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ZUSAMMENFASSUNG

Zusammenfassung
Die Haut ist das größte Organ des menschlichen Körpers. Sie bildet nicht nur
die

Barriere

zu

der

Umgebung,

sondern

ist

auch

involviert

in

Thermoregulation und Sinneswahrnehmung. Ihre äußerste Schicht, die
Epidermis, besteht hauptsächlich aus Keratinozyten. Diese Zellen unterliegen
kontrollierter(m) Proliferation, Differenzierung und Zelltod, um die epidermale
Integrität aufrecht zu erhalten und ihre Funktionsfähigkeit zu gewährleisten.
Unter

homöostatischen

Bedingungen,

aber

besonders

während

der

Wundheilung, muss eine strenge Regulation dieser Prozesse stattfinden. Dies
erfordert ein gut ausgewogenes Redox-Gleichgewicht, welches durch ein
Netzwerk an detoxifizierenden Enzymen und Molekülen garantiert wird,
welche die Entstehung erhöhter Mengen an reaktiven Sauerstoff- und
Stickstoffspezies (ROS/RNS) verhindern und/oder diese beseitigen. Falls
dieses Detoxifizierungssystem überfordert oder genetisch beeinträchtigt ist,
kann es zu schwerwiegendem oxidativen Stress kommen. Dies ist bei vielen
verschiedenen humanen Hautpathologien der Fall, die mit einem veränderten
Redox-Status einhergehen. Dazu gehören chronische, nicht heilende
Geschwüre, entzündliche Hautkrankheiten und Krebs. Aus diesem Grund ist
es wichtig, die Mechanismen zu verstehen, die das Redox-Gleichgewicht in
der Haut kontrollieren. Das Tripeptid Glutathion, ein bekanntes Antioxidans,
ist eine Hauptkomponente der oxidativen Stressabwehr, aber über seine
Funktion in Keratinozyten während der Homöostase und Reparatur der Haut
sowie bei Hauterkrankungen ist wenig bekannt. In dieser Arbeit wurde die
katalytische Untereinheit (Gclc) der Glutamatcysteinligase (Gcl) - dem
Schlüsselenzym der Glutathionbiosynthese - in Keratinozyten genetisch
ausgeschaltet. Dies ermöglicht die Untersuchung der Konsequenzen einer
Langzeit-Glutathiondepletion für die epidermale Homöostase und die
Wundheilung.
Epidermale Homöostase und Wundheilung waren in Mäusen, denen Gclc in
Keratinozyten fehlt, gestört, was sich in Hyperkeratose der Epidermis und
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verzögerter Wund-Reepithelialisierung widerspiegelte. Überaschenderweise
war die frühe Wundheilungsphase nicht betroffen. Während späterer Phasen
des Reparaturprozesses und unter homöostatischen Bedingungen wurden
jedoch schwerwiegende Schäden an DNA und Proteinen in Kombination mit
mitochondrialen Abnormalitäten der Keratinozyten detektiert, was zur
Apoptose führte. Zusätzlich war der Transkriptionsfaktor Nrf2 - ein
Hauptregulator

der

zellulären

Stressantwort

-

in

Gclc-defizienten

Keratinozyten in vitro und in vivo aktiviert. Da bereits gezeigt wurde, dass
konstitutive Nrf2 Aktivierung in der Epidermis Hyperkeratose und einen
epidermalen Barrieredefekt verursachen kann, ist die Aktivierung dieses
Transkriptionsfaktors in Gclc-defizienten Mäusen eine naheliegende Erklärung
für die epidermalen Abnormalitäten, die in diesen Tieren beobachtet wurden.
Andererseits verhindert offensichtlich erhöhte Nrf2 Aktivität vermutlich noch
ernsthafteren zellulären Schaden, da Nrf2/Gclc doppel-defiziente Mäuse kurz
nach der Geburt sterben, was darauf hindeutet, dass beide Moleküle
komplementäre zytoprotektive Signalwege aktivieren.
Zusammenfassend geben die Ergebnisse dieser Arbeit Aufschluss über die
Rolle von Glutathion in Keratinozyten für die Homöostase der Haut und die
Wundheilung und zeigen eine wichtige Funktion von Glutathion in der
Aufrechterhaltung der genomischen Integrität in Keratinozyten auf.
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SUMMARY

Summary
The skin is the largest organ of the human body. It is not only the barrier to
the environment, but it is also involved in thermoregulation and sensation. Its
outermost layer, the epidermis, consists mainly of keratinocytes. These cells
undergo controlled proliferation, differentiation and cell death to maintain
epidermal integrity and to ensure its proper function. Under homeostatic
conditions, but especially during wound healing, a tight regulation of these
processes has to be guaranteed. This requires a well-balanced redox state,
which is achieved by a network of detoxifying enzymes and molecules, which
help to prevent the formation of excessive levels of reactive oxygen and
nitrogen species (ROS/RNS) and/or are involved in their scavenging. If this
detoxification system is overwhelmed or genetically impaired, severe oxidative
stress can occur. This can be seen in a large variety of human skin
pathologies, which have been reported to show an altered redox state,
including chronic, non-healing ulcers, inflammatory skin diseases and cancer.
Therefore, it is important to understand the mechanisms, which control the
redox balance in the skin. The tripeptide glutathione, a well known antioxidant,
is a major component of the oxidative stress defense, but its function in
keratinocytes during skin homeostasis, repair and disease has been poorly
characterized. In this work, the catalytic subunit (Gclc) of glutathione cysteine
ligase (Gcl) - the key enzyme of glutathione biosynthesis - was genetically
targeted in keratinocytes, making it possible to study the consequences of
long-term glutathione depletion in epidermal homeostasis and to analyze the
role of glutathione in keratinocytes during wound healing.
Epidermal homeostasis and wound healing were disturbed in mice lacking
Gclc in keratinocytes as reflected by hyperkeratosis in the epidermis and
delayed wound reepithelialization. Surprisingly, the early phase of wound
healing was not affected. During later phases of the repair process and under
homeostatic conditions, severe damage of DNA and proteins combined with
mitochondrial abnormalities of keratinocytes were detected, resulting in
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apoptosis. Additionally, the transcription factor Nrf2 - a master regulator of the
cellular stress response - was activated in Gclc-deficient keratinocytes in vitro
and in vivo. Since constitutive activation of Nrf2 in the epidermis had
previously been shown to cause hyperkeratosis and an epidermal barrier
defect, the activation of this transcription factor in Gclc-deficient mice provides
a likely explanation for the epidermal abnormalities observed in these
animals. On the other hand, enhanced Nrf2 activity probably prevented even
more severe cellular damage, since Nrf2/Gclc double deficient mice die
shortly after birth, suggesting that both molecules activate complementary
cytoprotective pathways.
Taken together, the results of this work shed light onto the role of glutathione
in keratinocytes for skin homeostasis and wound repair and demonstrated an
important function of Gclc for the maintenance of genome integrity in
keratinocytes.
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1. Introduction
1.1 Structure and function of the skin
The skin is the largest organ of the human body. It is not only the barrier to
the environment, but it is also involved in thermoregulation and sensation
(Proksch et al., 2008; Tobin, 2006). It consists of multiple layers with the
dermis and the epidermis being the two outermost ones (Fig. 1.1). The dermis
contains a broad variety of different cell types, which are embedded in a
matrix consisting of collagen, elastic fibers and other connective tissue
molecules. This matrix allows the skin to be a quite flexible organ. The major
cellular components of the dermis are fibroblasts, macrophages and mast
cells, but it also contains neutrophils, dendritic cells, and T cells (Nestle et al.,
2009). It harbors skin appendages, including hair follicles, sebaceous glands,
sweat

glands,

as

well

as

a

network

of

blood

vessels,

enabling

thermoregulation and supply of oxygen and nutrients (Tobin, 2006). On top of
the dermis lies the epidermis. In between is the basement membrane, which
is connected to the epidermis via hemidesmosomes (Lippens et al., 2009).
The epidermis contains Langerhans cells, Merkel cells and T cells, but more
than 80 % of the cells are keratinocytes, ensuring the skinsʼ barrier function.
These cells undergo controlled proliferation, differentiation and cell death to
maintain the epidermal integrity and to ensure its proper function. The
epidermis is organized in different layers, which are defined by their molecular
composition and behavior/properties (Fig. 1.1) (Fuchs and Raghavan, 2002).
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Figure 1.1. Scheme of the skin and
the epidermal layers. Shown are the
dermis and the epidermis. They are
separated
by
the
basement
membrane. In the dermis the hair
follicles are anchored, and different
cell types can be found. Predominant
are fibroblasts, macrophages and
mast cells. The uppermost part, the
epidermis,
consists
mainly
of
keratinocytes, but it also harbors T
cells, Langerhans cells and Merkel
cells. It is organized in four different
layers: the basal, spinous, granular
and cornified layer, all expressing
distinct proteins (keratins 5, 14, 1, and
10; Fil: filaggrin; Lor: loricrin). The
cornified layer consists of dead
corneocytes. Fuchs and Raghavan,
2002; Candi et al., 2005.

Proliferating cells are normally restricted to the basal layer, whereas cells in
the suprabasal layers are at different stages of terminal differentiation. The
different layers are linked via desmosomes and adherens junctions between
the cells, forming a tightly connected tissue. Tight junctions between cells of
the granular layer further strengthen this connection. They form a particularly
tight seal and are important components of the epidermal barrier. Stem cells
located in the basal layer provide the self-renewal capacity of the epidermis.
Like all other basal cells they are characterized by the expression of keratins
5 and 14. Stem cells are in a quiescent state, but they can be activated and
form transit amplifying cells. The latter undergo several rounds of division until
they leave the basal layer and differentiate to form the suprabasal layer.
Suprabasal keratinocytes are organized in three distinct layers (from in- to
outside): the spinous layer, the granular layer and the cornified layer. The
differentiation process of keratinocytes and the full turnover of the epidermis
take four to six weeks in humans and about two weeks in mice. Keratinocytes
from the spinous layer express keratins 1 and 10 and are inter-connected
through many desmosomes. The granular layer forms a lipid barrier by
releasing lamellar bodies into the extracellular space (Lippens et al., 2009).
Additionally, the keratinocytes start to flatten and lose their nuclei and cell
organelles. Finally, in the last state of keratinocyte differentiation, the
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outermost layer - the stratum corneum - is formed. The keratinocytes in this
layer are completely cornified, becoming corneocytes. They form the so-called
cornified envelope, which consists of cross-linked structural proteins that are
covalently connected to a lipid bilayer (Candi et al., 2005). These dead cells
are shed continuously from the surface of the skin (Lippens et al., 2009).

1.2 Cutaneous wound healing in mammals
Under homeostatic conditions, but especially during wound healing, a tight
regulation of proliferation, differentiation, and cell death has to be guaranteed.
Cutaneous wound healing is accomplished in three overlapping phases, the
inflammatory, the proliferative and the remodeling phase (Fig. 1.2) (Gurtner et
al., 2008; Martin, 1997; Schäfer and Werner, 2008a). One of the first
responses to injury - after the clotting cascade - is inflammation and the
resulting oxidative burst. The inflammatory phase starts shortly after wounding
and lasts about five days in normal excisional mouse wounds, reaching the
maximum between day one and three. Among others, neutrophils and
macrophages occupy the wound site and produce high levels of reactive
oxygen and nitrogen species (ROS and RNS), e.g. superoxide anions and
nitric oxide. ROS and RNS clear the wound from invading pathogens and
furthermore act as signaling molecules (Schäfer and Werner, 2008b; Soneja
et al., 2005). Resident cells like fibroblasts and keratinocytes also produce
ROS/RNS, but to a lesser extent. The production of ROS/RNS in this scenario
is mainly carried out by NADPH oxidases and the inducible isoform of the
nitric oxide synthase (iNOS), respectively. The expression of iNOS reaches its
maximum during early stages of the inflammatory response (Stallmeyer et al.,
1999). Concomitant with this so-called oxidative burst, the cellsʼ major
antioxidant - glutathione - is depleted during wound healing (Rasik and
Shukla, 2000). In the proliferative phase of wound healing, fibroblasts invade
the wound, they proliferate and produce various extracellular matrix
molecules, thereby providing a matrix for migrating keratinocytes. The latter
migrate into the wound from the injured epidermis and from hair follicles at the
14
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wound edge to close the gap and to form a new epidermis. In larger wounds,
this is followed by a wave of proliferation of keratinocytes behind the leading
edge to replace the cells that had been lost by injury. Migration and
proliferation of these cells are affected by ROS/RNS (Soneja et al., 2005;
Stallmeyer et al., 1999; Witte and Barbul, 2002). Already during migration,
keratinocytes produce the components of the new basement membrane and
they start to re-differentiate. This process - called reepithelialization eventually leads to wound closure and re-formation of a functional epidermal
barrier. Wound closure is further promoted by contraction of the wound tissue,
a process that is particularly efficient in rodents. The differentiation of
fibroblasts into contractile myofibroblasts is necessary for this process. The
proliferative phase of wound healing is also characterized by massive
angiogenesis and re-innervation of the wound area. The newly formed dermal
tissue is called granulation tissue due to its granular appearance that results
from the large number of nuclei. Finally, a long tissue remodeling phase is
initiated. This includes re-differentiation of keratinocytes and major changes in
the dermis. Collagen fibers in the dermis are rearranged and cross-linked, and
the vast majority of cells in the granulation tissue undergo apoptosis. This
process finally leads to formation of scar tissue, which includes only few cells
and lacks all appendages, since they cannot regenerate. The scar tissue
never reaches the tensile strength of the non-wounded dermis (Schäfer and
Werner, 2008b).
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Figure 1.2. Scheme of the three major wound healing phases. Shown are schematic
representations of wounds two, five, and ten days after injury. (a) Starting with the
inflammatory phase, the wound site gets populated by inflammatory cells, such as
neutrophils and macrophages. (b) In the proliferative phase fibroblasts migrate to the
wound site, proliferate and produce collagen and other extracellular matrix molecules. On
top of this matrix, keratinocytes migrate and proliferate from the wound edge.
Differentiation of fibroblasts into myofibroblasts further helps to close the wound by
contraction. (c) The remodeling phase is characterized by cross-linking and
rearrangement of collagen fibers. In this phase most cells in the granulation tissue
undergo apoptosis. HF: hair follicle, D: dermis, HE: hyperproliferative epithelium, Es:
eschar, G: granulation tissue. Adapted from Schäfer and Werner, 2008a.
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1.3 Skin disorders and oxidative stress
The tight regulation of proliferation, differentiation and cell death in skin
homeostasis and during wound healing is not always assured. In aged
individuals or in patients suffering from certain diseases, these processes can
be impaired (Rasik and Shukla, 2000). For example, in chronic wounds like
diabetic foot ulcers, the healing process is severely impaired. This results at
least in part from an exaggerated and prolonged inflammatory response. As a
consequence, the levels of ROS and RNS increase, resulting in oxidative
stress (Mudge et al., 2002). This is not only the case during diabetic wound
healing, but also in non-wounded, but inflamed skin. Furthermore, it has been
reported that during ageing cells accumulate DNA damage caused by
oxidative stress, which - in the case of the skin - leads to altered homeostasis
and impaired self-renewal (Best, 2009; Podda and Grundmann-Kollmann,
2001).

17

INTRODUCTION

1.4 Positive and negative effects of reactive oxygen and nitrogen
species
ROS and RNS are highly reactive due to their chemical nature. A list of skin
relevant ROS/RNS is shown in Table 1.1. They are important for cellular
function, for instance by acting as signaling molecules.

Table 1.1. Skin relevant ROS/RNS.
ROS/RNS

Symbol

Possible Source

Function (examples)

Hydrogen peroxide

H 2O 2

Metabolism

• intra- and intercellular signal
• regulator of proliferation and cell death

Superoxide anion

.

O2

Metabolism, UV radiation

• intra- and intercellular signal
• regulator of proliferation

Hydroxyl radical

.

OH

Metal catalysis

• extracellular matrix destruction

Nitric oxide

NO

Metabolism, inflammation

• intra- and intercellular signal
• regulator of proliferation and cell death
• regulator of vascular tonus

Peroxynitrite

ONOO

-

.

-

.

.

Product of NO + O2

-

• regulator of cell death
• extracellular matrix destruction

Adapted from Polefka et al., 2012. ROS/RNS from Sies, 1994. Function from Korkina and
Pastore, 2009.

Mitochondria are the main producers of intracellular ROS. Thereby electrons
produced in the respiratory chain can react with oxygen and - if not reduced to
water - form reactive molecules. Among others, hypoxia and activated p53
can result in increased ROS production in mitochondria (Johnson et al., 1996;
Zuo, 2005). During inflammation (e.g. caused by injury), macrophages and
neutrophils are a major source of ROS/RNS. NADPH oxidases and the
inducible form of nitric oxide synthase (iNOS), enable these immune cells to
synthesize high levels of reactive species at the wound site. This oxidative
burst helps to eliminate invading pathogens and simultaneously stimulates
keratinocyte migration to ultimately close the wound. Although beneficial at
normal levels, excessive levels of ROS/RNS can irreversibly damage DNA,
proteins, and lipids and thus severely impair normal cellular function and even
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cause deleterious mutations (Fig. 1.3) (Polefka et al., 2012). Additionally, they
can inhibit the activity of certain enzymes by modifying their co-factors (e.g.
glutathione). Usually, the cells are able to avoid permanent damage by
activating the repair response or in best case avoiding the damage in first
place by providing enough detoxifying molecules.
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Figure 1.3. Effect of redox state on cellular function. In a highly reducing environment
2+
cells are in a resting state. Mild oxidative stress stimulates proliferation by rise in Ca and
increased phosphorylation of several proteins. With gradually elevated levels of oxidative
stress, DNA can be damaged. The cell cycle halts to repair the damage. Under conditions
of severe oxidative stress apoptosis is initiated to remove the damaged cells. If the levels
of oxidative stress rise even further, apoptosis is halted by inactivation of caspases.
Necrotic cells release harmful molecules, thereby affecting neighboring cells. Adapted
from Polefka et al., 2012.

1.5 ROS/RNS detoxification with special focus on glutathione
Under normal conditions, a battery of different detoxifying enzymes,
antioxidant proteins and low molecular weight antioxidants protect cells from
oxidative damage (Bickers and Athar, 2006; Trachootham et al., 2009). One
of the major molecules dealing with oxidative stress is the highly abundant
tripeptide glutathione. Acting directly as an antioxidant or as a co-factor of
different detoxifying molecules, it helps to protect from excessive oxidative
stress (Fig. 1.4). Furthermore, it provides a reservoir for nitric oxide (NO), an
essential signaling molecule, by forming S-nitrosoglutathione (GSNO). This
allows the quick release of NO if needed and at the same time keeps NO from
reacting with other molecules if not needed (Lima et al., 2010).
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Figure 1.4. Examples of ROS/RNS formation and their detoxification. Under normal
conditions small amounts of superoxide and hydrogen peroxide are produced during
cellular metabolism. Superoxide can be formed from oxygen (O2) by NADPH oxidases. It
is further processed by superoxide dismutases to hydrogen peroxide. Both can be
converted to the highly reactive hydroxyl radical in a reaction catalyzed by iron. The
unstable molecule peroxynitrite can be formed by the reaction of nitric oxide with
superoxide. Nitric oxide is generated from arginine and oxygen via nitric oxide synthases.
After severe injury, prolonged inflammation, abnormal metabolism or exposure to harmful
compounds from the environment, ROS/RNS levels rise and if not detoxified, these
aggressive molecules can damage DNA, proteins and lipids, a situation termed oxidative
stress. Examples of enzymes and other molecules involved in ROS/RNS detoxification
are shown in pink. Glutathione can help to eliminate ROS/RNS either directly
,"-+ or as a cofactor (e.g. of peroxiredoxins).
Oxidized glutathione (GSSG) is recycled to its reduced
!"#$%&'()*+
!"#$%&'()*+
+
form (GSH) by the enzyme glutathione reductase (GR). Adapted from ./0$1"%2#-&'
Bickers and
Athar,
2006 and Trachootham et al., 2009.

Besides above-mentioned functions, glutathione acts as a mediator of thiol

!"#$%&'()),+
exchange reactions (S-glutathionylation
of molecules), thereby protecting
against thiol oxidation, and/or regulates protein function by reversible posttranslational modification (Fig. 1.5). Its chemical nature allows it to interact
with a broad variety of molecules, and it is not surprising that it has been
reported to be involved in the regulation of a wide variety of cellular processes
(Pastore and Piemonte, 2012).
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Figure 1.5. Overview of processes in which S-glutathionylation plays a role.
Glutathione has been reported to be involved in the regulation of several processes.
Shown are some examples of processes that can be regulated by S-glutathionylation.
Gene expression: inhibits DNA binding of NF-κB and Keap-Nrf2 interaction. Signaling
pathways: inhibits protein kinase A (PKA) and protein kinase C (PKC). Cytoskeletal
proteins: reduces rate of actin polymerization. Leukocyte migration and cancer:
reduces ability of S100A9 to build complexes with S100A8 and dissolves S100A9-driven
neutrophil binding to endothelial cells. Energy metabolism and glycolysis: inhibits the
mitochondrial Krebs cycle enzyme α-ketoglutarate dehydrogenase (KGDH). Ion
2+
channels and calcium dependent proteins: promotes Ca
release from the
sarcoplasmic reticulum and decreases the activity of endothelial nitric oxide synthase
(eNOS). Protein folding and degradation: decreases activity of the 20S core of the 26S
proteasome. Cell death and survival: inhibits caspase-3 activation and activity. Adapted
from Pastore and Piemonte, 2012.

As mentioned above (see Fig. 1.5), the Nrf2/ARE pathway can be activated
by S-glutathionylation. Nrf2 is a key regulator in the response to oxidative
stress and controls the expression of genes encoding several ROSdetoxifying enzymes and antioxidant proteins. Under basal condition it binds
to its inhibitor Keap1, which regulates the proteasomal degradation of Nrf2 via
Cul3-based E3 ligase. Upon cellular stress (e.g. ROS/RNS, electrophiles),
several thiol groups of Keap 1 get modified, Nrf2 gets stabilized, and newly
synthesized Nrf2 translocates to the nucleus and activates the expression of
its target genes (Fig. 1.6) (Liebler and Guengerich, 2005; Tong et al., 2006).
The thiol groups from Keap 1 that are important for stress sensing are: Cys151,
Cys273, Cys288, but as mentioned above it has also been reported that Nrf2
can be activated by S-glutathionylation of Cys434 and Cys368 of Keap1 (Zhang
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et al., 2010). Among the major targets of Nrf2 are the regulatory and catalytic
subunits of the glutamate cysteine ligase (Gcl), which is the rate limiting
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enzyme in the biosynthesis of glutathione (see below).

()*+,
()*+,

$%&'

5(,(/)6%"'$#$%",

$%&'

!"
!"

5
.4
12/3

!"

)-)./%0+12-)3
3/%)33

+,

()*

()*

+,

$%&'

(6#$@(#$%"

$%&'
1789:;!<=

!*.
!"#$%&$'("#)*+,-%",+)./+0+"#)

>?1;.?<

Figure 1.6. Scheme of Nrf2
regulation by Keap 1. (a)
Under
basal
conditions
Keap1 binds Nrf2 and
mediates its ubiquitinylation
by the E3 ligase Cul3, upon
which Nrf2 gets degradated
via the proteasome. (b)
Electrophiles and different
stress stimuli can modify
distinct thiol groups of
Keap 1,
allowing
the
weakening of the Nrf2-Keap1
interaction. Nrf2 then gets
stabilized
and
newly
synthetized Nrf2 translocates
to the nucleus, binds to
antioxidant
response
elements and activates the
transcription of its target
genes. Adapted from Liebler
and Guengerich, 2005.

Reduced glutathione (GSH) is composed of the three amino acids glutamate,
cysteine, and glycine, and it is present at relatively high concentrations
(between 1-10mM) in all cell types. Cysteine provides the reactive thiol group.
It is linked to glutamate through a γ-glutamyl bond, preventing cleavage by
intracellular peptidases (Fig. 1.7a). Glutathione synthesis takes places in the
cytoplasm in a simple two-step enzymatic reaction, ensuring high levels and
its availability at any time (Fig. 1.7b). Mitochondria, the endoplasmic reticulum
and the nucleus are dependent on cytosolic glutathione production. The ratelimiting step of glutathione biosynthesis is carried out by the heterodimer
glutamate cysteine ligase (GCL), consisting of two subunits, the modifier
(Gclm) and the catalytic (Gclc) subunit. As the names indicate, Gclm modifies
the activity of Gclc, whereas the catalytic subunit exclusively bears the
properties to catalyze the first step in de novo glutathione biosynthesis (Lu,
2009).
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Figure 1.7. Glutathione - structure and de novo biosynthesis. (a) Glutathione is a
tripeptide, consisting of the amino acids glutamate, cysteine, and glycine. The reduced
form of glutathione (left) has a free thiol group provided by its cysteine residue (marked in
pink). When oxidized (right), glutathione forms a disulfide bond between the thiol groups of
two molecules (marked in purple). It contains a γ-glutamyl bond (marked in red), which can
only be cleaved by the enzyme γ-glutamyl transferase. (b) Glutathione biosynthesis is a
two-step enzymatic reaction, consuming two molecules of ATP. The first step is carried
out by the heterodimer glutamate cysteine ligase (GCL), leading to the formation of γglutamylcysteine. The second step is catalyzed by glutathione synthase (GS), leading to
the formation of glutathione. Glutathione can: act as an antioxidant, S-glutathionylate
molecules, and help to detoxify electrophiles. Adapted from Lu, 2009.

1.6 Pharmacological and genetic approaches to manipulate
glutathione in vivo
By pharmacological or genetic methods it is possible to deplete the
glutathione pool in the cell. One extensively used chemical inhibitor of GCL is
buthionine sulfoximine (BSO). Depending on the application and tissue,
glutathione levels can be reduced down to 20 % of control levels (Adamson et
al., 1996; Kiyosawa et al., 2004). However, this approach is neither cellspecific nor suitable for long-term usage. An alternative is provided by the use
of genetically modified mice. Global knockout of the catalytic subunit of GCL
in mice is lethal already before gestational day 13 due to massive apoptosis,
demonstrating the importance of glutathione during embryonic development
(Dalton et al., 2000; Shi et al., 2000). However, it is not possible to study the
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influence of glutathione depletion at later developmental stages with these
mice. Therefore, conditional Gclc knockout mice were generated, allowing a
tissue specific knockout of Gclc in mice (Chen et al., 2007). These animals
contain floxed Gclc alleles (Fig. 1.8), enabling a knockout via the Cre-lox
recombination system.
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Figure 1.8. Scheme of a Gclc floxed allele. Exons two to seven are marked with the
R
corresponding number. A NEO (neomycin-resistance) mini-cassette as a selection
marker and three loxP sites (marked in purple) have been introduced into the allele. By
site-specific recombination via Cre recombinase, only exon two, three and seven remain
intact, giving rise to a non-functional protein. Adapted from Chen et al. 2007.

So far only mice with a hepatocyte-specific Gclc knockout were generated and
analyzed (Chen et al., 2007; 2010). The knockout mice die one month after
birth from liver failure. By contrast, glutathione levels in the skin have only
been modified pharmacologically. In these experiments it was shown that
either elevating or depleting glutathione in the skin had an effect on cutaneous
wound healing in rodents. For instance, treatment with buthionine sulfoximine
(BSO), an inhibitor of glutathione synthesis, reduced wound bursting strength
in rats (Adamson et al., 1996), whereas exogenous application of glutathione
monoester significantly enhanced the wound healing process of genetically
diabetic mice (Mudge et al., 2002). Table 1.2 summarizes former studies in
which skin glutathione levels were manipulated and the consequences of
these manipulations.
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Table 1.2. Pharmacological manipulation of glutathione levels in the skin.
Effect

Manipulation method

Source

Inhibition of tumor progression

Administration of GSH

(Rotstein and Slaga, 1988)

Reduction of wound bursting strength

BSO* injection

(Adamson et al., 1996)

Enhanced wound healing in diabetic
mice

Exogenous application
of GME**

(Mudge et al., 2002)

Improved wound healing in diabetic
mice by promotion of angiogenesis

Administration of
NAC***

(Aktunc et al., 2010)

Altered keratin16 and 17 expression

Administration of BSO
and NAC

(Kerns et al., 2010)

*buthionine sulfoximine, ** glutathione monoester, ***N-acetyl cysteine
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1.7 Aim of the thesis
Pharmacological glutathione depletion has been shown to cause impaired
wound healing. However, these studies were neither cell type specific nor had
the mechanisms of glutathione action in normal and wounded skin been
evaluated. Furthermore, the consequences of long-term glutathione-deficiency
on skin homeostasis in vivo cannot be easily analyzed with a pharmacological
approach. By genetically targeting the catalytic subunit of Gcl in keratinocytes,
it is not only possible to study the consequences of long-term glutathione
depletion in epidermal homeostasis, but also to analyze the specific role of
glutathione in keratinocytes during wound healing. Therefore, mice lacking the
catalytic subunit of Gcl, and thus the ability to synthesize glutathione in
keratinocytes, were generated and analyzed in this thesis. An overview of the
analyzed parameters can be found in Figure 1.9.
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Figure 1.9. Overview of parameters analyzed in this thesis. It was the aim of this
thesis to characterize normal and wounded skin of mice with a K5-Cre-driven knockout of
Gclc and to shed light on the in vivo function of glutathione in keratinocytes. The mice
were analyzed on different levels, from macroscopic, to microscopic down to
molecular/cellular level.
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2. Results
2.1 Generation and verification of K5hogclc mice
Mice lacking the ability for de novo glutathione biosynthesis in keratinocytes
were generated by mating mice expressing the Cre recombinase under the
control of the Keratin 5 (K5) promoter (Ramirez et al., 2004) with mice
containing floxed Gclc alleles (Chen et al., 2007). The K5 promoter targets
transgene expression to basal keratinocytes of the epidermis and to the outer
root sheath of hair follicles. Mice bearing at least one copy of the K5-Cre
transgene and homozygous for the floxed Gclc allele were termed K5hogclc
mice (Fig. 2.1a). Mice heterozygous for the floxed allele and with the K5-Cre
transgene were termed K5hegclc mice; mice with two Gclc floxed alleles, but
lacking the K5-Cre transgene were termed wthogclc mice. None of these
control mice revealed obvious phenotypic abnormalities. Therefore, wthogclc
mice (and wthegclc mice, both labeled as wthogclc in this work), were used as
controls in this study, enabling the use of littermates as controls.
To verify the loss of Gclc expression, epidermal RNAs from mice at the age of
P23, two months and from cultured primary keratinocytes were analyzed by
qRT-PCR. A strong reduction in Gclc expression was seen in primary
keratinocytes from K5hogclc mice as well as in the epidermis (Fig. 2.1b). The
residual levels of Gclc transcripts in the epidermis of the knockout mice most
likely result from expression of this enzyme in epidermal cells other than
keratinocytes, which are not targeted by the K5 promoter (e.g. epidermal
T cells and Langerhans cells). A similar result was obtained for total
glutathione (GSHT) levels (Fig. 2.1c). The loss of Gclc in the epidermis at P23
was verified on protein level by Western blot analysis (Fig. 2.1d).
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Figure 2.1. Terminology of K5ho
mice and verification of the knockout. (a)
Scheme of the skin. In blue, cells affected by K5-Cre driven knockout. Mice with K5-Cre
gclc
mediated knockout of Gclc are termed K5ho . (b) Gclc gene expression in primary
keratinocytes (1°KC) and in the epidermis (P23 and 2M old mice) was determined by
quantitative RT-PCR. Values were normalized to Rps29. 1°KC n = 6/genotype; P23
n = 5/genotype; 2M n = 7/genotype. **p < 0.01. Data are presented as mean ± SD. (c)
Total glutathione levels (GSHT) in the epidermis were determined with the enzymatic
recycling method. 1°KC nwt = 6, nko = 4; P23 n = 5/genotype; 2M n = 2/genotype.
**p < 0.01. Data are presented as mean ± SD. (d) Gclc protein was analyzed by Western
blot analysis of epidermal lysates of P23 old mice. Liver lysate was used as a positive
control. Gapdh was used as loading control. Each sample represents a pool of 2 individual
animals.
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2.2 Phenotypic abnormalities of K5hogclc mice starting at the age of
three weeks
Knockout mice could easily be distinguished from their littermates three
weeks after birth by the appearance of their fur (Fig. 2.2a,b).
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Figure 2.2. Loss of glutathione causes fur abnormalities and hyperkeratosis in the
gclc
gclc
skin. (a) Macroscopic appearance of K5ho and wtho mice at P2.5, P23 and 2M, from
left to right. Squares indicate areas selected (I-IV) for magnification seen in (b), pointing
out the differences in fur appearance. (c) H&E staining of skin sections from mice at P23
and 2M. Bar = 200µm. Squares indicate areas selected (I-IV) for magnification seen in (d).
gclc
Note the scaling in K5ho mice.

With increasing age, there was only a marginal weight gain (Fig. 2.3a), and
the mice remained small and showed signs of weakness. A considerable
percentage of them died between P30 and P40 (Fig. 2.3b). Mice surviving this
age could be kept up to half a year, but were sacrificed when their health
declined according to criteria determined by animal welfare regulations. The
low body weight and growth deficiency are likely to result from a combination
of enhanced transepidermal water loss (Fig. 2.3c) and hyperkeratosis in the
forestomach (Fig. 2.3d), resulting in dehydration and malnutrition.
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Figure 2.3. Reduced body weight and survival; enhanced trans-epidermal water loss
gclc
and hyperkeratosis in the forestomach of 2 months old K5ho
mice. (a) Body
gclc
gclc
weight as a function of age from wtho and K5ho mice surviving until 2 months of age.
The arrow indicates that for each time point after P23 the p-value was < 0.01. nwt = 7,
gclc
gclc
nko = 5. *p < 0.05, **p < 0.01. (b) Survival (Kaplan-Meier) curves of K5ho versus wtho
mice. n = 14. (c) Transepidermal water loss (TEWL) was measured on two individual spots
of the back. Each square represents data from an individual animal (square = n).
*p < 0.05. Data are presented as mean. (b) H&E staining of sections from the stomach of
2 months old mice. Bar = 1mm. Squares within the pictures indicate the area for
gclc
magnification of the forestomach seen below. Note the hyperkeratosis in K5ho mice.

Epidermal abnormalities of K5hogclc mice first appeared three weeks after birth
(Fig. 2.2c), whereas the skin was not noticeably affected prior to this time
point as determined by H&E staining (Fig. 2.4). At P23 the knockout mice
showed obvious hyperkeratosis, and this phenotype became even more
pronounced at the age of two months (Fig. 2.2d). Concomitantly, the cellularity
in the dermis was increased in 2M old knockout mice (Fig. 2.2c,d IV).
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Figure 2.4. No difference of skin morphology before
gclc
gclc
P23 between wtho
and K5ho
mice. H&E staining of
skin sections from mice at E20, P2.5, P7 and P18.
Bar = 200µm.

This was at least partly due to a progressive increase in cutaneous immune
cells as determined by flow cytometry analysis (Fig. 2.5a). At 2 months the
number of epidermal γδ T cells and of dermal mast cells was significantly
increased as determined by immunofluorescence or toluidine blue staining,
respectively (Fig. 2.5b-d).
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Figure 2.5. Increased numbers of immune cells in the skin of 2 months old K5ho
mice. (a) Flow cytometric analysis of CD45 positive cells in the epidermis. Only live cells
were quantified. (b-d) Quantification of CD3 (immunohistochemistry) positive (b) and
γδ TCR (immunofluorescence) positive (c) cells in the epidermis and of toluidine blue
positive mast cells in the dermis (d). Each square represents data from an individual
animal (square = n). *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as mean.
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2.3 Loss of glutathione affects differentiation and indirectly
proliferation of epidermal keratinocytes in vivo
As a first step to unravel the mechanisms underlying the histological
alterations in the epidermis, the effect of glutathione deficiency on
keratinocyte proliferation was determined. Ki-67 staining did not reveal
obvious differences between wthogclc and K5hogclc mice at P23, but
hyperproliferation occurred in the knockout mice at the age of 2 months (Fig.
2.6a). The late onset suggests that the hyperproliferation is not a direct
consequence of glutathione deficiency, but rather secondary to the cutaneous
abnormalities, in particular to the increase in immune cells observed at this
stage. Staining of skin sections with an antibody against the late differentiation
marker loricrin revealed a broader and more diffuse staining in the knockout
mice compared to controls (Fig. 2.6c, 1st and 2nd row), reflecting the
hyperkeratosis seen in the H&E stainings (Fig. 2.2c,d). Expression of keratin
14 (K14), a marker for basal, undifferentiated keratinocytes, was not obviously
altered. Expression of the early differentiation marker keratin 10 (K10) started
in the first suprabasal layer in mice of both genotypes, but the K10 positive
area was broader in the knockout mice due to retainment of the protein in the
granular and cornified layers (Fig. 2.6c, 3rd and 4th row). Keratin 6 (K6) was
normally expressed in the hair follicles, but some patches of interfollicular K6
positive areas were detected in the epidermis of knockout mice (Fig. 2.6c, 5th
and 6th row). Ultrastructural analysis revealed enhanced detachment of the
cornified layer from the underlying granular layer in K5hogclc mice and a looser
association of the corneocytes (Fig. 2.6d).

33

RESULTS

Figure 2.6. Loss of glutathione affects differentiation and proliferation of epidermal
keratinocytes in vivo. (a) Immunofluorescence on skin sections of P23 and 2M old mice
detecting Ki-67 positive cells (green). Nuclei were counterstained with Hoechst (blue).
White dotted lines indicate the basement membrane. Bar = 15µm. (b) Quantification of Ki67 positive cells per mm epidermis of P23 and 2M old mice. Each square represents data
from an individual animal (square = n). **p < 0.01. Data are presented as mean. (c)
Immunofluorescence on skin sections of P23 and 2M old mice shows the expression of
several differentiation markers. Nuclei were counterstained with Hoechst (blue).
st
nd
Bar = 40µm. 1 and 2 row: Loricrin expression (red). White bars emphasize the
rd
th
thickness of the loricrin expressing layers. 3 and 4 row: Keratin 10 (red) and keratin 14
th
th
(green) expression. 5 and 6 row: Keratin 6 (red) expression. Smaller pictures within the
gclc
K5ho panel show patches of interfollicular keratin 6 staining. (d) Electron microscopy of
the epidermis of P23 old mice showing detachment of the cornified layer from the granular
gclc
layer in K5ho mice (arrows).
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2.4 Early onset of apoptosis in the epidermis of K5hogclc mice
Next, it was determined if enhanced cell death contributes to the epidermal
abnormalities. Indeed, already at P23 K5hogclc mice showed a highly
significant increase in the number of cleaved caspase-3 positive cells in the
epidermis, and this increase was still observed at the age of 2 months (Fig.
2.7a,b).

gclc

Figure 2.7. Enhanced apoptosis in the epidermis of kcko
mice. (a,d) Immunofluorescence on skin sections of P23 and 2M old mice detecting (a) cleaved caspase-3
and (d) p53 positive cells (both red). Nuclei were counterstained with Hoechst (blue).
White dotted lines indicate the basement membrane. White arrows indicate cleaved
caspase-3 and p53 positive cells. Bar = 10µm. (b,e) Quantification of (b) cleaved
caspase-3 and (e) p53 positive cells per mm epidermis of P23 and 2M old mice. Each
square represents data from an individual animal (square = n). ***p < 0.001, p* < 0.05.
Data are presented as mean. (c) Electron microscopy of the epidermis of P23 old mice.
gclc
Apoptotic cells are marked with an asterisk. Upper panel: kcwt , middle and lower panel:
gclc
kcko Bar: upper and middle panel = 3µm, lower panel = 700nm.

A slight increase in the number of apoptotic cells was already documented at
P2.5 and P7 (Fig. 2.8a), indicating that apoptosis is one of the earliest
consequences of glutathione deficiency in keratinocytes. Ultrastructural
analysis revealed that most of the apoptotic cells were in the basal layer (Fig.
2.7c middle and lower panel), but some suprabasal cells also showed
apoptotic features (data not shown). Apoptosis can be initiated by activation of
the tumor suppressor p53, especially under stress conditions (Polefka et al.,
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2012). Immunofluorescence revealed that more epidermal keratinocytes of the
knockout mice were positive for nuclear p53 at P23 and 2 months (Fig.
2.7d,e). The expression of its target gene, which encodes the cell cycle
inhibitor p21, was only mildly increased at P23 (Fig. 2.8b).
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Figure 2.8. Early onset of apoptosis and slight increase of p21 expression in the
gclc
epidermis of K5ho
mice. (a) Quantification of cleaved caspase-3 positive cells per mm
epidermis of P2.5, P7, P23 and 2M old mice. Each square represents data from an
individual animal (square = n). ***p < 0.001, **p < 0.01, p* < .05. Data are presented as
mean. (b) p21 gene expression in the epidermis of P23 old animals was determined by
quantitative RT–PCR. Values were normalized to Rps29. Each square represents data
from an individual animal (square = n). Data are presented as mean.
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2.5 DNA, protein
and mitochondrial damage in the epidermis of

K5hogclc mice "*"'
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Since p53 is activated
in response to DNA damage, the extent of DNA double
/'%
_0>;<;-6=

strand breaks (DBS) was determined by immunofluorescence staining with an
antibody against phosphorylated histone2A (γH2AX). Phosphorylation of this
histone variant occurs in response to DNA double strand breaks. At the age of
P23 and 2 months K5hogclc mice had strongly elevated levels of γH2AX
positive cells in the epidermis (Fig. 2.9a,b), most likely reflecting enhanced
oxidative stress. This hypothesis was supported by the detection of enhanced
levels of oxidized (carbonylated) proteins using OxyBlot analysis (Fig. 2.9c).
In addition, mitochondria, which depend on cytosolic glutathione production
for their integrity, were strongly damaged as revealed by electron microscopy
(Fig. 2.9d). Condensation of mitochondria, which reflects their damage, was
particularly obvious in apoptotic cells (Fig. 2.9d, middle panel), but was
already detectable in pre-apoptotic cells (Fig. 2.9d, right panel).
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gclc

Figure 2.9. Severe cell damage in the epidermis of K5ho
mice. (a) Immunofluorescence on skin sections of P23 and 2M old mice detecting γH2AX positive cells
(red). Nuclei were counterstained with Hoechst (blue). White dotted lines indicate the
basement membrane. White arrows indicate γH2AX positive cells. Bar = 20µm. (b)
Quantification of γH2AX positive cells per mm epidermis of P23 and 2M old mice. Each
square represents data from an individual animal (square = n). **p < 0.01. Data are
presented as mean. (c) OxyBlot analysis of epidermal lysates from P23 old mice. Each
line represents an individual animal. Ponceau S staining was used as loading control after
the protein transfer. (d) Electron microscopy of basal keratinocytes from P23 old mice
gclc
showing a well organized mitochondrium (arrow) with well recognizable cristae in wtho
mice (left panel). The matrix of mitochondria in apoptotic (middle panel) and non-apoptotic
gclc
(right panel) basal keratinocytes of K5ho
mice lost the cristae structure and showed
dense agglomeration (arrow heads). Bar = 170nm.
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2.6 Enhanced apoptosis and DNA damage is a direct consequence
of glutathione deficiency in keratinocytes
To determine if the early onset of DNA damage and apoptosis are direct
consequences

of

glutathione

deficiency

in

keratinocytes,

primary

keratinocytes were cultured and analyzed. In the first few days of cultivation,
keratinocytes from mice of both genotypes appeared morphologically similar
(Fig. 2.10a). However, after four days of cultivation, Gclc-deficient cells
became sparse (data not shown). Quantification of cleaved caspase-3
positive cells showed that the percentage of apoptotic cells was twice as high
in cultures from K5hogclc mice compared to controls (Fig. 2.10b,c). The same
difference was observed for DNA double strand breaks (Fig. 2.10d,e). These
results confirm that DNA damage and the subsequent initiation of apoptosis
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Figure 2.10. Enhanced apoptosis and DNA double strand breaks in primary
gclc
keratinocytes from K5ho
mice. (a) Morphology of cultured primary keratinocytes from
gclc
gclc
wtho
and K5ho
mice. Bar = 100µm. (b,d) Immunofluorescence of primary
keratinocytes detecting (b) cleaved caspase-3 positive cells (red), and (d) γH2AX positive
cells (red). Nuclei were counterstained with Hoechst (blue). Bar = 50µm. (c,e)
Quantification of (c) % cleaved caspase-3 positive cells, and (e) % γH2AX positive cells.
Each square represents data of keratinocytes isolated from an individual animal
(square = n). *p<0.05. Data are presented as mean.
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2.7 Cellular damage causes delayed wound repair in K5hogclc mice
Next, the consequences of Gclc deficiency in keratinocytes for the stress
response of the skin were determined. Previous experiments with chemical
Gcl inhibitors suggested an important role of glutathione during wound healing
(see Table 1.2). Therefore, full-thickness excisional wounds in K5hogclc and
wthogclc mice were generated. The studies were performed prior to the
development of health deficits and obvious skin abnormalities (P19-25). A
detailed histomorphometric analysis of wound sections (see scheme Fig.
2.11a for analyzed parameters) revealed a delay in wound closure at day five
after wounding (Fig. 2.11b,c), but not at earlier time points (Fig. 2.11c).
Consistent with the delayed wound closure, the length and the area of the
migrating epithelium were reduced five days post wounding (Fig. 2.11e,f).
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Figure 2.11. Impaired cutaneous wound healing in K5ho
mice. Wound healing
studies were performed between P19-25 (a) Scheme of a 5 day wound, showing the
parameters
for morphometric analysis (D: dermis Es: eschar, G: granulation tissue,
,G&%,#&'9&4#=>'HIHHH'J'9&4#=>'?@
@A'''&B"*&%:"6
CA'''*&%:"6
HE: hyperproliferative
epithelium).
% wound closure = (I+III/I+II+III)*100. Length HE =
,G&%,#&',%&,'HKIK'J',%&,'?@
DA'''#%,4$9,="84'="66$&
@6A''&6+>,%
average
length
I+III.
Area
HE
=
average
area IV+V. (b,d) Immunofluorescence on wound
HHLHIHHIHHH'J'7'.8$4*'+986$%&
?!A'>,"%'E899"+9&
?@A'>FB&%B%89"E&%,="G&
sections of (b) 5 day wounds
and pictures of the HE from (d) 2 and 3 day wounds,
'''''''&B"=>&9"$:
containing the migrating tongue of a representative wound half (keratin 14 in green, nuclei
in blue). Bar = 100µm. (c,e,f) Quantification of percentage wound closure (c),
length HE
-04,*"$"
(e) and area HE (f) of 2, 3 and 5 day wounds evaluated by morphometric
analysis
of
*"$"
keratin 14 and/or H&E stained wound sections. Each square reflects564,
data from an
individual animal or individual wound (square = n). *p < 0.05, **p < 0.01. Data are
presented as mean.

A more severe delay in healing was obviously prevented by contraction (Fig.
2.12a,b). The number of proliferating cells per area hyperproliferative
epithelium (HE) did not differ at any time point after wounding between the
two groups (Fig. 2.12c,d).
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Figure 2.12. Wound length and keratinocyte proliferation during wound healing of
gclc
gclc
wtho
and K5ho
mice. (a) Immunofluorescence on sections of 5 day wounds
(keratin 14 in green, nuclei in blue). Bar = 100µm. (b) Quantification of total wound length
of 2, 3 and 5 day wounds evaluated by morphometric analysis of keratin 14 and/or H&E
stained wound sections. Each square reflects data from an individual animal or individual
wound (square = n). *p < 0.05. Data are presented as mean. (c) Immunofluorescence on
sections of 2, 3 and 5 day wounds detecting Ki-67 (green) and γH2AX positive cells (red).
Nuclei were counterstained with Hoechst (blue). White dotted lines show the area of
hyperproliferative epithelium in which positive cells were counted (quantified area s. Figure
7a, IV+V). Within each picture is a magnification of the indicated square to show positive
cells (if existing). Bar = 100µm. (d) Quantification of Ki-67 positive cells per area HE of 2, 3
and 5 day wounds evaluated by morphometric analysis. Each square reflects data from an
individual animal or individual wound (square = n). Data are presented as mean.

Analysis of apoptotic cells (cleaved caspase-3 positive cells) in the tip of the
HE did not reveal a significant difference during the early wound healing
phase between the two groups (Fig. 2.13a,b). Cleaved caspase-3 positive
cells were only found in close proximity to the wound tongue in the knockout
epidermis at these stages. However, five days after wounding the knockout
mice had significantly more apoptotic cells in the HE (Fig. 2.13a,b).
Furthermore, p53 positive cells were abundant in the HE of K5hogclc mice at
day three and day five after wounding, whereas only extremely few cells in
control mice were p53 positive (Fig. 2.13c,d). The activated p53 most likely
results from enhanced DNA double strand breaks, which were detected in the
HE at the same time points (Fig. 2.13e,f). The latter may result at least in part
from enhanced oxidative stress as determined by increased levels of
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carbonylated (oxidized) proteins in lysates of 3-day wounds from K5hogclc
mice compared to controls (Fig. 2.13g).
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Figure 2.13. Cell damage in the hyperproliferative epithelium during cutaneous
gclc
wound healing of K5ho
mice. (a,c,e) Immunofluorescence on sections of 2, 3 and 5
day wounds detecting (a) cleaved caspase-3 positive cells (red, indicated with white
arrows, and arrow heads), (c) p53 positive cells (red), (e) γH2AX positive cells (red), and
Ki-67 (green) positive cells. Nuclei were counterstained with Hoechst (blue). White dotted
lines show the area of hyperproliferative epithelium in which positive cells were counted
(scheme of quantified area s. Figure 7a, IV+V). Within each picture is a magnification of
the indicated square to show positive cells (if existing). Bar = 100µm. (b,d,f) Quantification
of (b) cleaved caspase-3 positive cells, (d) p53 positive cells and (f) γH2AX positive (Ki-67
negative) cells per area HE of 2, 3 and 5 day wounds evaluated by morphometric analysis.
Each square reflects data from an individual animal or individual wound (square = n).
*p < 0.05, **p < 0.01. Data are presented as mean. (g) OxyBlot analysis of tissue lysates
from total skin and wounds. Ponceau S staining was used as loading control after protein
transfer. Each sample represents a pool of 2 individual animals.
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2.8 Upregulation of distinct Nrf2 target genes in primary
keratinocytes and in the epidermis of K5hogclc mice
Although the loss of Gclc caused obvious cell damage in keratinocytes, the
severity of the phenotype was less pronounced than expected - even in
response to wounding. It may be that other cytoprotective pathways can
compensate at least in part for the loss of Gclc in keratinocytes. Since
glutathione deficiency had previously been shown to activate Nrf2, a
transcription factor that initiates the expression of a battery of cytoprotective
genes (Kiyosawa et al., 2004; Lee et al., 2008), the expression of several Nrf2
target genes was analyzed. Indeed, a significant increase in the expression of
several Nrf2 target genes was detected. Among them were classic targets like
glutathione S-transferase a3 (Gsta3), NAD(P)H dehydrogenase quinone 1
(Nqo1) and sulfiredoxin-1 (Srxn1) (Fig. 2.14a). However, heme oxygenase
(Ho-1), and aldo-keto reductase family 1, member B8 (Akr1b8) were not
regulated. The regulation of a selection of these genes was also tested in vitro
(Fig. 2.14b, untreated cells). Here, the upregulation of Gsta3 and Nqo1 was
even more pronounced in the Gclc-deficient cells compared to the in vivo
situation, suggesting that Nrf2 activation is a cell autonomous effect driven by
the glutathione deficiency in keratinocytes. Interestingly, culturing of the cells
under hypoxic conditions (3 % O2, compared to 21 % O2 under normal culture
conditions) did not reduce the expression of Nrf2 target genes. Rather, it
caused a dramatic increase in the expression of these genes in Gclc-deficient
cells, and a mild increase in Nqo1 expression was even seen in control cells
under hypoxic conditions (Fig. 2.14b treated cells).
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Figure 2.14. Nrf2 target gene activation in Gclc-deficient mice. (a) Nrf2 target gene
expression in primary keratinocytes and in the epidermis was determined by quantitative
RT-PCR. Values were normalized to Rps29. Each square represents data from an
individual animal (square = n). **p < 0.01, *p < 0.05. Data are presented as mean. (b)
Primary keratinocytes were isolated, cultivated until 60-70% confluency and then
incubated under hypoxic conditions (3% O2) for 72h. Control cells were kept under normal
cell culture conditions (21% O2). Nrf2 target gene expression was determined by
quantitative RT-PCR. Values were normalized to Rps29. Each square represents data
from keratinocytes of an individual animal (square = n). (c) Double knockout animals per
number of animals per litter before and after P1. Expected ratio is 0.125. Each dot
represents data from an individual litter (dot = n). Data are presented as mean. (c)
Macroscopic appearance of embryos at E20. One out of six double knockout animals
appeared obviously phenotypically abnormal. (d) H&E staining of skin sections from E20
old mice. Bar = 50µm.
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The increase under hypoxic conditions is unlikely to result from enhanced
levels of ROS, since UVB treatment of cells, which also results in ROS
production, did not affect expression of Nrf2 target genes (Fig. 2.15a).
Additionally, in DCF experiments, only a slight increase in fluorescence
(reflecting ROS levels) was observed in Gclc-deficient cells compared to
control cells (Fig. 2.15b), while an obvious increase in fluorescence was seen
in a DAF experiment (reflecting nitric oxide levels) (Fig. 2.15c).
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Figure 2.15. UVB does not affect Nrf2 target gene expression in K5ho
keratinocytes.
(a) Primary keratinocytes were isolated, cultivated until 60-70%
2
confluency and then irradiated with 20mJ/cm UVB. Prior to and 6 hours post irradiation
(6hpi), RNA was extracted and Nrf2 target gene expression was determined by
quantitative RT-PCR. Values were normalized to Rps29. Each square represents data
from keratinocytes of an individual animal (square = n). *p < 0.05. Data are presented as
mean. (b,c) Primary keratinocytes were isolated and cultured until they reached 80-90%
confluency. Prior to measurement, cells were incubated in medium containing DCF or DAF
for 1 hour. Shown are representative histograms of DCF and DAF assay of cultured
keratinocytes from single animals. The results were reproduced in two independent
experiments. Experiment 1: DCF/DAF assay, nwt = 4, nko = 3; Experiment 2: DCF assay,
nwt = 4, nko = 3; DAF assay, nwt = 7, nko = 6.
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2.9 KoNrf2/K5hogclc double knockout mice die shortly after birth
To test a potential interaction/cross-talk of Nrf2 and glutathione deficiency in
the epidermis, koNrf2/K5hogclc double knockout mice were generated. Since
K5hogclc mice could not be used for breeding, heNrf2/K5hogclc littermates were
used as direct controls. Interestingly, all koNrf2/K5hogclc mice that were
obtained were younger than P1, and double knockout mice were not found in
any litter older than P1 (Fig. 2.14c). At earlier time points (<P1 and E20), the
expected Mendelian distribution applied, suggesting that the mice die after P1.
The reason for the mortality of the double knockout after P1 is as yet
unknown. Most embryos didnʼt show obvious macroscopic abnormalities at
E20 (Fig. 2.14d). Only one out of six appeared smaller. Also between birth
and P1 no differences between koNrf2/K5hogclc mice and their littermates could
be observed (data not shown). Histological analysis of skin sections from E20
old mice revealed no obvious defect in skin morphology between the different
groups as well (Fig. 2.14e). Therefore, functional deficits, which are not
reflected by major histological alterations, are likely the cause of death.
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3. Discussion and outlook
The interest in the antioxidant glutathione is continuously increasing as
reflected

by

113,000

publications

according

to

PubMed

(http://www.pubmed.com/). This is due to glutathioneʼs crucial role in various
biological and pathological processes. Nevertheless, there is still little
information about the cell-type specific functions of glutathione in skin
homeostasis and disease and on the underlying molecular mechanisms of
action. This topic is particularly important, since a large variety of human skin
pathologies have been reported to show an altered redox state. Among them
are conditions like non-healing foot ulcers in diabetic patients, allergic
reactions, (photo-) aging and cancer (Bickers and Athar, 2006; Polefka et al.,
2012). Under normal conditions, a network of detoxifying enzymes and
molecules helps to prevent the accumulation of excessive levels of reactive
oxygen and nitrogen species. But if this detoxification system is overwhelmed
or genetically impaired, severe oxidative stress can occur. Due to the
important role of glutathione in the defense against oxidative stress and in the
maintenance of the cellular redox balance, it is of pivotal importance to
determine its role in normal, wounded and diseased skin. So far glutathione
levels have only been manipulated using pharmacological approaches and
the resulting effects had not been studied intensively. In particular, this
approach did not allow the analysis of the cell-type specific functions of
glutathione. Therefore, a genetic approach was used to study the roles and
mechanisms of action of glutathione in keratinocytes. For this purpose, mice
with a keratin 5 Cre-driven knockout of the catalytic subunit of Gcl, the key
enzyme in glutathione synthesis, were generated and analyzed under
homeostatic conditions and during wound healing.
Under unchallenged conditions the knockout mice developed a severe
phenotype. They only slightly gained weight after weaning and had a reduced
survival rate. Furthermore, at the age of two months, they showed enhanced
epidermal water loss and hyperkeratosis in the skin and forestomach. The
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reasons for the mortality and the reduced weight are not clear, but a
combination of malnutrition and water loss may be responsible. The
hyperkeratosis in the forestomach, which was observed at the age of 2
months, might cause problems with the processing of food, resulting in
malnutrition. Hyperkeratosis as a reason for malnutrition and subsequent
death has also been observed in mice lacking the Nrf2 antagonist Keap1
(Wakabayashi et al., 2003). Although not explicitly tested, it seems likely that
Nrf2 is also activated in the forestomach of K5hogclc mice, similar to the
activation seen in the skin. This could provide a likely explanation for the
hyperkeratosis. At the age of three weeks, though, K5hogclc mice did not show
signs of hyperkeratosis in their stomach yet (data not shown). This might be
due to a less efficient knockout of Gclc in the forestomach compared to the
epidermis. Alternatively, cells of the forestomach may be less exposed to
reactive oxygen/nitrogen species compared to epidermal cells, resulting in a
later onset of the phenotype. Accompanied with the health decline, two
months old K5hogclc mice showed a mild epidermal barrier defect. They had
enhanced transepidermal water loss (TEWL), a dermal and epidermal
immune cell infiltrate and hyperproliferation of keratinocytes. The latter is most
likely secondary to the barrier function defect and the resulting inflammation,
since a mild inflammatory infiltrate and mildly enhanced TEWL were already
seen at P23, whereas keratinocyte proliferation was not yet altered at this
age. A similar situation has been reported for mice lacking fibroblast growth
factor receptors in the epidermis. This caused a defect in epidermal barrier
function

and

subsequent

cutaneous

inflammation,

followed

by

hyperproliferation of keratinocytes through upregulation of keratinocyte
mitogens in dermal cells (Yang et al., 2010). The enhanced TEWL may result
from the hyperkeratosis, which could be associated with corneocyte fragility
and impairments in the cornified envelope as previously demonstrated for
mice expressing a constitutively active Nrf2 mutant in the epidermis (Schäfer
et al., 2012). In addition or alternatively, lipid peroxidation resulting from the
enhanced oxidative stress could be involved. Lipid extrusion in the stratum
granulosum strongly contributes to the barrier function of the skin (Lippens et
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al., 2009). The keratinocytes in this layer of the epidermis release lipids from
lamellar bodies, filling the extracellular space. This seals the epidermis and
prevents excessive water loss from the inside and invasion of pathogens from
the outside. This is likely to be affected by lipid peroxidation. To test this
possibility, levels of malondialdehyde (MDA) - one of the end products of lipid
peroxidation (Del Rio et al., 2005) - were determined, but only in three week
old mice (data not shown). At this age, there was no difference between the
two groups. Since the phenotype aggravates upon aging, it seems likely that
cells from the outermost layers of the epidermis are also affected by
ROS/RNS, resulting in lipid peroxidation. Therefore, it will be interesting in the
future to directly determine the levels of oxidized phospholipids in the
epidermis at different time points by a semi-targeted lipidomic analysis
(Gruber et al., 2012).

Phenotypically, abnormal appearance of the fur was the first obvious
difference between knockout and control animals. Some of the K5hogclc mice
had obvious hair loss, in particular on the belly. The number of hair follicles
was not altered at P23 though (data not shown). It is possible that the
anchorage of the hair is weaker in these mice, e.g. through hyperkeratosis of
the infundibulum as shown for mice expressing a constitutively active Nrf2
mutant in keratinocytes (Schäfer et al., 2014). This hypothesis is supported by
the more pronounced hair loss in areas with strong mechanical irritation.
Histologically, the most striking difference was seen in the stratum corneum,
which

was

strongly

increased

in

thickness

in

K5hogclc

mice.

The

hyperkeratosis appeared already at P23 and was even more pronounced at
the age of two months. The reason for the hyperkeratosis is as yet not fully
clear. Hyperproliferation of epidermal keratinocytes is obviously not involved,
since at P23 mice of the two groups did not show a difference in Ki-67 positive
cells in the epidermis. This is surprising, since several studies showed an
involvement of glutathione in proliferation and cell cycle progression of other
cells (Buşu et al., 2013; Diaz Vivancos et al., 2010; Markovic et al., 2010;
Pallardó et al., 2009). It is possible that the activation of Nrf2 in the epidermis
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of Gclc knockout mice is involved in the hyperkeratosis. Nrf2 activation was
shown to enhance the expression of Slpi (secretory leukocyte peptidase
inhibitor), an inhibitor of Klk7 (serine protease kallikrein 7) in the epidermis,
which in turn is involved in the desquamation process (Schäfer et al., 2012).
Therefore, the enhanced expression of Slpi that was found in the skin of
K5hogclc mice might be involved in the observed hyperkeratosis.

An early hallmark of the loss of glutathione synthesis in the epidermis was
apoptosis of basal cells. Already at P2.5 a slightly enhanced rate of
keratinocyte apoptosis could be detected. Cell death as a result of glutathione
synthesis deficiency has also been reported in hepatocyte-specific Gclc
knockout mice (Chen et al., 2007) and in embryos with global Gclc deficiency
(Shi et al., 2000). What triggers the apoptosis pathway under these
conditions? Results from in vitro studies demonstrated that S-glutathionylation
of caspase-3 inhibits its cleavage/activation to the active form (Pan and Berk,
2007). This could contribute to the apoptosis seen in K5hogclc epidermis, since
neither reduced nor oxidized glutathione are present; therefore Sglutathionylation of proteins is unlikely. Another group showed that during
oxidative stress S-glutathionylation of p53 inactivates its function (Velu et al.,
2007), which could also prevent stress-induced apoptosis. Finally, the results
shown in this work strongly suggest that DNA damage induced by oxidative
stress is, at least in part, responsible for the increased apoptosis. It has been
shown that DNA double strand breaks can be induced by severe oxidative
stress. If both strands are ruptured, the site gets marked by phosphorylation
of histone H2AX, then termed γH2AX (Tanaka et al., 2006). This activates
different sensor kinases of the DNA damage response and in turn p53
(Bonner et al., 2008). Under mild stress conditions, p53 activation would lead
to halt of cell cycle progression to allow for DNA repair, but under excessive
levels of stress p53 triggers the apoptotic pathway (Polefka et al., 2012). The
basal epidermal layer of K5hogclc mice at P23 and at 2 months showed
significantly more γH2AX positive cells. These γH2AX positive cells were all
negative for the proliferation marker Ki-67, suggesting that they could be
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senescent (Lawless et al., 2010). Only cells that have DNA damage (γH2AX
positive) and are not able to proliferate (Ki-67 negative) are considered
senescent. In K5hogclc mice however, the presence of γH2AX positive/Ki-67
negative cells is unlikely a sign of senescence. Several findings obtained in
this thesis support this hypothesis. First, the number of apoptotic cells was
strongly increased, which is not the case if cells are senescent. Second,
expression of classic markers for senescent cells, e.g. p16 and p21
(Pawlikowski et al., 2013) was not significantly altered in the epidermis of the
knockout mice. Expression of p16, which is highly expressed in aging tissue
(Wood and Sabatini, 2009), was rather slightly down-regulated in the
epidermis of Gclc knockout mice (data not shown). Taken together, our data
suggest that the cellular damage is so high that apoptosis rather than cell
cycle arrest/senescence is induced. Although ROS/RNS levels cannot be
quantified directly in vivo, severe DNA damage and the presence of oxidized
proteins strengthen the conclusion. Furthermore, the detection of damaged
mitochondria in basal keratinocytes by ultrastructural analysis further
suggests that the skin of K5hogclc is exposed to severe (oxidative) stress.
Mitochondrial dysfunction was also reported upon hepatocyte-specific
knockout of Gclc (Chen et al., 2007). Mitochondria depend on glutathione
from the cytosol. This is essential for their proper function, considering that
they are the major source of intracellular ROS/RNS (Marí et al., 2009).
The activation of a pro-apoptotic program and the DNA double strand breaks
are obviously cell autonomous events driven by the loss of glutathione
synthesis in keratinocytes and not triggered by other cells, e.g. immune cells.
This was reflected by the 2-fold increase in cleaved caspase-3 and γH2AX
positive primary keratinocytes from Gcl-deficient mice compared to cells from
control mice. These cells are therefore suitable for further analysis of the
stress response in keratinocytes in the absence of glutathione biosynthesis
and to determine if the phenotype can be rescued by addition of broadspectrum

antioxidants,

specific

ROS

or

RNS

scavengers,

or

by

inhibition/silencing of p53.
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Considering the high levels of stress/damage under homeostatic conditions, it
was surprising that the early phase of wound healing was not obviously
affected by the loss of glutathione synthesis in keratinocytes. Wound closure,
the area of hyperproliferative epithelium (HE), and the total wound length were
not even slightly altered two or three days after wounding. During these
stages of wound healing an inflammatory response takes place. Inflammatory
cells infiltrate the wound site and produce high levels of ROS/RNS to clear the
injured tissue from pathogens, and - at least nitric oxide (NO) - additionally
stimulates migration of the surrounding cells (Beauvais et al., 1995; Noiri et
al., 1997). ROS are predominantly produced by the activity of NADPH
oxidases, and NO is mainly generated by the inducible isoform of NOS (iNOS)
at the wound site. Noiri et al. (1997) showed that inhibition of iNOS reduced
keratinocyte migration and impaired reepithelialization, demonstrating that
ROS/RNS are necessary for proper wound healing. Thus, the pro-migratory
effect

of

NO

may

prevent

oxidative

stress-induced

inhibition

of

reepithelialization. This hypothesis is supported by the observation that the
length of the HE was slightly longer in wounds of knockout mice compared to
control mice two and three days post wounding. Under normal condition
glutathione can react with NO and thereby inhibit its reaction with other
molecules or prevent it from acting as a signaling molecule. If glutathione is
absent, more NO could be available, thus enhancing its pro-migratory function
for keratinocytes. In addition to this potential mechanism, our laboratory
previously demonstrated that several ROS-detoxifying enzymes are highly
expressed in the hyperproliferative wound epithelium during the early stages
of wound healing (Steiling et al., 1999), and this may at least in part prevent
the oxidative damage of these cells, even in the absence of glutathione.
Furthermore, the strong expression of various growth factors and the
stimulation of keratinocyte proliferation by these cells could provide an
additional protective mechanism. Although the early wound healing process
was not obviously affected in mice lacking Gclc in keratinocytes, the
subsequent wound closure was delayed. In particular, the area of
hyperproliferative wound epidermis was reduced. This was not due to a
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reduction in the number of proliferating cells per area of hyperproliferative
epithelium. Rather, it seems to be the consequence of accumulated cellular
damage and subsequent induction of apoptosis. Enhanced levels of DNA
double strand breaks, protein oxidation and activation of p53 started already
three days after wounding in the knockout animals, finally leading to
enhanced apoptosis in the HE of five day wounds. Besides keratinocyte
migration and proliferation, wound contraction is crucial for proper wound
repair. During this process fibroblasts differentiate into myofibroblasts and
help to drag the wound edges together. The total length of the wound is a
readout for wound contraction. Surprisingly, five days post injury K5hogclc
wounds had a smaller total length. This may again result from different levels
of NO, since knockout of iNOS, eNOS or inhibition of iNOS decreased wound
contraction, whereas transfection of cells at the wound site with an iNOS
expression vector enhanced wound contraction (Witte and Barbul, 2002).
Another publication reported that ROS accelerate the differentiation of
fibroblasts into myofibroblasts and thus help to enhance wound contraction
(Sen, 2003). Therefore, it will be important to determine if the transition from
fibroblasts to myofibroblasts is altered in wounds of K5hogclc mice.

Taken together, the loss of glutathione synthesis in the epidermis causes
epidermal abnormalities and impaired wound healing in mice, in particular
through enhanced apoptosis. This results from damage of cellular
macromolecules and from mitochondrial dysfunction, most likely caused by a
severe impairment in the cellular redox balance, creating a highly oxidized
environment (Fig. 3.1).
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Figure 3.1. Scheme of the consequences resulting from ROS/RNS on normal and
glutathione deficient epidermis during skin homeostasis and wound healing. Under
normal conditions (left side), the deleterious effects of increased ROS/RNS can be
prevented or repaired and normal skin homeostasis and wound healing is possible.
However, excessive levels of ROS/RNS can induce DNA double strand breaks (DSBs).
This activates p53, which in turn stops cell cycle progression to allow for DNA repair. In
glutathione deficient epidermis (right side), ROS/RNS cannot be scavenged and are
insufficiently detoxified. DNA, proteins and mitochondria get damaged. This leads to
activation of p53, which - in this scenario - initiates apoptosis. Eventually, the epidermis
becomes hyperkeratotic - possibly through activation of Nrf2 - and wound healing is
impaired.

Although the knockout of Gclc in the epidermis caused an obvious phenotype,
it was surprising that the damage did not cause lethality in most of the mice
and that the wound healing process was not dramatically delayed. By
contrast, mice lacking Gclc in hepatocytes died within one month after birth
(Chen et al., 2007). This could be due to a higher exposure of the liver to
oxidative stress compared to the skin. Alternatively, compensatory pathways
may be efficiently activated in the skin of K5hogclc mice. In support of this
hypothesis, several Nrf2 target genes were upregulated in vivo and in vitro in
Gclc-deficient keratinocytes. Nrf2, a transcription factor that controls the
expression of a battery of cytoprotective molecules, can be activated upon
modification of thiol groups of its inhibitor Keap 1 (Dinkova-Kostova et al.,
2002; Zhang and Hannink, 2003; Zhang et al., 2010). Therefore, in the
absence of glutathione, the alteration in the cellular redox state may result in
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weakening of the Nrf2/Keap1 interaction and subsequent activation of Nrf2.
Indeed, glutathione deficiency induced by pharmacological compounds had
previously been shown to result in Nrf2 activation (Kiyosawa et al., 2004; Lee
et al., 2008), although the underlying mechanism is as yet unclear. Nrf2
activation might be functionally relevant in K5hogclc mice, since their skin
showed some similarities to the skin of adult mice expressing a constitutively
active mutant of Nrf2 in keratinocytes (Schäfer et al., 2012). It is, however,
unclear if the phenotype of the K5hogclc mice is a direct consequence of the
lack of glutathione. It is also possible that high levels of ROS/RNS lead to the
activation of Nrf2 in the K5hogclc mice. A role of NO seems most likely, since
previous studies revealed that ROS do not directly activate Nrf2 in
keratinocytes (Durchdewald et al., 2007), whereas NO is a well-established
activator of Nrf2 (Dhakshinamoorthy and Porter, 2004; Li et al., 2009).
Furthermore, DCF and DAF assays with primary keratinocytes demonstrated
that NO levels were obviously increased in Gclc-deficient keratinocytes, while
ROS levels were only slightly increased. Interestingly, the upregulation of
Nrf2-mediated gene expression in the absence of Gclc was stronger in vitro
than in vivo, suggesting that the exposure to high oxygen levels and thus
higher levels of ROS/RNS causes more pronounced Nrf2 activation. This
hypothesis is further supported by the particularly strong upregulation of Nrf2
target genes in cells cultured under hypoxic conditions, when they produce
high levels of ROS/RNS (Blokhina and Fagerstedt, 2010). Some genes were
even upregulated in control cells under these conditions, including Gclc. This
goes in line with studies reporting activation of Nrf2 during hypoxic treatment
of cardiomyoblasts (Kolamunne et al., 2013). However, heme oxygenase-1
was only upregulated by a combination of the Gclc knockout with hypoxia in
keratinocytes, which is contradictory to findings of Lee et al. (1997), who
found hypoxia-induced upregulation of this gene in the presence of Gclc.
Thus, glutathione deficiency, hypoxia or a combination of both, have obviously
distinct effects on different Nrf2 target genes, which may also depend on the
cell type. In future experiments it will be interesting to treat the cells with
inhibitors of iNOS and/or NADPH oxidase or to treat them with NO

55

DISCUSSION AND OUTLOOK
scavengers and/or antioxidants under hypoxic or normoxic conditions.
Eventually, the levels of individual ROS and RNS and their effects on Nrf2
activation should be determined in the glutathione deficient cells, e.g. using
electron spin resonance (ESR) (Kohno, 2010).

Finally, we analyzed the cross-talk between glutathione deficiency and Nrf2
activation in the epidermis using a genetic approach. Interestingly, double
mutant mice with a complete knockout of Nrf2 and a keratin 5 Cre-driven
knockout of Gclc died shortly after birth. This result strongly suggests that
Nrf2 compensates at least in part for the lack of glutathione in keratinocytes
and that the combined loss of both cytoprotective mechanisms in
keratinocytes is deleterious. The cause of death of the animals is as yet
unclear, since the newborn double mutant mice appeared macroscopically
normal, and there were also no major histological differences in the skin. One
possibility is that the mice die from dehydration due to abnormalities in the
epidermal barrier. This could be tested by an inward permeability assay with
toluidine blue, where the dye penetrates the epidermis of the embryos as long
as the epidermal barrier is not established yet (Hardman et al., 1998).
Alternatively, the mice may die from defects in other organs than the skin
caused by the global Nrf2 knockout in combination with the K5Cre-driven Gclc
knockout. This could be further tested by mating of mice with floxed Nrf2
alleles (Kong et al., 2011) with K5-Cre transgenic mice or ideally K5-CreER
transgenic mice, in which Cre recombinase can be induced at different stages
of embryonic or postnatal development by treatment with tamoxifen.

In addition to Nrf2, other factors may be activated in response to loss of
glutathione, such as the redox sensitive transcription factors AP-1 and/or NFκB (Surh et al., 2005). In the future, this should be tested using an unbiased
approach, such as proteomic/transcriptomic analysis of primary keratinocytes
and isolated epidermis from Gclc-deficient mice. This will identify the
genes/pathways that are affected in the absence of glutathione in
keratinocytes.
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Independent of these open questions, the results presented in this thesis shed
light onto the role of glutathione in keratinocytes for skin homeostasis and
wound repair and they unraveled an important function of Gclc in the
maintenance of genome integrity in keratinocytes.
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4. Materials and Methods

4.1 Materials
4.1.1 Chemicals and consumables
chemical

source

2,6-Di-tert-butyl-4-methylphenol (BHT)

Sigma, Buchs, Switzerland

2-Mercaptoethanol

Fluka Chemie, Buchs, Switzerland

Acetic acid

Fluka Chemie, Buchs, Switzerland

Acetone

Merck, Darmstadt, Germany

Acrylamide/bisacrylamide (30 %)

Chemie Brunschwig AG, Basel, Switzerland

Agarose, SeaKem LE

Bioconcept, Allschwil, Switzerland

Ammonium persulfate (APS)

Sigma, Buchs, Switzerland

Ammonium thiocyanate

Sigma, Buchs, Switzerland

β-NADPH

Sigma, Buchs, Switzerland

Boric acid

Roth, Karlsruhe, Germany

Bovine serum albumin (BSA)

Sigma, Buchs, Switzerland

Bromophenol blue

Sigma, Buchs, Switzerland

Chloroform

Merck, Darmstadt, Germany

Citric acid

Fluka Chemie, Buchs, Switzerland

Complete Protease Inhibitor Cocktail

Roche, Rotkreuz, Switzerland

Cover slips

Knittel Gläser, Braunschweig, Germany

DAF-FM DA (DAF)

Sigma, Buchs, Switzerland

Dako Pen

Dako, Baar, Switzerland

Deferoxamine mesylate salt (DFO)

Sigma, Buchs, Switzerland

Deoxynucleotide triphosphates (dNTPs)

Invitrogen/Life Technologies, Zug, Switzerland

Di-sodium hydrogenphosphate-dihydrate
(Na2HPO4 x 2H2O)

Merck, Darmstadt, Germany

Diazobicyclo-[2.2.2]-octane (DABCO)

Sigma, Buchs, Switzerland

Diethylpyrocarbonate (DEPC)

Sigma, Buchs, Switzerland

D,L-Dithiothreitol (DTT)

Sigma, Buchs, Switzerland

Dimethylsulfoxide (DMSO)

Merck, Darmstadt, Germany

Dipotassium hydrogen orthophosphate
(K2HPO4)

Merck, Darmstadt, Germany

DNA marker

Thermo Scientific/Fermentas, Allschwil, Switzerland

DTNB

Sigma, Buchs, Switzerland
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Eosin

Sigma, Buchs, Switzerland

Ethanol (EtOH)

Merck, Darmstadt, Germany

Ethidium bromide (EtBr)

Sigma, Buchs, Switzerland

Ethylenediamine tetra-acetic acid (EDTA)

Fluka Chemie, Buchs, Switzerland

®

Eukitt Mounting Medium

Fluka Chemie, Buchs, Switzerland

EZ-Link Hydrazide-Biotin Reagents

Thermo Scientific/Fermentas, Allschwil, Switzerland

Glutathione (reduced form)

Sigma, Buchs, Switzerland

Glycerol

AppliChem, Darmstadt, Germany

Glycine

Roth, Karlsruhe, Germany

Guanidine thiocyanate

Roth, Karlsruhe, Germany

H2DCF-DA (DCF)

Invitrogen/Life Technologies, Zug, Switzerland

Hematoxylin (Meyer)

Biosystems AG, Nunningen, Switzerland

Hoechst

Sigma, Buchs, Switzerland

Hydrochloric acid (HCl)

Merck, Darmstadt, Germany

Hydrogen peroxide (H2O2)

Merck, Darmstadt, Germany

Isopropanol

Merck, Darmstadt, Germany

Isoflurane

Rothacher, Heitenried, Switzerland

Light Cycler 480 SYBR green I mix

Roche, Rotkreuz, Switzerland

Luminol

Sigma, Buchs, Switzerland

Magnesium chloride (MgCl2)

Sigma, Buchs, Switzerland

MES

AppliChem, Darmstadt, Germany

Methanol (MeOH)

Fluka Chemie, Buchs, Switzerland

Mowiol

Hoechst, Frankfurt, Germany

N,N,Nʼ,Nʼ-Tetramethylene-diamine
(TEMED)

Sigma, Buchs, Switzerland

Nitrocellulose transfer membrane (0.2 µm)

Whatman, Dassel, Germany

NP-40 (Igepal)

Sigma, Buchs, Switzerland

Paraffin

Biosystems AG, Nunningen, Switzerland

Paraformaldehyde (PFA)

Sigma, Buchs, Switzerland

Phenol, water saturated

VWR, Dietikon, Switzerland

Ponceau S

Sigma, Buchs, Switzerland

Potassium dihydrogen orthophosphate
(KH2PO4)

Merck, Darmstadt, Germany

Potassium chloride (KCl)

Merck, Darmstadt, Germany

Prestained Protein Marker

Thermo Scientific/Fermentas, Allschwil, Switzerland

Skimmed milk powder

Migros, Zurich, Switzerland

Slides Superfrost

Thermo Scientific/Fermentas, Allschwil, Switzerland

Sodium acetate

VWR, Dietikon, Switzerland

Sodium azide (NaN3)

Sigma, Buchs, Switzerland
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Sodium chloride (NaCl)

Merck, Darmstadt, Germany

Sodium citrate

Fluka Chemie, Buchs, Switzerland

Sodium dihydrogen phosphate
monohydrate (NaH2PO4 x H2O)

Merck, Darmstadt, Germany

Sodium dodecyl sulfate (SDS)

Sigma, Buchs, Switzerland

Sodium hydroxide (NaOH)

Merck, Darmstadt, Germany

Sulfosalicylic acid (SAA)

Sigma, Buchs, Switzerland

Super RX FUJI medical X-ray film

Lucerna-Chem AG, Luzern, Switzerland

T-Per, tissue protein extraction reagent

Pierce, Rockford, IL

Tissue freezing medium

Leica Microsystems, Wetzlar, Germany

Toluidine blue

Sigma, Buchs, Switzerland

Tris[hydroxymethyl]aminomethane (Tris)

Biosolve, Valkenswaard, Netherlands

Triton X-100

Roth, Karlsruhe, Germany

Tween 20

Roth, Karlsruhe, Germany

Xylene

Sigma, Buchs, Switzerland

Not listed chemicals came from Fluka Chemie, Merck, Sigma or Roth.
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4.1.2 Antibodies
antigen

host

cat. No.

source

CD3

rabbit

A0452

Dako, Baar, Switzerlannd

CD45 Pacific Blue™

mouse

103126

Biolegend, San Diego, USA

Gclc

rabbit

sc22755

Santa Cruz Biotechnology, Santa Cruz, USA

cleaved Caspase-3

rabbit

9661

Cell Signaling, Beverly, USA

Gapdh

mouse

5G4

HyTest, Turku, Finland

γδ TCR FITC

hamster

553177

BD Pharmingen, Franklin Lakes, USA

Keratin 6

rabbit

PRB-169P

Covance, Berkeley, USA

Keratin 10

mouse

M7002

Dako, Baar Switzerlannd

Keratin 14

rabbit

PRB-155P

BAbCO, Richmond, USA

Ki67

rabbit

ab16667

Abcam, Cambridge, UK

Ki67

rat

M724901

Dako, Baar, Switzerlannd

Loricrin

rabbit

PRB-145P

Covance, Berkeley, USA

p53 (polyclonal)

rabbit

NCL-p53CM5p

Leica Biosystems, Wetzlar, Germany

γH2AX-biotin (Ser139)

-

16-193

Merck, Darmstadt, Germany

conjugated antigens

host

catalogue number

source

anti-mouse IgG Cy3

goat

115-166-062

Jackson, West Grove, USA

anti-mouse IgG Cy3

donkey

715-165-150

Jackson, West Grove, USA

anti-rabbit IgG AP

goat

S373B

Promega, Madison, USA

anti-rabbit IgG Cy3

donkey

711-165-152

Jackson, West Grove, USA

anti-rabbit IgG Cy2

goat

111-225-003

Jackson, West Grove, USA

anti-rat IgG Cy3

donkey

712-165-150

Jackson, West Grove, USA

anti-rabbit IgG biotin

goat

111-065-003

Jackson, West Grove, USA

detection reagents

catalogue number

source

streptavidin HRP

DY998

R&D systems, Minneapolis, USA

streptavidin Cy3

405215

Biolegend, San Diego, USA
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4.1.3 Enzymes
enzyme

source

Accutase

PAA Laboratories GmbH, Pasching, Austria

Dispase

Invitrogen/Life Technologies, Zug, Switzerland

DNase

Sigma, Buchs, Switzerland

Glutathione reductase

Sigma, Buchs, Switzerland

Taq DNA polymerase

Invitrogen/Life Technologies, Zug, Switzerland

Trypsin

Sigma, Buchs, Switzerland

4.1.4 Kits
kit

source

AEC Peroxidase Substrate Kit

Vector Laboratories, Burlingame, USA

BCA Protein Assay

Pierce, Rockford, USA

BCIP/NBT Color Development Substrate

Promega, Madison, USA

iScript cDNA Synthesis kit

Bio-Rad, Rotkreuz, Switzerland

KaPA2G Fast Genotyping PCR Mix

Kapa Biosystems, Boston, USA

LightCycler R 480 SYBR green I master

Roche, Rotkreuz, Switzerland

RNeasy mini kit

Qiagen, Hilden, Germany

GenElute

TM

Mammalian Total RNA purification Kit

Vectastain Elite ABC Kit
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4.1.5 Oligonucleotides

for genotyping
gene

forward (5ʼ)

reverse (3ʼ)

Cre

AAC ATG CTT CAT CGT CGG

TTC GGA TCA TCA GCT ACA CC

Gclc

floxed

GGG TGT TGG GTC GTT TGT

CTA TAA TGT CCT GCA CTG GG

Gclc

wt

TAG TGA ACG GTG TTA AAG G

CTA TAA TGT CCT GCA CTG GG

Nrf2

ko

GGA ATG GAA AAT AGC TCC TGC C

GGG TTT TCC CAG TCA CGA C

Nrf2

wt

GCC TGA GAG CTG TAG GCC

GGG TTT TCC CAG TCA CGA C

gene

forward (5ʼ)

reverse (3ʼ)

mAldh3a1

GCT GGA GAG GAC TGT GTA GA

GGTCGAGTCTTGCCTGAGTT

mAkr1b8

TGC TCT CAG CAA GAT TTT GGC A

TCT TTG ACT TGG TTT GGG GGA

mCbr3

TCG ACA TTC AAG CTG AGG TGA

CCT GCA GAC TGC TGA TGT TCA

mCbr1

TAC CCG AGA TGT CTG CAA GG

CCT CTG TGA TGG TCT CGC TT

mGclc

AAC AAG AAA CAT CCG GCA TC

CGT AGC CTC GGT AAA ATG GA

mGsta3

TAC TTT GAT GGC AGG GGA AG

GCA CTT GCT GGA ACA TCA GA

mHo-1

GCC ACC AAG GAG GTA CAC AT

ATG ATT TCC TGC CAG TGA GG

mNqo1

CTG GCC CAT TCA GAG AAG AC

GTC TGC AGC TTC CAG CTT CT

mNrf2

CCA GCT ACT CCC AGG TTG C

CCA AAC TTG CTC CAT GTC CT

mp21

GTG ATT GCG ATG CGC TCA TG

TCT CTT GCA GAA GAC CAA TC

mRps29

GGT CAC CAG CAG CTC TAC TG

GTC CAA CTT AAT GAA GCC TAT GTC C

mSlpi

GGG CAA ATA CAA GTG CTG TG

CCT GGG AGC AGG GAA GTA GT

mSrxn1

CGG TGC ACA ACG TAC CAA T

TTG ATC CAG AGG ACG TCG AT

for qPCR
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4.1.6 Materials and reagents for cell culture and single cell suspension
material/reagent

source

Cell culture plastic material

Nunc, Roskilde, Denmark

Cell strainer 70/100 μm

BD Biosciences, Allschwil, Switzerland

Cholera Toxin

Sigma, Buchs, Switzerland

Collagen IV

Sigma, Buchs, Switzerland

Defined Keratinocyte-SFM

Invitrogen/Life Technologies, Zug, Switzerland

DMEM

Sigma, Buchs, Switzerland

Epidermal growth factor (EGF)

Sigma, Buchs, Switzerland

Fetal calf serum (FCS)

Sigma, Buchs, Switzerland

Gentamycin

Sigma, Buchs, Switzerland

Penicillin/Streptomycin

Sigma, Buchs, Switzerland

Trypsin/EDTA solution

Sigma, Buchs, Switzerland

4.1.7 Standard buffers and solutions
Standard buffers and solutions were prepared as described in “Current
Protocols in Molecular Biology” (Ausubel, 2001) or as described in the
methods part (4.2).
buffer

concentration

chemical

10 x PBS

1.37 M

NaCl

27 mM

KCl

100 mM

Na2HPO4

18 mM

KH2PO4

adjust pH to 7.4

HCl
in dH2O

PBS-T

10 x TBS

TBS-T
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1x

PBS (see above)

0.1 %

Tween 20

100 mM

Tris, pH 8

1.5 M

NaCl

1x

TBS (see above)

0.1 %

Tween 20
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4.2 Methods
Description of well-established standard methods and procedures in the
Werner Laboratory were adapted from dissertations and/or publications of
current and former co-workers in the laboratory (Böhm, 2009; Meyer, 2010;
Rolfs, 2012; and Dütsch, 2013).

4.2.1 Animal experiments

4.2.1.1 Maintenance and generation of K5hogclc mice lacking Gclc in
keratinocytes
Animal maintenance and experiments followed federal guidelines and were
approved by the local veterinary authorities of Zurich, Switzerland.
Mice expressing Cre under the control of the Keratin 5 promoter and Gclc
floxed mice were described previously and generously provided by TP. Dalton
and Drs. A. Ramirez and J. Jorcano, respectively (Chen et al., 2007; Ramirez
et al., 2004).
Generation of mice with a keratinocyte-specific knockout was achieved by
mating K5-Cre mice with mice bearing floxed Gclc alleles. Genotyping by PCR
was performed using genomic DNA extracts (hot shot lysis) from ear biopsies.

DNA isolation via hot shot lysis
Lysis:

biopsy
100 µl lysis buffer (25 mM NaOH, 0.2 mM EDTA)
30 min at 95 °C
cooling down to 4 °C

Neutralization:

add 100 µl neutralization buffer (40 mM Tris/HCl)
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genotyping PCR
Reaction mix

PCR program

genomic DNA

2 µl

1.

5 min

95 °C

dH2O

15.2 µl

2.

30 sec

95 °C

10x buffer (Amersham)

2 µl

3.

30 sec

58 °C

2.5 mM dNTP

0.2 µl

4.

30 sec

72 °C

5ʼ primer (10 µM)

0.2 µl

step 2.-4.

35 x

3ʼ primer (10 µM)

0.2 µl

5.

5 min

72 °C

Taq DNA polymerase

0.2 µl

6.

∞

4 °C

Alternatively genotyping was performed using the KaPA2G Fast Genotyping
PCR Mix (Kapa Biosystems, Boston, USA).
PCR

products

were

visualized

by

standard

analytic

agarose

gel

electrophoresis (0.7-2 % agarose gels containing EtBr in SBA, electrophoresis
at 300V, and visualization with Gel Doc XR, Bio-Rad, Rotkreuz, Switzerland).

20x SBA
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250 mM

NaOH

1M

H3BO3
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4.2.1.2 Isolation of epidermal keratinocytes
Pups (P1-3) were killed by decapitation and appendages were removed.
Afterwards the samples were washed in saturated iodine solution and 70 %
ethanol (1 min each). The skin was removed and processed as follows:

wash 2 x

0.1 mg/ml gentamycin in PBS

incubation o/n at 4 °C

0.143 % dispase in defined Keratinocyte-SFM medium

removal of epidermis (cut into little pieces)
10 min at 37 °C

5 x trypsin in PBS

isolation of single cells

50 x inverting of the tube

inactivation of trypsin

add 10 % FCS containing medium

wash 2 x

medium
4

2

2

counting + plating: density of 3.2 x 10 /cells cm on collagen-IV coated dishes (2.5 μg/cm )
incubation

20 min at 37 °C (cells adhere)

replacing of medium

10 % FCS containing medium

next day

change of medium (standard culture medium)

Cell were cultivated up to 12 days and afterwards used for experiments.
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Alternatively, keratinocytes were isolated as follows (the procedure until skin
removal was the same as mentioned above):

removal of excessive fat with scalpel
incubation of skin 15-30 min at 37 °C

0.8 % trypsin/DMEM

removal of epidermis (cut into little pieces)
10 min at 37 °C

0.025 % DNase/DMEM

isolation of single cells

pushing mixture through a 70 or 100 µm cell strainer

wash 1x

medium
4

2

2

counting + plating: density of 3.2 x 10 /cells cm on collagen-IV coated dishes (2.5 μg/cm )

Medium was changed if necessary. Cell were cultivated up to 4 days and
afterwards used for experiments.

4.2.1.3 Tissue preparation and embedding
Mice were euthanized by carbon dioxide inhalation. For histological analysis
tissue samples were either embedded directly in tissue freezing medium
(OCT) or fixed overnight at 4 °C in PFA (4 %PFA in PBS) and/or acetic EtOH
(95 % ethanol and 1 % acetic acid) and after dehydration (see below)
embedded in paraffin. 7 µm sections were prepared using a Cryostat (HM560
Microm, Walldorf, Germany) or a Microtom (HM355 Microm, Walldorf,
Germany) and used for various stainings.
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Dehydration and embedding procedure using the Microm embedding
apparatus (STP120 spin tissue processor Microm, Walldorf, Germany):

1

0.9 % NaCl

30 min

2

30 % EtOH / 0.9 % NaCl

30 min

3

50 % EtOH / 0.9 % NaCl

30 min

4

70 % EtOH / 0.9 % NaCl

30 min

5

90 % EtOH / 0.9 % NaCl

30 min

6

96 % EtOH / 0.9 % NaCl

30 min

7

100 % EtOH

30 min

8

100 % EtOH

60 min

9

Xylene

2 x 30 min

10

Paraffin 60 °C

2.5 h

11

Paraffin 60 °C

5h

Tissue paraffin samples were stored at 4°C.

For RNA and protein analysis of whole skin samples, tissue was immediately
snap frozen in liquid nitrogen. Epidermis isolation was either achieved by heat
shock treatment (30 sec at 55 °C, followed by 1 min at 4 °C, both in PBS) of
the skin or after fat removal by incubation in 0.8 % trypsin (20 min at 37 °C, in
PBS/medium) or in 0.143 % dispase (60-80 min at 37 °C, in PBS/medium)
solution.
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4.2.1.4 Wounding and preparation of wound tissues
Mice were anesthetized by inhalation of 5 % isoflurane, followed by 2 %
isoflurane to maintain anesthesia. Two 5 mm full-thickness excisional wounds
were made on the lower part of the back on each side of the dorsal midline. At
different time points post wounding, wounds (including 2-4 mm of adjacent
tissue) were excised and tissue was processed as described under 4.2.1.3.
All histological stainings were performed with sections near the wound middle
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(Fig. 4.1).
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Fig. 4.1. Scheme of the procedure creating full-thickness excisional wounds. In this
study only three week-old mice were used for wound healing experiments. Therefore, only
two wounds were generated. After sample excision, wounds were cut into halves and
sections from the middle of the wounds were histologically analyzed.
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4.2.2 Quantification of glutathione levels
Cultured cells were lysed in extraction buffer by alternate freezing and thawing
(N2  37 °C 3 x). Mouse epidermis isolated by the heat shock procedure (see
above) was homogenized in extraction buffer with an Ultra-Turrax
homogenizer. The lysates were centrifuged and the supernatant was used for
further analysis.
Total glutathione levels per mg protein (as determined by BCA assay) were
determined using the enzymatic recycling method as described by Rahman
(Rahman et al., 2007). The glutathione standard was adapted to epidermal
glutathione levels. The following extraction buffer was used for cell/tissue
lysis:

Extraction buffer

0.6 %

SAA (sulfosalicylic acid)

0.1 %

Triton X-100
in KPE (see publication cited above)

4.2.3 Histological stainings

Deparaffinization and rehydration
Paraffin sections were dewaxed and rehydrated as follows:

1

Xylene

2 x 5 min

2

100 % EtOH

1 min

3

96 % EtOH

1 min

4

90 % EtOH

1 min

5

80 % EtOH

1 min

6

70 % EtOH

1 min

7

50 % EtOH

1 min

8

dH2O or PBS

1 min
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Hematoxylin and Eosin (H&E) staining
Hematoxylin (stains nuclei blue) and eosin (stains cytoplasm and extracellular
matrix components pink) staining was performed on 7 µm tissue sections
using the following procedure:

1

Hematoxylin

1 min

2

dH2O

3 x 10 sec

3

Scott water

30 sec

4

dH2O

10 sec

5

70 % EtOH

10 sec

6

1 % eosin (in 90 % EtOH)

1 min

7

80 % EtOH

2 x 10 sec

8

95 % EtOH

2 x 10 sec

9

100 % EtOH

2 x 10 sec

Xylene

2 x 10 min

10

After the staining procedure the sections were mounted with Eukitt®.
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Immunofluorescence
Tissue sections or cultured cells were processed according to their
preservation method (fixation/embedding).
OCT/cultured cells

acetic EtOH

PFA

1

fix with MeOH

deparaffinize and rehydrate (see above)

2

-

-

antigen retrieval (in citric buffer):
microwave or 1 h 95 °C
3

wash 3 x 5 min PBS-T, 1 x PBS

4

block 1 h in 10 x ABDS

5

primary AB solution (in 10 x ABDS) o/n 4 °C

6

wash 3 x 5 min PBS-T, 1 x PBS

7

secondary AB solution (in 10 x ABDS, incl. 1:1000 Hoechst) 1 h at RT

8

wash 3 x 5 min PBS-T, 1 x PBS

9

mount with cover slips using Mowiol

10x ABDS

12 %

BSA

1%

NP40

0.02 %

NaN3
in PBS
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Immunohistochemistry
Samples were treated as described under “Immunofluorescence” (step 1-8).
Afterwards the staining continued as follows:

9

wash 3 x 5 min PBS-T, 1 x PBS

10

ABC solution 30 min RT

11

wash 3 x 5 min PBS-T, 1 x PBS

12

AEC reagent (until staining intensity was achieved)

13

wash 3 x 5 min PBS

14

counterstain with Hematoxylin (1:4 in dH2O)

15

mount with coverslips using Mowiol (+DABCO)

Toluidine blue staining (mast cell staining)
Dewaxed and rehydrated sections were stained with Hematoxylin (see
Hematoxylin & eosin staining, step1-4) and afterwards processed as follows:

5

toluidine blue (0.5 % toluidine blue/HCl) 30 min

6

wash 3 x 10 sec dH2O

7

dehydrate quickly (1 x 70 % , 2 x 95 %, 2 x 100 % EtOH)

After the staining procedure the sections were mounted with Eukitt®.
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4.2.4 Light and fluorescence microscopy
After staining, sections or cells were photographed using either a transmitted
light or a fluorescence microscope attached to a camera. Picture acquisition
was performed using the Axiovision software (Carl Zeiss, Inc., Jena,
Germany).

Equipment

microscope

camera

Imager. A1

Axiocam MRm

Axioskop 2

Aciocam HRc

4.2.5 Ultrastructural analysis of epidermis
Electron microscopy was performed as described earlier (Yang et al., 2010).
Briefly, after lethal anesthesia mice were perfused with PFA (4 % PFA in
PBS). Samples were fixed overnight in PFA (4 %PFA in PBS) at 4 °C. After
washing and treating samples with various buffers (see publication cited
above), preparation of ultrathin sections and transmission electron microscopy
was carried out by Prof. Wilhelm Bloch (German Sports University, Cologne,
Germany).
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4.2.6 Morphometrical analysis
Microscopic pictures of individual samples were morphometrically analyzed
using OpenLab 3.1.5 software. Morphometric analysis of wounds was
performed as shown in Figure 4.2.
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4.2.7 Protein methods

Preparation of protein lysates
Frozen tissue was homogenized with an Ultra-Turrax homogenizer in the
respective buffer (see below), sonicated and centrifuged. The supernatants
were immediately used for experiments or stored at -80 °C.
The protein concentration was determined using the BCATM Protein Assay Kit
(Pierce, Rockford, USA) or the Bradford protein assay (Biorad, Rotkreuz,
Switzerland). Both assays were performed as recommended by the
manufacturer.

Western Blot lysis buffer

T-Per buffer
EDTA-free proteinase inhibitor cocktail tablets

OxyBlot lysis buffer

20 mM

Mes, pH5.6

1%

Triton X100

1 mM

BHT (in 100 % EtOH)

1 mM

DFO (in saline)

2 mM

EDTA

50 mM

DTT

EDTA-free proteinase inhibitor cocktail tablets

SDS PAGE (Sodium dodecyl sulfate polyacrylamide gel electrophoresis)
SDS PAGE allows for the electrophoretical separation of proteins. Protein
concentrations were adjusted and mixed with the equivalent volume of
Laemmli buffer. After denaturation (5 min at 95 °C) samples were loaded onto
the gel and electrophoresis was performed (20 mA/gel, in SDS running
buffer).
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Stacking gel

Separating gel

30 % Acrylamide / 5 % bisacrylamide

2.6 ml

1 M Tris/HCl, pH 6.8

1.9 ml

10 % SDS

150 µl

dH2O

ad 15 ml

10 % APS

150 µl

TEMED

15 µl

Acrylamide concentration

8%

10 %

12 %

30 % Acrylamide / 5 % bisacrylamide

4 ml

5 ml

6 ml

1 M Tris/HCl, pH 8.8

3.8 ml

10 % SDS

150 µl

dH2O

ad 15 ml

10 % APS

150 µl

TEMED

SDS PAGE running buffer

6 µl

25 mM

Tris

192 mM

glycine

0.1 %

SDS
in dH2O

4x Laemmli buffer

40 %

glycerol

8%

SDS

240 mM

Tris/HCl, pH 6.8

0.04 %

bromophenol blue

5%

2-mercaptoethanol
in dH2O
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Western Blot

Transfer
The separated proteins from the SDS PAGE were transferred to a
nitrocellulose membrane by wet blotting. The transfer was carried out at 100V
for 1-1.5 h at 4 °C in Towbin Transfer buffer in a criterion blotting tank (BioRad, Reinach, Switzerland). The membrane was then briefly rinsed in dH2O
and the transfer controlled with Ponceau S staining.

Towbin Transfer buffer

25 mM

Tris/HCl, pH 8

192 mM

glycine

20 %

methanol
in dH2O

Incubation with antibodies
After rinsing the membrane, blocking solution was applied for 1 h at RT.
Primary antibodies were diluted in blocking solution and applied on the
membrane overnight at 4 °C. After washing (3 x TBS-T) the required
secondary antibody was added for 1h at RT in blocking solution and
afterwards the membrane was washed again (3 x TBS-T).

blocking solution

5%

milk
in TBS-T

Detection
Activity of alkaline phosphatase (AP)-coupled antibodies was detected by
colorimetric reaction. AP buffer (10 ml) containing 66 µl NBT and 33 µl BCIP
was added to the membrane. After desired staining intensity was achieved,
TE buffer was added to stop the reaction.
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AP buffer

TE buffer

Horseradish

100 mM

Tris/HCl, pH 7.9

100 mM

NaCl

5 mM

MgCl2

10 mM

Tris, pH 7.4

1 mM

EDTA, pH 8.0

peroxidase

activity

was

monitored

via

enhanced

chemiluminescence reaction (ECL). Solution A and B were mixed (1:1) and
applied onto the membrane. The chemiluminescence reaction was visualized
using X-ray films (5 sec - 30 min exposure).

solution A

2.5 mM

luminol

0.9 mM

p-coumaric acid (90mM)

100 mM

Tris/HCl, pH 8.5
in dH2O

solution B

0.186 %

H 2O 2

100 mM

Tris/HCl, pH 8.5
in dH2O
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OxyBlot
Tissue was lysed in OxyBlot lysis buffer (see above) using an Ultra-Turrax,
then sonicated and centrifuged at maximum speed for 10 min at 4 °C. Protein
concentration in the supernatant was measured with the Bradford assay. After
adjusting the protein concentration the samples were treated as follows:

1

300 µl sample + 33 µl biotin-biotin reagent (50 mM Hydrazide-Biotin Reagent in
DMSO), mix

2

add 3 µl BHT and 3 µl DFO, mix

3

incubate 2 h, 37 °C, at 300 rpm

4

add 6 x the reaction volume ice cold acetone (precipitate o/n at -20 °C)

5

centrifuge at 4 °C at maximum speed for 10 min

6

discard supernatant and dry shortly at RT

7

dissolve pellet in 1 mM NaOH (30-35 µl), determine protein concentration using BCA

8

adjust protein concentration and add Laemmli buffer

SDS PAGE and protein transfer was carried out as described above. The
loading was controlled via Ponceau S staining. After briefly washing with
dH2O, the membrane was incubated in blocking solution for 1 h at RT.

blocking solution (OxyBlot)

4%

BSA
in TNT (100 mM Tris, pH 7.6; 150 mM NaCl; 0.05 %
Tween-20)

Following the blocking step, streptavidin-HRP was added (1:200 in blocking
solution) and the membrane was incubated for 1 h at RT. Horseradish
peroxidase activity was monitored via enhanced chemiluminescence reaction
(ECL) as described above.
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4.2.8 Flow cytometry of epidermal cells

Preparation and staining of single cell suspension from epidermal cells
Epidermis was separated from the dermis using 0.8 % trypsin solution (20
min, 37 °C). After inactivation of trypsin by addition of 10 % FCS containing
medium (10 min), single cells were obtained by pushing the mixture through a
70 µm cell strainer. Cells were washed twice with FACS buffer (0.2 % BSA, 5
mM EDTA in PBS) and incubated with a fluorophore-coupled antibody (30 min
at 4 °C). Afterwards the cells were washed again with FACS buffer (2 x) and
resuspended in FACS buffer containing Sytox Green (live and death labeling).

Preparation and staining (DCF/DAF) of cultured primary keratinocytes
Adherent cells were washed with PBS/EDTA and incubated for 15 min at
37 °C with new PBS/EDTA. Afterwards cells were detached using accutase.
Cells could directly be used for stainings and/or measurements. For the
DCF/DAF assay, cells were treated for 1 h at 37 °C with 50 µM DCF or 5 µM
DAF in cell culture medium prior to the detachment procedure.

DCF solution (stock)

10 mM

H2DCF-DA (DCF)
in 100 % EtOH

DAF solution (stock)

5 mM

DAF-FM DA (DAF)
in DMSO

Flow cytometry
Flow cytometry was performed using either the BD Accuri™ C6 or the BD
LSRFortessa™ cell analyzer (both BD Biosciences, Allschwil, Switzerland).
Data were analyzed with the FlowJo software (Tree Star Inc.).
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4.2.9 Gene expression analysis

To determine gene expression levels quantitative Real-time PCR (qPCR) was
performed.

RNA isolation
RNA isolation from cultured cells was performed using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) or the GenEluteTM Mammalian Total RNA
purification Kit (Sigma, Buchs, Switzerland) according to the instructions of the
manufacturer.
RNA extraction from tissue was achieved by homogenizing frozen or freshly
isolated tissue with an Ultra-Turrax homogenizer in self-made Trizol. The
procedure was carried out as described for TRIzol® Reagent (Invitrogen/Life
Technologies, Zug, Switzerland). RNA was eluted in DEPC-dH2O and RNA
concentrations

were

Spectrophotometer.

determined

RNA

quality

with
was

the

NanoDrop®

controlled

by

ND-100

agarose

gel

electrophoresis (1.2 % agarose in TBE, 100V). The RNeasy Mini Kit was used
for a final RNA clean-up including DNase treatment (RNase-Free DNase Set,
Qiagen, Hilden, Germany).

Trizol

38 %

phenol, H2O saturated

0.8 M

guanidine thiocyanate

0.4 M

ammonium thiocyanate

0.1 M

sodium acetate ,pH 5.0

5%

glycerol
in H2ODEPC
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cDNA synthesis and quantitative Real-time PCR (qPCR)
cDNA was synthesized from RNA (up to 2 µg) using the iScript cDNA
Synthesis kit (Bio-Rad, Rotkreuz, Switzerland) following the manufacturerʼs
instructions. After cDNA synthesis, 30 µl of nuclease-free water was added
and qPCR was performed according to the manual of the Light Cycler 480 II
System (Roche, Rotkreuz, Switzerland) in a total volume of 12.5 µl. Samples
were

analyzed

in

duplicates

and

mRNA

levels

relative

to

Rps29

(housekeeping gene) were evaluated. Possible DNA contamination was
evaluated by performing a “-RT-control”.

Light cycler program
1.

10 min

95 °C

2.

15 sec

95 °C

3.

30 sec

60 °C

4.

30 sec

72 °C

step 2.-4.

50 x

4.2.10 Statistical analysis
Statistical analysis was performed using PRISM 5 for Mac OS X software
(Graph Pad Software, Inc). The Mann-Whitney U test was used to calculate
statistical significance between two groups of data (P ≤ 0.05 = *, P ≤ 0.01 = **
and P ≤ 0.001 = ***).
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Abbreviations

ABDS

antibody dilution solution

ad

adjust

Aldh3a

aldehyde dehydrogenase 3 family, member A

Akr1b8

aldo-keto reductase family 1, member B8

AP

alkaline phosphatase

AP-1

activator protein-1

APS

ammonium persulfate

ARE

antioxidant response element

ATP

adenosine triphosphate

BCA

bicinchoninic acid

BCIP

5-bromo-4-chloro-3-indolyl phosphate

BHT

2,6-Di-tert-butyl-4-methylphenol

bp

base pairs

BSA

bovine serum albumin

BSO

buthionine sulfoximine

°C

degree Celcius

cat.

catalogue

Cbr

carbonyl reductase

cDNA

complementary DNA

Cys

cysteine

Da

dalton

DAF-FM DA

4-Amino-5-methylamino- 2′,7′-difluorofluorescein diacetate

DFO

Deferoxamine mesylate salt

dH2O

distilled water

DMSO

dimethyl sulfoxide

DNA

deoxyribonucleic acid

dNTPs

deoxynucleotide trisphosphate

DTNB

5,5’-dithio-bis(2-nitrobenzoic acid)

DTT

dithiothreitol

ECL

enhanced chemoluminescence

EDTA

ethylenediaminetetraacetic acid

e.g.

exempli gratia

EtOH

ethanol
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FCS

fetal calf serum

Fig.

figure

g

gram

GCL

glutathione cysteine ligase

Gclc

glutathione cysteine ligase (catalytic subunit)

Gclm

glutathione cysteine ligase (modifier subunit)

Glu

glutamate

Gly

glycine

GME

glutathione monoester

GR

glutathione reductase

GSH

reduced glutathione

GSSG

oxidized glutathione

Gsta

glutathione S transferase A

h

hour

H2DCF-HA

2ʼ,7ʼ-dichlorodihydrofluorescein diacetate

H 2O

water

H 2O 2

hydrogen peroxide

H&E

Hematoxylin and eosin

he

heterozygot

ho

homozygot

Ho1

heme oxygenase 1

HRP

horseradish peroxidase

J

joule

K

keratin

KCl

potassium chloride

Keap1

Kelch-like ECH-associated protein 1

ko

knockout

l

liter

µg

microgram

µl

microliter

µm

micrometer

M

molar

MDA

malondialdehyde

Mes

2-(N-morpholino)ethanesulfonic acid

mM

millimolar

mm

millimeter

mg

milligram

min

minute
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ml

milliliter

NAC

N-acetyl cysteine

NaCl

sodium chloride

NADPH

nicotinamide adenine dinucleotide phosphate

NBT

nitro blue tetrazolium

NF-kB

nuclear factor kappa-light-chain-enhancer of activated B cells

No.

number

NO

nitric oxide

NOS

nitric oxide synthase

NP40

Nonidet P-40

Nqo1

NAD(P)H dehydrogenase (quinone) 1

Nrf2

nuclear factor (erythroid-derived 2)-like 2

O2

oxygen

o/n

overnight

P

postnatal

PAGE

polyacrylamide gel electrophoresis

PBS

phosphate buffered saline

PCR

polymerase chain reaction

PFA

paraformaldehyde

pH

power of hydrogen or pondus hydrogenii

qPCR

quantitative polymerase chain reaction

ROS

reactive oxygen species

RNA

ribonucleic acid

RNS

reactive nitrogen species

RT

reverse transcriptase

SAA

sulfosalicylic acid

sec

second

SDS

sodium dodecyl sulfate

-SH

thiol group

Slpi

secretory leukocyte peptidase inhibitor

Srxn1

sulfiredoxin-1

TEWL

transepidermal water loss

Tris

tris(hydroxymethyl)aminomethane

TBS

tris buffered saline

UVB

ultraviolet B

wt

wild-type
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