NQ6)DS(18) 035 008 1.03 018 059 030 066 042
N(8)DS(26) 0.18 008 050 011 021 011 028  0.14
NQ6)H(14) 0.8 007 034 013 0.19 004 0.8  0.06
NQ6)H(16) 274 075 521 156 301 068 333 1.36
NQ4H(18) 0.16 012 026 011 0.14 009 0.3  0.06
N@8)H(16) 2.0l 1.03 432 205 222 043 259 127
NQ6)H(18) 006 004 010 004 006 004 007  0.03
NQ4P16) 010 009 023 021 008 00l 0.3  0.10
NQ4P18) 0.13 009 028 019 0.0 002 023 020
NQ6)P(18) 004 003 010 007 003 00l 008 006
AQS)H(16) 026 008 049 007 032 009 032 0.2
AQ6)H(16) 032 005 039 014 033 006 033 0.3
AQHHAI8) 019 010 032 020 0.15 001 0.15 0.8
AQ6)H(18) 0.12 006 022 014 0.10 00l 0.3  0.09
AQ4)S(16) 005 005 011 009 004 003 005  0.03
AQ4)S(18) 008 005 019 011 008 008 0.I1 007
AQ26)S(18) 008 005 017 011 008 006 0.I1 007

Table A 8.2 Ceramide species measured in differentiating NHEK (n= 3 individual
donors).

Species Mean SD Mean SD Mean SD Mean SD
N(24)S(16) 4493 3649  72.68 5376 48.47 2336 5036  4.08
N(22)S(18) 49.62 4283 104.69 116.16 58.19 29.02 63.87 23.64
N(25)S(16)  3.08 390 425 503 175 089 191 044
N24)S(17) 5.15 5.79 8.11 8.98 3.96 1.84 4.34 1.61
N(23)S(18) 6.36 7.32 11.45 15.19  4.00 2.35 4.81 242
N(22)S(19) 0.05 0.07 0.22 0.22 0.11 0.06 0.16 0.10
N(26)S(16) 17.54  15.03  30.02 22.82 19.84 9.69 21.19 3.14
N(24)S(18) 109.27 81.69 204.70 161.48 132.77 62.01 159.48 54.20
N(22)S(20) 0.93 0.81 2.15 245 1.31 0.86 1.46 0.83
N(26)S(17) 4.98 5.97 7.07 7.52 4.42 2.80 4.06 0.70
N(25)S(18) 16.87 2037 2594 3293 11.54 5.49 12.75  4.40
N(24)S(19) 0.76 0.69 1.33 1.36 0.82 0.36 0.96 0.46
N(23)S(20) 0.17 0.19 0.30 0.37 0.14 0.09 0.17 0.09
N(28)S(16) 2.51 247 3.85 3.62 2.23 1.04 2.75 0.60



N(26)S(18)
N(24)S(20)
N(28)S(17)
N(@27)S(18)
N(26)S(19)
N(25)S(20)
N(28)S(18)
N(26)S(20)
N(24)S(22)
N(28)S(19)
N(27)S(20)
N(28)S(20)
N(26)S(22)
N(24)S(24)
N(28)S(22)
N(24)S(26)
N(28)S(24)
N(24)DS(16)
N(22)DS(18)
N(20)DS(20)
N(18)DS(22)
N(16)DS(24)
N(25)DS(16)
N(24)DS(17)
N(23)DS(18)
N(22)DS(19)
N(26)DS(16)
N(24)DS(18)
N(20)DS(22)
N(18)DS(24)
N(16)DS(26)
N(26)DS(17)
N(25)DS(18)
N(24)DS(19)
N(23)DS(20)

97.54
9.35
0.29
1.73
0.53
0.43
13.93
6.45
0.76
0.10
0.17
1.63
0.74
0.16
0.27
0.11
0.04
19.94
31.56
1.97
24.75
13.68
0.44
1.52
1.95
0.12
7.04
50.76
0.97
31.54
4.16
0.74
2.53
0.56
0.35

79.22
8.17
0.39
2.21
0.51
0.47
14.15
6.27
0.74
0.11
0.21
1.87
0.78
0.17
0.31
0.11
0.04
13.75
22.86
1.56
18.10
9.50
0.35
1.22
1.44
0.10
5.24
37.51
0.77
23.58
3.11
0.59
1.92
0.41
0.28

189.10
21.96
0.37
2.60
0.90
0.68
23.53
13.26
1.87
0.12
0.21
2.28
1.35
0.42
0.43
0.49
0.18
35.86
61.77
3.51
47.92
24.58
0.85
2.55
3.67
0.23
13.67
100.47
1.75
63.54
8.22
1.15
4.86
1.00
0.63

148.89
21.12
0.45
3.35
0.79
0.75
22.54
11.81
1.92
0.12
0.24
2.05
1.07
0.47
0.39
0.68
0.26
24.21
47.87
2.90
37.59
16.60
0.87
224
3.89
0.15
9.42
72.75
1.44
48.01
5.84
1.00
4.57
0.68
0.61

118.99
14.18
0.17
1.09
0.68
0.43
16.62
10.63
1.07
0.08
0.13
1.92
1.13
0.19
0.26
0.14
0.03
21.02
36.29
242
28.19
14.08
0.34
1.31
1.68
0.14
7.69
60.56
1.23
38.44
4.73
0.71
243
0.68
0.41

53.69
7.39
0.09
0.55
0.41
0.24
8.58
6.36
0.51
0.04
0.08
1.25
0.82
0.08
0.18
0.07
0.01
6.07
18.24
1.59
13.90
4.11
0.06
0.42
0.68
0.05
2.01
17.11
0.83
12.79
1.31
0.32
0.70
0.24
0.22

133.87
15.79
0.20
1.14
0.66
0.42
17.71
9.81
1.13
0.09
0.11
1.78
1.03
0.25
0.26
0.16
0.04
29.68
52.55
3.56
40.56
21.28
0.51
2.10
2.50
0.20
11.38
87.94
2.06
56.61
7.27
0.91
3.33
0.96
0.55
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36.69
7.39
0.08
0.40
0.28
0.18
3.82
3.96
0.47
0.03
0.04
0.63
0.32
0.12
0.07
0.09
0.02
19.05
33.52
2.83
26.40
14.39
0.33
1.53
1.87
0.17
7.78
57.74
1.74
39.95
5.44
0.64
2.38
0.74
0.41



N(26)DS(18)
N(24)DS(20)
N(22)DS(22)
N(20)DS(24)
N(18)DS(26)
N(27)DS(18)
N(26)DS(19)
N(25)DS(20)
N(24)DS(21)
N(28)DS(18)
N(26)DS(20)
N(24)DS(22)
N(22)DS(24)
N(20)DS(26)
N(27)DS(20)
N(28)DS(20)
N(26)DS(22)
N(22)DS(26)
N(24)DS(24)
N(26)DS(26)
N(24)H(16)
N(26)H(14)
N(25)H(16)
N(26)H(16)
N(24)H(18)
N(28)H(16)
N(26)H(18)
N@28)H(17)
N@30)H(19)
N(24)P(16)
N(24)P(17)
N(26)P(16)
N(24)P(18)
N(26)P(17)
N(25)P(18)

16.33
7.26
0.37
5.14
10.59
0.13
0.08
0.29
0.06
2.59
4.90
2.66
1.97
3.05
0.04
0.37
0.98
0.60
0.71
0.05
17.06
4.01
1.40
67.31
1.77
30.79
1.32
0.19
1.46
5.42
0.67
2.51
18.10
0.22
0.68

14.33
5.94
0.29
4.17
8.11
0.11
0.06
0.25
0.07
2.01
3.84
2.04
1.53
2.44
0.04
0.31
0.72
0.45
0.54
0.04
15.06
3.36
0.91
52.37
1.84
24.57
1.15
0.17
1.22
4.80
0.68
2.11
14.84
0.21
0.63

33.98
13.42
0.53
9.54
21.12
0.23
0.17
0.49
0.14
4.28
8.36
4.15
321
5.24
0.04
0.55
1.35
0.96
0.87
0.06
25.03
7.94
2.35
106.94
2.09
49.95
1.64
0.30
241
11.44
0.91
5.16
35.43
0.24
1.24

23.20
10.25
0.29
7.58
15.08
0.25
0.09
0.43
0.10
341
6.45
2.76
2.23
4.08
0.05
0.39
0.82
0.50
0.50
0.01
22.37
9.00
1.58
96.95
1.91
43.22
1.33
0.28
2.04
6.63
0.62
2.77
20.33
0.17
0.90

20.82
9.21
0.46
6.49
12.53
0.10
0.10
0.26
0.09
2.39
5.90
3.08
2.38
3.64
0.03
0.43
1.01
0.66
0.78
0.08
16.65
4.98
0.71
75.45
1.36
35.54
1.05
0.22
2.13
7.88
0.76
345
25.33
0.21
0.66

5.09
4.63
0.26
3.37
3.22
0.01
0.04
0.16
0.06
0.60
241
0.97
0.88
1.48
0.01
0.24
0.36
0.21
0.28
0.04
7.16
4.24
0.56
45.58
0.52
14.64
0.38
0.10
0.99
5.02
0.55
2.02
11.75
0.14
0.40

31.30
15.22
0.75
10.73
18.98
0.19
0.19
0.45
0.09
3.81
9.45
4.30
3.28
5.69
0.06
0.69
1.56
1.05
1.20
0.49
18.71
6.31
0.89
87.57
1.44
39.79
1.03
0.26
2.31
7.83
0.63
3.65
27.54
0.19
0.91
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22.94
13.02
0.55
9.32
13.87
0.15
0.14
0.39
0.08
2.76
7.47
3.00
2.40
4.52
0.04
0.64
1.26
0.86
0.93
0.73
9.08
4.50
0.63
46.59
0.96
20.61
0.58
0.17
1.60
4.84
0.39
2.10
15.18
0.12
0.71



N(28)P(16)
N(26)P(18)
N(24)P(20)
N(25)P(20)
N(28)P(18)
N(26)P(20)
N(24)P(22)
N(28)P(20)
N(26)P(22)
N(24)P(24)
A(22)H(16)
A(28)H(14)
A(26)H(16)
AQ4)H(18)
A(28)H(16)
A(26)H(18)
AQ4)H(20)
A(28)H(18)
A(26)H(20)
A30)H(18)
A(28)H(20)
AQ6)H(22)
A(24)S(16)
A(25)S(16)
AQ24)S(17)
A(23)S(18)
A(26)S(16)
A(24)S(18)
AQ27)S(16)
A(26)S(18)
A(24)S(20)
AQ27)S(18)
A(26)S(20)
AQ24)S(22)
A(26)S(22)

0.69
6.00
1.15
0.15
0.80
0.84
0.51
0.20
0.57
0.12
2.55
0.88
9.11
0.78
2.65
0.53
0.12
0.20
0.06
5.31
0.08
0.06
1.52
0.34
0.16
0.44
0.72
6.13
0.07
5.71
0.42
0.23
0.32
0.04
0.04

0.67
5.21
1.02
0.17
0.75
0.74
0.47
0.20
0.57
0.13
1.96
1.01
5.83
0.72
2.78
0.40
0.04
0.15
0.02
4.40
0.05
0.05
1.68
0.36
0.20
0.39
0.82
5.59
0.07
5.91
0.37
0.20
0.31
0.04
0.04

1.07
11.87
2.01
0.23
1.12
1.39
0.86
0.20
0.79
0.15
3.02
0.82
11.31
1.31
3.32
0.78
0.12
0.27
0.13
7.62
0.14
0.10
1.57
0.37
0.16
0.65
0.74
9.64
0.09
6.91
0.67
0.32
0.48
0.08
0.09

0.69
7.42
1.40
0.14
0.72
0.79
0.31
0.08
0.30
0.07
1.95
0.72
5.65
0.92
3.10
0.30
0.05
0.15
0.05
5.64
0.06
0.03
1.66
0.31
0.11
0.58
0.72
6.78
0.08
7.70
0.43
0.30
0.33
0.04
0.06

0.72
8.39
1.61
0.26
0.86
1.08
0.86
0.22
1.00
0.17
2.62
0.49
9.51
0.87
2.01
0.92
0.19
0.25
0.20
5.46
0.14
0.11
0.97
0.24
0.05
0.40
0.46
4.42
0.06
4.23
0.33
0.18
0.26
0.04
0.04

0.50
5.27
0.91
0.18
0.57
0.83
0.75
0.21
0.85
0.14
2.17
0.19
8.11
0.46
1.17
0.72
0.15
0.15
0.17
2.84
0.10
0.10
0.37
0.16
0.02
0.22
0.17
2.33
0.05
1.63
0.19
0.08
0.11
0.02
0.03

0.83
8.81
1.69
0.16
0.98
1.15
0.71
0.16
0.69
0.14
2.80
0.68
9.96
0.89
2.85
0.52
0.08
0.20
0.07
6.76
0.09
0.06
1.31
0.27
0.06
0.42
0.61
6.38
0.07
5.65
0.50
0.26
0.39
0.04
0.04
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0.56
5.51
1.02
0.08
0.56
0.74
0.26
0.09
0.25
0.06
1.68
0.50
5.36
0.64
2.08
0.16
0.03
0.12
0.03
5.09
0.05
0.03
0.87
0.10
0.03
0.16
0.31
4.21
0.03
3.27
0.35
0.12
0.25
0.02
0.01



A(24)P(16)
AQ4)P(17)
A(24)P(18)
A(24)P(20)
A(26)P(20)
AQ24)P(22)

0.16
0.04
0.52
0.11
0.06
0.09

0.20
0.05
0.51
0.10
0.05
0.07

0.18
0.04
0.56
0.11
0.08
0.13

0.17
0.04
0.49
0.06
0.03
0.06

0.18
0.15
0.73
0.20
0.14
0.27

0.14
0.17
0.69
0.23
0.18
0.35

0.13
0.04
0.50
0.09
0.06
0.10

Table A 8.3 Ceramide species measured in HDF (n= 3 individual donors).

Species
N(24)S(16)
N(22)S(18)
NQ24)S(17)
N(23)S(18)
N(24)S(18)
N(25)S(18)
N(24)S(19)
N(26)S(18)
N(24)DS(16)
N(22)DS(18)
N(18)DS(22)
N(24)DS(17)
N(23)DS(18)
N(24)DS(18)
N(18)DS(24)
N(26)DS(18)
N(25)H(16)
N(26)H(16)
N(24)H(18)
N(28)H(16)
N(24)P(18)
N(26)P(18)
A(26)H(16)
A(24)H(18)
A(26)H(18)

Mean
0.37
3.70
0.33
1.12
7.03
0.28
0.12
0.17
0.10
1.16
0.79
0.04
0.19
0.98
0.49
0.04
0.38
5.37
0.16
0.16
0.09
0.02
1.23
0.05
0.02

SD

0.10
1.25
0.10
0.47
1.97
0.12
0.05
0.06
0.06
0.82
0.53
0.03
0.22
0.84
0.45
0.03
0.01
0.75
0.02
0.02
0.12
0.01
1.15
0.02
0.01

Mean
0.55
5.71
0.51
1.74
10.56
0.41
0.19
0.25
0.20
2.54
1.76
0.12
0.38
1.95
0.98
0.08
0.56
7.51
0.26
0.23
0.16
0.02
1.84
0.07
0.03

SD

0.07
0.59
0.10
0.32
1.14
0.09
0.05
0.01
0.13
1.56
1.04
0.10
0.43
1.51
0.90
0.08
0.09
1.94
0.05
0.08
0.22
0.01
1.67
0.02
0.02

Mean
0.68
6.25
0.59
1.94
10.75
0.57
0.23
0.39
0.22
2.42
1.73
0.14
0.46
1.77
0.92
0.10
0.57
6.93
0.29
0.21
0.29
0.04
1.72
0.10
0.04

SD

0.56
4.22
0.51
1.54
8.01
0.52
0.20
0.40
0.10
0.66
0.32
0.04
0.22
0.52
0.32
0.04
0.03
0.88
0.13
0.06
0.44
0.03
1.84
0.09
0.03

Mean
0.61
7.31
0.58
2.15
10.23
0.49
0.21
0.24
0.21
2.82
2.00
0.13
0.56
1.72
0.95
0.04
0.61
7.83
0.20
0.13
0.07
0.02
1.57
0.05
0.04
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0.09
0.02
0.31
0.03
0.04
0.04

SD

0.26
224
0.22
0.77
2.74
0.22
0.10
0.10
0.11
1.46
0.99
0.08
0.40
1.26
0.72
0.02
0.13
0.68
0.02
0.10
0.09
0.00
1.51
0.01
0.03



Table A 8.4 Ceramide species measured in rat skin (n=6 individual donors).

Species
N(24)S(16)
N(22)S(18)
N(25)S(16)
N(@24)S(17)
N(23)S(18)
N(26)S(16)
N(24)S(18)
N(22)S(20)
N(26)S(17)
N(25)S(18)
N(24)S(19)
N(26)S(18)
N(24)S(20)
N(28)S(18)
N(24)DS(16)
N(22)DS(18)
N(18)DS(22)
N(16)DS(24)
N(24)DS(18)
N(18)DS(24)
N(25)H(16)
NQ4)H(17)
N(23)H(18)
N(26)H(16)
N(24)H(18)
N(25)H(18)
N(28)H(16)
N(26)H(18)
N(28)H(18)
N(30)H(19)
A(24)S(16)

Mean
2.74
8.84
0.19
1.00
2.74
0.83
17.09
0.15
0.18
1.72
0.20
3.87
0.34
0.20
0.21
0.71
0.59
0.17
0.97
0.69
0.24
0.17
0.12
2.11
3.23
0.15
0.17
0.99
0.24
0.12
0.29

SD

1.32
2.04
0.08
0.38
1.17
0.41
6.56
0.05
0.09
0.97
0.11
2.51
0.20
0.14
0.12
0.46
0.40
0.09
0.46
0.32
0.08
0.07
0.01
2.38
1.24
0.04
0.12
0.37
0.11
0.06
0.16

Mean
2.52
10.05
0.19
0.92
3.76
0.74
22.00
0.28
0.15
1.93
0.17
3.55
0.49
0.23
0.20
1.25
1.06
0.16
1.73
1.21
0.18
0.07
0.07
1.23
1.60
0.08
0.21
0.51
0.16
0.12
0.15

SD

1.24
0.99
0.10
0.34
1.40
0.37
8.46
0.16
0.07
1.00
0.08
1.85
0.39
0.12
0.13
0.51
0.45
0.10
0.96
0.66
0.02
0.01
0.01
0.69
0.34
0.01
0.14
0.09
0.06
0.04
0.10
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A(23)S(18)
A(24)S(18)
A(26)S(18)
A(22)P(16)
A(24)P(16)
A(22)P(18)
AQ4)P(17)
A(26)P(16)
A(24)P(18)
A(22)P(20)
A(25)P(18)
A(26)P(18)
A(24)P(20)

E(18:2)0(30)H(18)
E(18:2)0(32)H(18)

0.68

0.15
0.10
1.10
0.97
0.15
0.20
4.70
0.11
0.14
0.36
0.12
0.29
0.28

0.18
0.48
0.08
0.04
0.49
0.31
0.08
0.05
0.44
0.04
0.03
0.17
0.05
0.14
0.14

0.74
1.30
0.21
0.12
0.73
1.24
0.19
0.17
4.02
0.16
0.15
0.48
0.23
0.15
0.22

0.23
0.81
0.17
0.05
0.35
0.29
0.05
0.06
0.78
0.03
0.04
0.18
0.10
0.06
0.08
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Species
N16 S18
N18 S18
N20 S18
N22 S18
N24 S17
N23 S18
N24 S18
N26 S18

N22 DS18
N24 DS18
N18 DS24
N25 DS18

A18 S18
A20 S18
A22 S18

A24 H17
A26 H26
A25 H18

Mean
39.34
5.56
5.74
36.42
1.95
32.29
115.07
4.13
6.87
14.85
7.87
3.61
11.31
35.34
6.38
2.32
24.97
431

SD
11.65
4.18
4.68
32.34
1.59
31.75
111.05
5.30
8.38
19.34
10.50
3.93
6.10
26.32
5.16
1.60
11.05
3.14

Mean
59.71
4.29
6.49
45.71
2.38
38.55
131.51
3.92
14.35
28.62
17.09
3.34
16.75
35.51
8.41
3.60
32.85
6.36

SD
53.74
2.72
4.93
26.12
1.68
25.96
87.10
2.83
10.30
26.18
16.04
3.12
14.58
27.22
4.69
1.63
12.04
4.23

Table A 8.5 Ceramides measured in rat plasma (n= 6 individual donors).
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Table A 9.1 Membrane lipids measured in proliferating NHEK (n= 3 individual

donors).

Species

CE 16:1
CE 18:1
CE 18:2
CE 20:5
CE 22:5
DG 34:2

Mea SD
n

3.58 1.77
275 095
040 034
044 0.56
6.10 3.32
0.05 0.03

Mean

1.93

0.56
0.84
3.03
0.03

SD

1.25
0.50
0.78
1.15
0.52
0.02

Mean

1.35
0.80
2.04
2.72
2.67
3.49

SD Mean
0.18  2.09
0.16 1.51
1.36 027
1.16 041
0.55 0.04
0.76  0.04

SD

0.92
0.48
0.13
0.19
0.00
0.01



DG 35:1
DG 36:2
DG 37:4
DG 38:3
LPC 16:0
LPC 16:1
LPC 18:0
LPC 18:1
LPC 24:1
PC 28:0
PC 30:0
PC 30:0e

PC 30:0p/PC
30:1e
PC 30:1

PC 32:0p/PC
32:1e
PC 32:1

PC 32:1p/PC
32:2e
PC 32:2

PC 32:3

PC
33:1/34:0p/34:1
e

PC
33:2/34:1p/34:2
e

PC 34:1

PC 34:2
PC 34:3

PC 34:3p/PC
34:4e
PC 34:4

PC 34:5

PC
35:2/36:1p/36:2
e

PC
35:4/36:3p/36:4
e

0.06
0.05
1.15
0.13
4.53
1.55
0.54
11.27
4.67
0.89
6.74
0.37
0.04

3.35
224

26.00
0.13

6.50
0.18
2.11

0.65

35.75
29.12
0.13
0.13

0.67
0.17
0.67

0.13

0.02
0.04
0.50
0.07
1.75
0.46
0.30
5.96
2.23
0.45
297
0.21
0.03

1.49
1.15

10.16
0.05

2.76
0.10
0.91

0.24

13.53
12.80
0.05
0.09

0.30
0.09
0.24

0.07

0.04
0.03
0.63
0.07
221
0.60
0.34
4.98
2.62
0.55
4.57
0.19
0.02

1.99
1.04

16.91
0.07

3.98
0.12
1.07

0.37

22.63
16.92
0.09
0.05

0.49
0.13
0.33

0.06

0.01
0.02
0.12
0.02
0.99
0.28
0.23
1.98
0.30
0.24
1.78
0.10
0.01

0.72
0.52

5.76
0.03

1.49
0.05
0.43

0.12

7.34
6.33
0.04
0.04

0.25
0.07
0.10

0.03

0.03
0.03
0.02
0.58
0.06
2.15
0.52
0.26
4.43
2.46
0.47
4.23
0.14

0.01
1.72

0.80
15.44

0.05
3.36
0.11

0.82

0.29
19.47
13.60
0.10

0.04
0.54
0.18

0.26

0.01
0.01
0.01
0.16
0.02
0.30
0.13
0.12
0.43
0.55
0.13
0.94
0.08

0.01
0.31

0.45
2.78

0.02
0.35
0.03

0.40

0.05
4.14
2.08
0.02

0.04
0.09
0.03

0.03

0.03
0.79
0.09
2.65
0.68
0.39
5.74
3.12
0.65
5.56
0.32
0.03
2.17

1.76
18.81

0.09
3.99

0.14
1.57
0.52

24.67

17.98
0.13
0.10
0.56

0.10
0.43
0.09

22.10
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0.01
0.23
0.04
0.87
0.31
0.18
1.12
0.85
0.22
1.79
0.18
0.02
0.69

0.96
5.48

0.03
0.94

0.04
0.81
0.17

7.02

3.82
0.03
0.07
0.11

0.02
0.08
0.06

2.84



PC
36:2/38:8p/38:9
e

PC 36:5

PC
38:2/40:8p/30:9
e

PC
40:3/42:9p/42:1
Oe

PC
42:2/44:8p/44:9
e

PC
44:2/46:8p/46:9
e

PC 46:3/48:9p

PC 46:5p/46:6¢
SM 32:1
SM 33:2
SM 34:1
SM 34:2
SM 36:1
SM 38:3
SM 40:1
SM 40:2
SM 41:1
SM 41:2
SM 42:2
SM 42:3
SM 42:4
SM 42:5
SM 43:1
SM 43:2
SM 44:2
SM 44:3
SM 44:4
SM 44:5
SM 46:2
SM 46:3

36.90

0.97
1.86

0.08

0.07

0.06

0.03
0.03
1.19
0.06
16.44
0.21
0.23
0.04
1.02
0.65
0.03
0.05
7.66
0.43
0.05
0.10
0.06
0.10
3.73
0.46
0.12
0.58
0.54
0.09

17.82

0.42
0.96

0.04

0.01

0.01

0.02
0.02
0.56
0.04
8.74
0.12
0.08
0.02
0.26
0.16
0.03
0.03
1.88
0.14
0.02
0.03
0.04
0.07
1.35
0.18
0.03
0.16
0.29
0.05

21.21

0.75
1.13

0.04

0.05

0.04

0.01
0.02
0.69
0.03
9.78
0.11
0.14
0.02
0.66
0.36
0.02
0.03
5.14
0.27
0.03
0.06
0.04
0.06
2.77
0.32
0.08
0.38
0.33
0.05

8.13

0.42
0.48

0.01

0.02

0.02

0.01
0.01
0.26
0.01
4.60
0.05
0.05
0.00
0.13
0.07
0.02
0.01
1.31
0.08
0.01
0.02
0.03
0.04
1.06
0.11
0.01
0.10
0.14
0.03

0.05

16.29
1.16

0.04

0.03

0.05

0.05
0.01
0.27
0.54
0.03
7.82
0.09
0.12
0.02
0.55
0.28
0.01
0.02
4.16
0.20
0.03
0.04
0.03
0.04
2.19
0.25
0.06
0.33
0.24

0.04

1.65
0.29

0.00

0.01

0.01

0.01
0.00
0.12
0.07
0.01
1.46
0.02
0.02
0.01
0.12
0.05
0.01
0.01
0.72
0.04
0.01
0.01
0.02
0.03
0.40
0.03
0.01
0.07
0.03

0.72

1.14
1.52

0.07

0.06

0.02

0.02
5.14
0.04
10.77
0.12
0.15
0.03
0.73
0.41
0.01
0.03
5.70
0.38
0.04
0.07
0.03
0.07
2.78
0.35
0.07
0.45
0.40
0.07
0.06
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0.16

0.19
0.44

0.03

0.03

0.01

0.01
3.83
0.01
3.02
0.03
0.01
0.01
0.17
0.05
0.01
0.01
1.34
0.08
0.01
0.01
0.02
0.02
0.39
0.04
0.01
0.13
0.08
0.01
0.01



SM 46:4
SM 46:5
TG 42:1
TG 44:1
TG 44:2
TG 46:1
TG 46:2
TG 46:3
TG 47:1
TG 47:2
TG 48:2
TG 48:3
TG 48:4
TG 49:2
TG 49:3
TG 50:2
TG 50:3
TG 50:4
TG 50:5
TG 51:3
TG 52:3
TG 53:2
TG 53:3
TG 53:4
TG 54:3
TG 54:4
TG 54:5
TG 54:6
TG 55:2
TG 56:3
TG 56:4
TG 56:5
TG 56:6
TG 56:7
FFA 16:0

0.07
0.21
0.03
0.27
0.11
0.87
0.56
0.13
0.04
0.03
3.04
0.55
0.06
0.10
0.03
3.63
1.66
0.23
0.03
0.04
6.15
0.02
0.07
0.03
4.96
1.33
0.27
0.05
0.01
0.90
0.51
0.23
0.07
0.02
0.49

0.03
0.08
0.02
0.11
0.03
0.27
0.12
0.03
0.01
0.01
0.64
0.11
0.02
0.02
0.01
0.55
0.33
0.07
0.01
0.02
1.48
0.01
0.03
0.01
1.62
0.44
0.09
0.02
0.01
0.27
0.15
0.07
0.03
0.02
0.18

0.06
0.15
0.02
0.18
0.07
0.59
0.37
0.08
0.02
0.01
2.01
0.35
0.04
0.05
0.02
2.40
1.05
0.15
0.03
0.02
3.78
0.08
0.04
0.02
2.86
0.73
0.20
0.09
0.09
0.56
0.29
0.14
0.09
0.10
0.28

0.02
0.06
0.01
0.07
0.02
0.14
0.07
0.02
0.01
0.01
0.33
0.08
0.02
0.01
0.01
0.34
0.22
0.05
0.03
0.01
0.57
0.11
0.01
0.01
0.62
0.20
0.13
0.10
0.13
0.15
0.08
0.06
0.09
0.13
0.06

0.04
0.05
0.12
0.01
0.12
0.05
0.41
0.25
0.06
0.01
0.01
1.43
0.25
0.04
0.03
0.01
1.70
0.74
0.14
0.06
0.02
2.77
0.11
0.03
0.01
1.96
0.47
0.21
0.20
0.06
0.36
0.17
0.11
0.15
0.15

0.00
0.02
0.02
0.01
0.04
0.01
0.12
0.04
0.01
0.00
0.00
0.32
0.04
0.01
0.01
0.00
0.48
0.14
0.03
0.03
0.01
0.61
0.09
0.00
0.00
0.43
0.08
0.10
0.14
0.05
0.07
0.02
0.03
0.10
0.11

0.15
0.02
0.18
0.07
0.60
0.33
0.08
0.03
0.02
2.01
0.36
0.05
0.06
0.02
248

0.22
0.03
0.03
3.80
0.04
0.04
0.02
2.73
1.43
0.53
0.14
0.02
0.51
0.38
0.27
0.12
0.05
0.36
0.10
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0.03
0.01
0.11
0.03
0.35
0.14
0.02
0.02
0.01
0.98
0.11
0.01
0.03
0.01
1.18
0.35
0.06
0.01
0.01
1.43
0.03
0.01
0.01
0.88
0.42
0.26
0.09
0.02
0.21
0.09
0.07
0.06
0.02
0.16
0.02



FFA 16:1
FFA 18:1
FFA 18:2
FFA 20:1
FFA 24:0
FFA 24:1
FFA 26:1
FFA 28:1

0.14
2.83
0.08
0.07
0.34
0.12
0.35
0.14

0.10
1.54
0.05
0.08
0.27
0.04
0.19
0.09

0.09
1.63
0.06
0.05
0.15
0.08
0.25
0.08

0.04
0.65
0.05
0.05
0.10
0.03
0.14
0.06

0.28
0.07
1.12
0.03
0.03
0.13
0.06
0.19

0.04
0.01
0.21
0.01
0.02
0.08
0.03
0.11

1.73
0.16
0.06
0.18
0.11
0.29
0.09
0.08
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0.11
0.02
0.02
0.16
0.07
0.23
0.10
0.07

Table A 9.2 Membrane lipids measured in differentiating NHEK (n= 3 individual

donors).

Species

CE 16:1
CE 18:1
CE 18:2
CE 20:5
CE 22:5
DG 34:2
DG 35:1
DG 36:2
DG 37:4
DG 38:3
LPC 16:0
LPC 16:1
LPC 18:0
LPC 18:1
LPC 24:1
PC 28:0
PC 30:0
PC 30:0e

PC 30:0p/PC
30:1e
PC 30:1

PC 32:0p/PC
32:1e

Mean

3.10
2.73
0.22
0.21
12.43
0.09
0.13
0.04
242
0.16
1.46
0.82
0.06
10.95
12.80
0.17
1.73
0.16
0.02

1.02
1.40

SD

1.15
1.54
0.28
0.22
3.93
0.06
0.10
0.02
1.60
0.06
1.70
1.40
0.08
3.70
9.14
0.13
1.13
0.13
0.02

0.70
0.95

Mean SD

2.02 0.93
2.69 1.16
0.47 0.67
0.39 0.54
13.53  5.79
0.09 0.03
0.13 0.06
0.05 0.00
2.21 0.94
0.15 0.07
2.24 2.52
1.45 2.11
0.12 0.18
14.15  6.60
10.85 247
0.20 0.12
2.02 0.89
0.15 0.08
0.02 0.01
1.14 0.61
1.20 0.41

Mea

1.23
1.16
6.23
11.13
7.02
0.08
0.12
0.04
2.26
0.16
3.74
1.94
0.70
16.42
11.41
0.49
4.93
0.30
0.04

2.32
2.08

SD

0.73
0.55
9.97
18.53
4.02
0.04
0.08
0.02
1.67
0.09
4.86
2.79
1.13
9.75
9.96
0.61
6.01
0.39
0.05

2.55
224

Mea

1.66
1.98
0.28
0.21
14.28
0.08
0.11
0.05
1.76
0.11
2.37

0.24
13.46
10.10
0.23
2.28
0.22
0.01

1.27
1.62

SD

0.53
0.28
0.09
0.17
13.21
0.03
0.05
0.01
0.66
0.02
1.48
1.08
0.10
1.37
5.03
0.06
0.57
0.06
0.01

0.31
0.36
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PC 32:1 11.42 6.19 1290 451 2462 2596 1342 2.19
PC 32:1p/PC 0.10 0.04 0.10 0.03 0.13 0.08 0.10 0.02
32:2e

PC 32:2 2.82 1.60  3.13 1.35 598 633 349 058
PC 32:3 0.05 0.04  0.06 0.05 0.12 011 0.07 0.02
PC 1.55 0.85 1.47 051 223 211 178 041
33:1/34:0p/34:1e

PC 0.58 021  0.58 0.13 0.64 037 076 025
33:2/34:1p/34:2e

PC 34:1 19.92 880 2242 503 3493 31.66 2129 3.11
PC 34:2 13.71 586 1501 338 23.51 20.78 17.00 2.55
PC 34:3 0.06 0.04  0.08 0.05 0.15 0.12 0.09 0.02
PC 34:3p/PC 0.06 0.09  0.03 0.03 0.11 0.16 0.06 0.02
34:4e

PC 34:4 0.43 0.15 0.46 0.08 0.71 049 048 0.07
PC 34:5 0.10 0.05 0.11 005 026 023 0.09 0.01
PC 0.56 0.18  0.60 0.19 0.69 046 0.69 0.24
35:2/36:1p/36:2¢

PC 0.07 0.08  0.06 0.05 0.11 0.16 0.07 0.02
35:4/36:3p/36:4¢

PC 20.82 6.61 23,63 3.83 30.79 2143 23.15 5.09
36:2/38:8p/38:9¢

PC 36:5 0.67 020 0.74 005 185 157 076 022
PC 1.19 037 143 022 173 118 136 034
38:2/40:8p/30:9¢

PC 38:3/40:9p 0.85 027 095 0.18 1.07 0.64 136 045
PC 0.06 0.03  0.09 0.01 0.11 0.07 0.10 0.04
40:2/42:8p/42:9¢

PC 0.04 0.02  0.04 0.01 0.06 0.04 0.08 0.03

40:3/42:9p/42:10
e

PC 0.05 0.03  0.06 0.03 0.09 0.09 0.08 0.02
42:2/44:8p/44:9¢

PC 0.02 0.01  0.04 0.03 0.06 0.07 0.02 0.02
44:2/46:8p/46:9¢

PC 48:7/48:0e 0.02 0.01  0.02 0.01 0.02 0.02 0.03 0.02
SM 32:1 0.82 030 0.89 0.15 129 1.07 091 0.10
SM 33:2 0.04 0.01  0.05 0.02 0.06 0.07 0.06 0.01
SM 34:1 9.53 3.66  9.89 1.35 1419 11.23 10.11 1.60
SM 34:2 0.13 0.13 0.14 0.07 028 035 0.14 0.04
SM 36:1 0.30 0.13  0.32 002 041 029 031 0.04
SM 36:2 0.02 0.01  0.02 0.01 0.02 0.01 0.03 0.01
SM 38:3 0.18 0.15  0.15 0.08 0.17 020 0.14 0.08

SM 40:1 1.00 0.51 1.12 027 1.69 1.61 .13 0.18



SM 40:2
SM 41:1
SM 41:2
SM 42:2
SM 42:3
SM 42:4
SM 42:5
SM 43:1
SM 43:2
SM 44:2
SM 44:3
SM 44:4
SM 44:5
SM 44:6
SM 46:2
SM 46:3
SM 46:4
SM 46:5
TG 42:1
TG 42:2
TG 44:1
TG 44:2
TG 44:3
TG 45:1
TG 45:2
TG 46:1
TG 46:2
TG 46:3
TG 46:4
TG 47:1
TG 47:2
TG 48:2
TG 48:3
TG 48:4
TG 49:2

0.70
0.01
0.04
6.21
0.40
0.06
0.12
0.02
0.03
1.79
0.16
0.06
0.67
0.01
0.24
0.02
0.03
0.12
0.04
0.01
0.57
0.24
0.04
0.05
0.04
243
1.42
0.29
0.02
0.19
0.13
9.93
1.51
0.15
0.47

0.25
0.01
0.02
2.54
0.18
0.03
0.04
0.01
0.03
0.84
0.13
0.04
0.22
0.01
0.10
0.01
0.02
0.07
0.03
0.01
0.49
0.18
0.02
0.06
0.04
2.20
1.18
0.20
0.02
0.19
0.12
8.79
1.18
0.10
0.44

0.72
0.01
0.05
6.94
0.46
0.08
0.13
0.01
0.03
1.95
0.20
0.07
0.78
0.03
0.28
0.02
0.03
0.13
0.05
0.02
0.65
0.29
0.05
0.06
0.04
2.61
1.60
0.35
0.02
0.18
0.12
10.00
1.59
0.16
0.44

0.09
0.00
0.01
1.11
0.08
0.02
0.01
0.01
0.02
0.44
0.09
0.05
0.04
0.01
0.05
0.01
0.02
0.04
0.02
0.01
0.34
0.13
0.01
0.05
0.03
1.42
0.75
0.14
0.01
0.12
0.08
4.98
0.65
0.05
0.28

0.96
0.03
0.05
10.46
0.67
0.08
0.17
0.03
0.06
3.25
0.40
0.14
0.88
0.03
0.36
0.04
0.06
0.17
0.04
0.01
0.57
0.25
0.04
0.06
0.04
2.18
1.33
0.29
0.03
0.14
0.10
8.22
1.39
0.16
0.34

0.74
0.03
0.06
9.43
0.62
0.07
0.10
0.03
0.07
3.32
0.50
0.13
0.44
0.03
0.30
0.06
0.07
0.13
0.01
0.00
0.29
0.14
0.02
0.05
0.03
1.23
0.75
0.17
0.02
0.11
0.09
5.20
0.86
0.11
0.27

0.82
0.02
0.07
7.38
0.67
0.07
0.16
0.02
0.05
1.93
0.21
0.08
0.77
0.04
0.30
0.02
0.03
0.12
0.04
0.02
0.50
0.23
0.05
0.07
0.05
1.99
1.22
0.29
0.03
0.16
0.12
7.48
1.36
0.17
0.38
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0.11
0.00
0.01
1.04
0.15
0.02
0.05
0.01
0.02
0.39
0.06
0.02
0.19
0.01
0.07
0.01
0.02
0.02
0.03
0.01
0.32
0.14
0.03
0.05
0.03
1.28
0.71
0.15
0.02
0.12
0.08
4.36
0.70
0.09
0.25



TG 49:3
TG 49:4
TG 50:2
TG 50:3
TG 50:4
TG 50:5
TG 51:1
TG 51:2
TG 51:3
TG 52:3
TG 53:2
TG 53:3
TG 53:4
TG 53:5
TG 54:3
TG 54:4
TG 54:5
TG 54:6
TG 55:2
TG 55:3
TG 55:4
TG 55:5
TG 56:3
TG 56:4
TG 56:5
TG 56:6
TG 56:7
TG 57:3
TG 58:8
FFA 16:0
FFA 16:1
FFA 18:1
FFA 18:2
FFA 20:0
FFA 20:1

0.11
0.05
13.43
5.42
0.58
0.06
0.69
0.61
0.17
20.82
1.80
0.30
0.09
0.03
14.80
2.61
0.52
0.19
1.06
0.66
0.10
0.03
3.10
1.09
0.45
0.16
0.17
0.25
0.07
1.18
0.17
4.38
0.06
0.04
0.10

0.09
0.04
12.29
4.56
0.41
0.04
0.84
0.74
0.15
16.95
2.19
0.27
0.08
0.02
11.88
1.86
0.35
0.17
1.29
0.80
0.12
0.02
2.62
0.80
0.31
0.13
0.18
0.30
0.07
0.89
0.14
242
0.05
0.05
0.07

0.10
0.05
12.93
5.46
0.60
0.07
0.74
0.68
0.16
20.75
1.95
0.29
0.09
0.03
15.10
2.67
0.52
0.22
1.26
0.74
0.11
0.03
3.39
1.14
0.47
0.19
0.24
0.30
0.17
0.94
0.20
3.92
0.08
0.03
0.09

0.05
0.03
6.48
2.44
0.21
0.02
0.62
0.57
0.09
9.19
1.54
0.18
0.05
0.02
7.18
1.20
0.22
0.10
0.94
0.60
0.09
0.01
1.80
0.50
0.19
0.07
0.09
0.23
0.05
0.20
0.18
0.50
0.06
0.01
0.03

0.08
0.05
10.74
4.60
0.58
0.13
0.75
0.49
0.13
16.95
1.86
0.24
0.08
0.04
11.39
2.08
0.65
0.78
0.99
0.55
0.13
0.03
248
0.87
0.47
0.54
0.81
0.29
0.30
0.89
0.24
4.10
0.11
0.01
0.10

0.06
0.03
7.21
3.13
0.42
0.10
0.74
0.50
0.11
12.64
1.85
0.20
0.06
0.03
8.76
1.65
0.48
0.62
0.98
0.55
0.13
0.02
1.67
0.69
0.35
0.41
0.76
0.26
0.25
0.30
0.27
1.85
0.14
0.01
0.06

0.10
0.04
9.29
4.36
0.77
0.10
0.68
0.75
0.15
13.98
1.97
0.21
0.10
0.04
9.51
4.10
1.39
0.35

0.91
0.22
0.03
2.44
1.07
0.65
0.26
0.16
0.29
0.08
0.80
0.21
3.50
0.30
0.03
0.10
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0.06
0.02
5.27
2.34
0.40
0.06
0.54
0.59
0.09
7.29
1.56
0.13
0.06
0.03
4.99
2.30
0.83
0.20
0.93
0.71
0.17
0.02
1.51
0.61
0.38
0.16
0.10
0.24
0.07
0.23
0.08
0.43
0.03
0.02
0.01



FFA 20:3
FFA 22:0
FFA 22:1
FFA 24:0
FFA 24:1
FFA 26:1
FFA 28:1
FFA 30:1
FFA 32:1

0.03
0.31
0.15
1.46
1.22
1.28
0.60
0.73
0.52

0.03
0.36
0.18
1.38
1.30
1.05
0.56
0.68
0.55

0.05
0.29
0.11
1.42
1.03
1.21
0.54
0.63
0.43

0.08 0.15
0.18 0.22
0.02 0.07
0.67 1.04
043 0.70
022 093
0.15 043
027 0.46
023 0.29

0.24
0.19
0.05
0.67
0.55
0.46
0.25
0.27
0.16

0.05
0.29
0.11
1.41
0.94

0.56
0.65
0.49

Table A 9.3 Membrane lipids measured in HDF (n= 3 individual donors).

Species

CE 16:1
CE 18:1
CE 18:2
CE 20:5
CE 22:5
CE 22:6
DG 35:1
DG 37:4
DG 38:3
LPC 16:0
LPC 18:0
LPC 18:1
LPC 20:3
LPC 24:1
PC 28:0
PC 30:0
PC 30:0e
PC 30:1
PC 32:0
PC 32:0e

PC 32:0p/PC
32:1e

Mea

0.41
2.97
0.39
1.13
0.43
0.76
0.04
0.87
0.12
8.83
15.93
4.93
1.02
3.57
0.06
222
0.12
0.30
7.72
1.21
0.53

SD

0.05
0.59
0.13
0.34
0.34
0.38
0.01
0.27
0.04
1.85
3.16
0.96
0.14
1.65
0.02
0.4
0.03
0.09
1.24
0.17
0.15

Mean

0.68
3.59
0.45
1.15
0.66
1.97
0.04
0.94
0.12
8.96
17.96
4.72
0.96
3.62
0.08
2.51
0.16
0.34
8.68
1.47
0.64

SD

0.27
1.25
0.41
0.20
0.40
0.99
0.01
0.31
0.05
2.36
5.30
1.69
0.19
1.47
0.04
0.57
0.04
0.11
1.53
0.31
0.23

Mean

0.88
4.42
0.73
2.63
242
1.09
0.04
1.06
0.13
9.85
21.21
5.32
1.25
3.95
0.08
3.10
0.19
0.40
10.45
1.70
0.72

SD

0.48
231
0.57
0.63
2.90
1.32
0.02
0.45
0.06
3.05
7.77
2.09
0.54
1.78
0.03
0.81
0.07
0.15
1.64
0.44
0.34

Mean

0.61
3.60
1.77
1.81
0.39
0.41
0.03
0.67
0.08
5.81
14.70
2.78
0.92
2.84
0.06
232
0.11
0.20
9.26
1.22
0.37

373

0.06
0.19
0.06
0.82
0.47
0.43
0.29
0.34
0.31

SD

0.26
1.48
1.74
0.15
0.50
0.43
0.01
0.27
0.04
2.14
4.88
0.85
0.59
1.29
0.04
0.80
0.04
0.09
2.09
0.35
0.10



PC 32:1
PC 32:2
PC 32:3
PC

33:1/34:0p/34:

le
PC

33:2/34:1p/34:

2e
PC

33:3/34:2p/34:

3e
PC 34:1

PC 34:2

PC 34:3

PC 34:5

PC 35:0/36:0e
PC

35:1/36:0p/36:

le
PC

35:2/36:1p/36:

2e
PC

35:4/36:3p/36:

4e
PC

35:5/36:4p/36:

Se
PC

36:2/38:8p/38:

9¢
PC 36:5

PC 36:6
PC 37:0/38:0¢
PC

37:1/38:0p/38:

le
PC

37:2/38:1p/38:

2e
PC

37:5/38:4p/38:

Se
PC

38:0/40:6p/40:

Te

6.65

0.72

0.13

245

0.47

0.04

26.94

5.52

0.85

0.02

0.04

1.40

1.01

0.12

0.15

17.07

0.98

0.11

0.27

0.06

0.23

1.31

0.18

0.18

0.04

0.58

0.11

0.01

4.23

0.91

0.18

0.01

0.02

0.27

0.20

0.03

0.07

2.73

0.21

0.03

0.05

0.01

0.05

0.24

0.02

7.74

0.83

0.14

2.72

0.52

0.05

30.13

6.53

1.00

0.03

0.03

1.55

1.14

0.14

0.16

19.49

1.23

0.20

0.42

0.08

0.25

1.37

0.29

1.42

0.21

0.05

0.68

0.14

0.02

5.09

1.26

0.26

0.01

0.01

0.38

0.26

0.05

0.08

3.55

0.23

0.04

0.07

0.03

0.06

0.41

0.06

8.64

0.93

0.17

3.12

0.59

0.06

33.47

7.36

1.19

0.08

0.05

1.80

1.27

0.14

0.25

22.12

2.52

0.35

0.38

0.15

0.26

1.57

0.18

2.64

0.38

0.09

0.83

0.22

0.02

6.34

2.14

0.48

0.04

0.02

0.40

0.37

0.07

0.15

6.18

0.94

0.16

0.19

0.04

0.07

0.64

0.06

4.46

0.90

0.13

1.82

0.58

0.07

18.92

10.96

1.94

0.05

0.05

1.03

1.01

0.09

0.08

15.93

0.78

0.10

0.32

0.07

0.24

0.97

0.10
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1.02

0.33

0.05

0.58

0.22

0.03

5.37

3.38

0.63

0.03

0.05

0.41

0.36

0.02

0.02

3.69

0.15

0.03

0.08

0.04

0.12

0.16

0.02



PC
38:1/40:7p/40:
8e
PC 38:3/40:9p

PC 38:5
PC 38:5p/38:6¢
PC 38:6
PC 40:1p/40:2¢
PC 40:4p/40:Se
PC 40:4p/40:6¢
PC 40:6

PC
40:8/40:0p/40:
le

PC 42:0p/42:1e

PC 42:1p/42:2¢
PC 42:2p/42:3e
PC 42:5p/42:6¢
PC 42:6

PC 42:7/42:0e
PC 44:2p/44:3e
PC 44:7/44:0e
PE 36:3

PE 36:4

PE 36:4p/36:5e
PE 36:5

PE 36:5p/36:6¢

PE
38:0/40:6p/40:
Te

PE 38:0p/38:1e

PE
38:1/40:7p/40:
8e

PE 38:6

PE 40:1p/40:2¢
PE 40:6

PE 40:7/40:0¢
PE 42:2p/42:3e

0.03

0.04
12.34
0.24
1.75
0.11
0.44
0.30
4.00
0.35

0.09
0.18
0.03
0.04
0.22
0.10
0.02
0.02
0.54
0.82
3.71
0.59
0.10
2.71

0.30
1.10

1.92
0.28
2.81
1.33
0.09

0.01

0.02
2.59
0.04
0.22
0.02
0.05
0.01
0.14
0.06

0.02
0.04
0.01
0.01
0.01
0.01
0.01
0.01
0.36
0.47
1.64
0.24
0.11
1.33

0.10
0.47

1.06
0.13
1.70
0.67
0.05

0.05

0.04
12.80
0.33
2.89
0.18
0.45
0.39
4.64
0.40

0.10
0.22
0.06
0.04
0.25
0.14
0.03
0.02
0.37
0.54
2.29
0.33
0.12
231

0.35
1.14

1.74
0.30
237
1.29
0.16

0.01

0.02
2.70
0.07
0.33
0.03
0.09
0.07
0.71
0.08

0.02
0.04
0.01
0.01
0.04
0.04
0.01
0.01
0.16
0.20
1.14
0.11
0.09
1.00

0.15
0.60

0.96
0.17
1.49
0.89
0.12

0.03

0.05
17.35
0.42
3.48
0.23
0.58
0.49
7.21
0.59

0.17
0.36
0.03
0.07
0.55
0.17
0.13
0.05
0.93
0.86
4.77
0.91
1.17
4.05

0.22
0.98

3.06
0.42
5.41
1.35
0.08

0.01

0.03
5.76
0.16
1.19
0.10
0.13
0.12
1.65
0.21

0.06
0.13
0.02
0.01
0.15
0.05
0.05
0.03
0.66
0.37
2.51
0.43
0.75
2.62

0.09
0.37

1.75
0.24
4.47
0.73
0.07

0.04

0.03
10.37
0.14
1.44
0.06
0.33
0.18
3.34
0.31

0.12
0.11
0.02
0.03
0.33
0.15
0.02
0.05
2.57
1.13
3.47
0.61
0.05
2.10

0.27

1.47
0.19
3.23
1.42
0.10

375

0.01

0.03
1.33
0.02
0.11
0.01
0.12
0.05
0.80
0.03

0.02
0.01
0.01
0.01
0.10
0.04
0.01
0.01
1.75
0.63
1.94
0.30
0.04
0.99

0.11
0.50

0.76
0.10
221
0.88
0.04
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PE 031 0.19 0.33 0.27  0.69 0.70  0.36 0.25
42:9/42:1p/42:

2e

PE 029 030 0.19 0.14  0.57 0.56 0.40 0.37
46:2/48:8p/48:

9e

SM 32:1 0.17 0.04 0.17 0.05 0.23 0.12  0.18 0.06
SM 33:2 0.16 0.03 0.17 0.05 0.22 0.09 0.15 0.04
SM 34:1 6.00 1.85 6.25 198  8.15 435 5.84 2.17
SM 34:2 022 0.10 0.23 0.12 0.32 023 0.20 0.10
SM 35:0 0.13  0.06 0.13 0.06 0.17 0.09 0.12 0.08
SM 35:1 0.19 0.06 0.18 0.05 025 0.11  0.19 0.06
SM 36:0 042 0.11 046 0.15 0.52 022 035 0.13
SM 36:1 022 0.03 0.22 0.02 0.27 0.07 0.17 0.03
SM 38:3 0.04 0.02 0.05 0.02 0.05 0.03  0.03 0.01
SM 40:1 0.59 026 0.63 027 0.82 0.51 0.40 0.09
SM 40:2 0.13  0.06 0.12 0.06 0.18 0.12  0.09 0.03
SM 41:2 029 0.10 0.30 0.10 0.38 021 0.25 0.08
SM 42:2 385 1.55 397 1.61 4.62 270 297 1.07
SM 44:2 0.03 0.03 0.04 0.03  0.05 0.05 0.03 0.02
SM 44:4 0.05 0.02 0.05 0.03  0.06 0.03  0.03 0.01
SM 44:5 040 0.13 043 0.15 0.53 035 042 0.22
SM 44:6 0.07 0.04 0.07 0.04  0.09 0.08 0.24 0.15
TG 48:1 0.08 0.02 0.09 0.01  0.06 0.01  0.03 0.02
TG 50:1 0.14 0.03 0.13 0.02  0.09 0.02 0.05 0.02
TG 50:2 0.06 0.02 0.05 0.02  0.04 0.00 0.05 0.02
TG 52:2 0.18 0.04 0.17 0.05 0.14 0.02 0.13 0.07
TG 52:3 0.13  0.04 0.14 0.05 0.15 0.06 0.18 0.08
TG 53:2 0.05 0.01 0.05 0.02 0.05 0.02 0.03 0.01
TG 54:5 0.18 0.04 0.19 0.08 0.21 0.06 041 0.29
TG 54:6 0.04 0.01 0.06 0.04  0.09 0.05 0.09 0.08
TG 56:6 0.13  0.03 0.16 0.10 0.25 0.13 031 0.24
TG 56:7 0.04 0.01 0.07 0.06  0.06 0.04 0.11 0.10
TG 58:8 0.03 0.01 0.05 0.05 0.06 0.04 0.13 0.13
FFA 16:0 0.16 0.11 0.28 0.07  0.29 0.12 0.19 0.09

FFA 18:1 045 0.12 047 0.15 0.53 0.18  0.27 0.19
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Table A 10.1 Endocannabinoids and their congeners measured in rat skin (n=6

individual donors).

Species

MEA
PDEA
POEA
PEA
HEA
LEA
OEA
VEA
SEA
AG
LG
oG
STG

Mean

0.92
0.16
0.14
6.65
0.19
0.86
1.36
1.65
3.55
552.62
164.49
35.53
591.59

SD
0.19
0.03
0.09
0.90
0.06
0.27
0.24
0.45
0.51
151.28
67.12
8.10
161.13

Mean

1.36
0.22
0.52
7.57
0.24
1.01
1.55
0.63
4.63
842.07
232.95
30.74
849.46

SD
0.45
0.06
0.27
0.99
0.03
0.48
0.18
0.35
0.59
410.57
373.42
27.06
370.48

Table A 10.2 Endocannabinoids and their congeners measured in rat plasma (n= 6

individual donors).

Species
MEA
PDEA
POEA
PEA
HEA
ALEA
LEA
OEA
VEA
SEA
AG
LG
oG
STG

Mean
20.00
7.67
150.33
539.50
9.83
4.83
173.17
154.50
41.00
405.83
770.67
408.67
122.83
773.00

SD
4.10
2.58
56.57
71.62
2.23
1.47
49.44
25.30
5.90
64.50
847.17
112.08
32.82
846.87

Mean
15.17
3.83
106.50
376.83
7.67
4.17
160.50
101.17
20.83
337.33
591.67
625.50
92.17
595.50

SD
343
0.75
31.59
87.05
2.07
1.33
32.48
19.91
4.17
91.68
584.72
156.93
20.70
583.70



