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Scope of the Series

Scope of the Series: Biochemistry, the study of chemical transformations oc-
curring within living organisms, impacts all of life sciences, from molecular
crystallography and genetics, to ecology, medicine and population biology.
Biochemistry studies macromolecules - proteins, nucleic acids, carbohydrates
and lipids —their building blocks, structures, functions and interactions. Much of
biochemistry is devoted to enzymes, proteins that catalyze chemical reactions,
enzyme structures, mechanisms of action and their roles within cells. Biochem-
istry also studies small signaling molecules, coenzymes, inhibitors, vitamins

and hormones, which play roles in the life process. Biochemical experimenta-
tion, besides coopting the methods of classical chemistry, e.g., chromatography,
adopted new techniques, e.g., X-ray diffraction, electron microscopy, NMR,
radioisotopes, and developed sophisticated microbial genetic tools, e.g., auxo-
troph mutants and their revertants, fermentation etc. More recently, biochemis-
try embraced the ‘big data’ omics systems.Initial biochemical studies have been
exclusively analytic: dissecting, purifying and examining individual components
of a biological system; in exemplary words of Efraim Racker, (1913 -1991) “Don’t



waste clean thinking on dirty enzymes.” Today however, biochemistry is becom-
ing more agglomerative and comprehensive, setting out to integrate and describe
fully a particular biological system. The ‘big data’” metabolomics can define the
complement of small molecules, e.g., in a soil or biofilm sample; proteomics can
distinguish all the proteins comprising e.g., serum; metagenomics can identify all
the genes in a complex environment e.g., bovine rumen. This Biochemistry Series
will address both the current research on biomolecules, and the emerging trends
with great promise.
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Preface

Keratin is the proteinaceous body covering layer produced by mammals, birds, fish, reptiles,
and amphibians. Importantly, keratin is also the intracellular structural protein that protects
living epithelial cells from mechanical damage or stress. The fundamental keratin functions
are revealed in congenital human skin diseases caused by mutations in keratin genes, e.g.,
Epidermolysis bullosa simplex or Epidermolytic hyperkeratosis. Most keratin gene muta-
tions have a dominant-negative effect disrupting the filamentous structure formation even
from the natural allele, and leaving the cell with a deficient cytoskeleton.

Inhumans, and mammals in general, keratins are encoded by two large families, the TypeIand
Type Il keratin genes. Obligate heterodimers, keratins are differentially expressed in different
epithelia. For example, KRT1 and KRT10 are found in the outermost layers of the skin, KRT3
and KRT12 in the cornea, KRT5 and KRT14 in the basal layer of stratified epithelia, KRT8 and
KRT18 in the simple, monolayer epithelia, while KRT6, KRT16, and KRT17 are found in certain
proliferative pathological conditions, e.g., psoriasis, during wound healing etc.

The expression of keratins is intricately controlled not only by disease situations, but also by
hormones, vitamins, immunomodulatory cytokines, and growth factors. Several chapters in
this volume describe the regulation of keratin expression.

Hair and wool, horns, claws, hooves, feathers, and scales are made of keratin. Keratin is insolu-
ble in water and is resistant to proteolysis. However, industrial scale meat production results in
vast quantities of keratin byproduct. Processing this byproduct is, on the one hand a major
challenge, and on the other hand, a potential for useful recycling and exploitation. Specifically,
proteolytic resistance is one major challenge, which necessitates pre-processing of the volumi-
nous keratin bulk using heat and harsh chemicals. On the other hand, keratin contains impor-
tant amino acids in large quantities; these are useful as feed or as soil enrichment. Several
chapters in this volume describe the aspects of keratin exploitation and commercialization.

Miroslav Blumenberg, PhD
Associate Professor of Dermatology
NYU School of Medicine, USA
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Chapter 1

Introductory Chapter: Keratins - What to Do with Too
Much? What to Do with Too Little?

Miroslav Blumenberg and Sidra Younis

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79998

1. Introduction

Keratin, from the Greek word for horn, képato, denotes the proteinaceous covering layers
and structures produced by chordates, including mammals, birds, fish, reptiles, and amphib-
ians. The dead outermost layer of the epidermis, hair and wool, horns, claws, hooves, feath-
ers, and scales is composed of keratin. Keratin is completely insoluble in water and is resistant
to proteases that degrade other proteins—1000-year-old Egyptian and other ancient mum-
mies often have full head of hair, virtually undamaged keratin. Keratin proteins can be either
alpha-helical in structure, in the skin, hair, and wool of mammals, or parallel sheets of beta-
pleated polypeptide chains found in the feathers of birds and scales of reptiles. Rich in amino
acid cysteine, keratins become covalently crosslinked via disulfide bonds, which confers a
great chemical and biochemical stability to keratin. Thus, keratin serves as important resilient
structural and protective functions for the organism.

Importantly, keratin is also the resilient structural intracellular protein that protects living epi-
thelial cells from mechanical damage or stress. In cytoplasm, keratin constitutes a filamentous
cytoskeletal protein network, extending from the nucleus to the cell periphery, the intermedi-
ate filaments, thicker than the actin filaments but thinner than microtubules [1]. Two large
families of keratin genes encode multiple proteins with both common and cell-type-specific
functions [2].

The indispensable fundamental intracellular keratin functions are revealed in congenital
human skin diseases caused by mutations in keratin genes, for example, Epidermolysis bul-
losa simplex and Epidermolytic hyperkeratosis or in Meesmann’s Corneal Dystrophy, the
disease caused by a mutation in the gene specifically encoding a corneal keratin [3]. Most

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN
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keratin gene mutations have a dominant-negative effect, disrupting the filamentous structure
formation even from the natural allele and leaving the cell with a deficient cytoskeleton.

2. What to do with too little?

Several chapters in this volume address the diseases associated with keratin deficiencies (see
manuscripts by Komine et al., Zhang et al.). Corrective gene therapy approaches attempt to
specifically target the mutant keratin gene allele, thus allowing the normal keratin protein
to decrease cell fragility [4]. Short inhibitory RNA (siRNA) technology was effectively used
to downregulate mutant K6a and K14 allele expressions in cultured PC and EBS cells, respec-
tively [5-7]. This mutation-specific siRNA therapy has been used in a human clinical trial,
resulting in effective siRNA treatment of a skin disorder [8]. The functional redundancy of
keratins in tissues affected by keratin mutation allows for a possibility to use gene-specific
silencing, rather than allele-specific siRNA. Spliceosome-mediated RNA trans-splicing uses
the endogenous spliceosome machinery to excise mutant exons and was used to replace the
first seven exons of the KRT14 gene in an EBS cell line [9].

Induced pluripotent stem cells and even patient-specific-induced pluripotent stem cells have
been generated for use in treatment of inherited keratinopathies [10-12]. Such cell-based ther-
apies have been proposed in conjunction with CRISPR/Cas9- and TALEN-based gene-editing
techniques for targeting mutations in the keratin genes [13-15].

A naturally occurring phenomenon, whereby a subpopulation of mutant cells spontaneously
reverts to the wild-type phenotype, “revertant mosaicism,” has been observed in several
patients with EB [16-20]. Revertant mosaicism keratinopathies have two major advantages:
(1) the revertant skin is visible and easily accessible and (2) the revertant keratinocytes often
have a growth advantage over their mutant progenitors, and so may outgrow and correct the
patient’s ichthyotic phenotype [21]. Harvesting, expanding, and autologous re-grafting the
revertant tissue therefore may be feasible in a clinical setting.

3. What to do with too much?

The increased importance of ecological dangers and ways to alleviate them focused atten-
tion on the very large volume of keratin industrial waste. Several chapters in this volume
address the incipient remediation efforts (see manuscripts by Ningthoujam et al., Sharma
et al., and Nugroho et al.). The mechanical and chemical methodology, cumbersome and
inadequate, seems to be giving in to the new biological technology. We can expect deeper
understanding of the microbiome and its efficient biodegradation capabilities to play ever
more important role. Especially promising are the studies of complex microbiomes, and we
can expect in the not-so-distant future that combinations, communities of specific microbes,
will be able to convert the obnoxious keratin waste into delightful new materials [22, 23].
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Chapter 2

Regulation of Expression of Keratins and their
Pathogenic Roles in Keratinopathies

Mayumi Komine

Additional information is available at the end of the chapter
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Abstract

Keratins are the epithelia-specific members of intermediate filament superfamily and
consist of 54 members. They serve primarily as cytoskeletons, which sustain cell struc-
tures. They also influence on cell proliferation and motility by rapidly changing their
morphology and distribution through post-translational modification. The expression
of keratins genes is regulated by various cytokines and growth factors, mainly through
distinct transcription factors. Mutations in keratin genes cause various cutaneous dis-
eases as well as predisposition to inflammatory disorders of internal organ, such as
the intestine and the liver. Keratins directly interact signaling molecules, which affects
inflammatory processes, and cancer progression. The mechanism of keratin involvement
in many diseases will be elucidated in future, which would help identifying novel target
for treatment.

Keywords: inflammation, mechanical stress, expression regulation, keratinopathies,
keratin

1. Introduction

Keratins are the epithelial-specific members of intermediate filament superfamily, which
constitutes the cytoskeleton of cells consisting epithelial tissues, such as stratified epithelia,
simple epithelia, hair and nails. Keratin family constitutes with 54 distinct proteins, 28 type
I and 26 type II keratins, which expression is tightly regulated in a pairwise fashion. The
expression of keratins is site-, differentiation- and context-dependent. Keratin sustains cell-
architecture by serving as cytoskeleton, and also it is involved in regulation of cell metabolism
and signaling, thereby influencing cell proliferation, migration and apoptosis [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



12

Keratin

Mutation in keratins causes hereditary keratinizing disorders and bullous diseases, such as
ichthyosis, palmoplantar keratoderma and epidermolysis bullosa simplex, called “kerati-
nopathies”. Mutated keratins cause disruption in cytoskeleton and induce collapse in cell
structure. Pathogenic mutations in keratins, which cause epidermolytic ichthyosis and epi-
dermolytic palmoplantar keratoderma, are responsible for hyperkeratosis and inflammation
in skin, enhanced by environmental stimuli such as mechanical stress, infection and oxidative
stress. Recent studies revealed the role of keratins other than as structural protein in these
disorders [2].

Many studies have been performed to reveal the role of keratins in physiological and patho-
logical state, which are far more abundant to follow in this chapter. In this chapter, the role of
keratins in physiological state is reviewed and the mutations in keratin genes causing kerati-
nopaties are focused concisely.

2. Keratins

Keratins are the member of intermediate filaments (IF), which composed of six subtypes
(Table 1) [3]. IFs, 10 nanometer wide filamentous proteins, first described by Holtzer et al.
[4] in muscle cells are cytoskeletal proteins constituting almost 70 genes, among which 54 are
keratins. Keratins share the structure with other IFs, composed of three domains; a central
a-helical rod domain with non-helical head and tail domain containing many phosphory-
lation sites (Figure 1). Keratins have a property of self-assembly, which form filamentous
structure. Type I and Type II keratins make heteropolymers, which further form keratin
filaments. Type I keratins are acidic, low molecular weight, consists of K9-K40, while type
II keratins are basic or neutral, high molecular weight proteins, consists of K1-K8, K71-K86.
Expression regulation of each keratin is dependent on tissue-type, differentiation status,
and is context-dependent. Keratins are divided into three groups. One is “simple” kera-
tins, expressed in embryonic, and one-layered epithelia, including hepatocytes, intestinal

Subtype  Proteins Specificity

Type Keratins, acidic Soft stratified epithelia (skin, esophagus, oral mucosa etc.), Soft
simple epithelia (gut, sweat gland, etc.), hard epithelia (hair,

Type I Keratins, basic nail, oral papillae)

Type III Vimentin, desmin, glial fibrillary Vimentin: mesenchymal cells, desmin: muscle cells, GFAP:
acidic protein, peripherin, syncoilin astrocytes, glia, peripherin: C-fiber neuron, syncoilin: muscle
cells
Type IV Neurofilament-L, M, H, internexin, Neurofilament, internexin: neurons, synemin: muscle cells,
synemin, nestin nestin: undifferentiated neural cells, neural stem cells
Type V Lamins A, B, C Nuclear membrane
Orphan Filensin, phakinin Lens

Table 1. Classification of intermediate filament.
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Figure 1. The structure of keratin protein: Central rod domain with head and tail region. Keratin protein consists of rod
domain with 4a-helical segments (1A, 1B, 2A, 2B) interconnected with three linker domains, and non-helical head and
tail domains. Most of the disease-causing mutations in epidermal keratins occurs in helix initiation and termination
motifs at the periphery of 1A domain and 2B domain (indicated with yellow color).

epithelia and sweat glands. “Barrier” keratins are expressed in stratified squamous epi-
thelium, such as skin, oral mucosa and esophagus. “Structural” keratins are hard keratins,
constituting hair and nails [3].

Keratin filaments are observed as tonofilaments under electron microscope, which converge at
desmosomes and hemidesmosomes. Desmosome is an attachment apparatus between epider-
mal keratinocytes located at the plasmamembrane of lateral and upper side of basal epidermal
keratinocytes, and at all the surrounding plasmamembrane of suprabasal epidermal kerati-
nocytes. Hemidesmosome is an attachment apparatus which conjugates basal keratinocytes
to basement membrane, located at the bottom of the basal keratinocytes. These attachment
apparatus have a distinct structure. Desmosomes are composed of transmembrane cadherins
such as desmogleins, armadillo proteins such as plakoglobins and plakophilins, and plakins
such as desmoplakin and plectins which link intracellular desmosomal plaque to keratins
(Figure 2). Hemidesmosomes composed of integrin a6 and (34, which link hemidesmosomes
to laminin, bullous pemphigoid antigen (BPAG)1 and 2, and plectin, which mediate interac-
tion of keratin intermediate filaments to integrins (Figure 3). Plectin and desmoplakin anchor
keratin filaments to intracellular hemidesmosomal and desmosomal plaque, respectively.
Plectin also links keratin filament to nuclear membrane, thus forming cytoskeletal architec-
ture in epidermal keratinocytes [3]. Focal adhesion is another type of adhesion machinery,
connecting cells to extracellular matrix (ECM) involving integrins, and anchor actin filaments.

The filament-junction-nucleus network sustains cell structure and rigidity, and anchor cells in
three-dimensional architecture of epithelium. The epithelium, however, constantly turnover,
regenerates itself when injury, and proliferates at inflammation. Keratin cytoskeleton should
be flexible, plastic and dynamic when cells proliferate and migrate. Recent studies revealed
how keratin filaments assembles and disassembles in cells. Keratin filament assembly starts
at periphery of the cell, close to focal adhesions. In migrating cells, many keratin particles are
formed in the lamellipodia where focal adhesions are abundant, which assembles to form
keratin filament precursors (KFP). Oligomers of keratin particles are added equally to both
ends of KFPs, which become larger in size, and when they approach to the keratin filament

13
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desmogleins

Keratin filamem
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network close to the nucleus, KFPs integrate in the network adding another branch to the
keratin filament network. Keratin filaments further assembles to form bundles close to the
nucleus. This assembly of keratin occurs in centripetal flow, while the disassembly occurs
close to the nucleus. This “keratin cycle” provides more efficient way over degradation and
de novo biosynthesis, and similar recycling system has been observed in other cytoskeletal
components, such as actin, and microtubles [5].

Figure 2. The structure of desmosome.

Keratins undergo various post-translational modifications, such as phosphorylation, ubiq-
uitination, sumoylation, and acetylation, which regulate the solubility of keratins at specific
conditions. Ubiquitination of keratin filaments and subsequent proteasomal degradation
have been described as disassembly process. Also, phosphorylation is involved in dissocia-
tion of soluble non-filamentous form of keratins. Inhibition of p38 mitogen associated protein
kinase (MAPK), or protein kinase C (PKC) C results in increased stability, while increased
kinase activities result in enhanced keratin filament turnover.

Many phosphorylation sites have been identified on simple epithelial keratins, but fewer in
epidermal keratins. Keratin 8 and 18 are phosphorylated when cells are stimulated with sheer
stress through protein kinase C(PKC)C.

Keratin filament network supports mechanical resilience of the cell, especially for cells of
barrier tissues, such as epidermis. Desmosomes and hemidesmosomes, the attachment appa-
ratus of keratinocytes, convey mechanical stress signal to keratins, and to nucleus. When
cells become migratory, desmosome-dependent cell-cell adhesion becomes weaker, with
reduced co-localization of desmosomes with keratin filaments. Complete knockout of keratin
filaments caused scattered distribution of hemidesmosome components, faster attachment to
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Figure 3. The structure of hemidesmosome. BPAG: Bullous pemphigoid antigen.

extracellular matrix (ECMs), resulting in increased motility. Forced expression of keratin 5
and 14 pairs in the keratin-null keratinocytes, the basal keratinocyte pair of keratins, caused
suppressed migration ability. Enhanced migration occurs also in keratinocytes null for epi-
plakin, plectin, plakoglobin, plakophilin or keratin K6 (K6a/Kéb). Loss of keratin K6, plectin
or plakoglobin causes activation of Src family kinase, and F-actin reorganization. Src kinase
regulates leading edge protrusion though Rac and Cdc42 signaling pathway, which also
stimulate to form invadopodia, actin-rich cellular protrusion which works in ECM degrada-
tion and cancer invasion and metastasis. Src also directly induces epithelial and mesenchymal
transition. Src directly interacts with keratin intermediate filaments in a K6-dependent man-
ner [6]. K6(K6a/K6b) null keratinocytes show enhanced migration, however, K6 is induced in
wound healing process where keratinocyte migration is needed. Thus, expression of keratins
appears inhibitory to cell migration, which is opposite to expression of vimentin, the type III
IF, resulting in enhanced migration and invasion of cancer cells.

3. Regulation of expression of inflammatory keratins

Epidermis covers the outermost surface of human skin. It should withstand the environmental
stimuli, such as infection, allergens, and mechanical and chemical insults. Epidermis changes
its cytoskeletal keratin expression in inflammatory conditions. Normal healthy interfollicular
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epidermis expresses keratin K1 and K10 in suprabasal layers, and keratin K5 and K14 in basal
layer, while in inflammatory skin conditions, such as psoriasis and atopic dermatitis, expres-
sion of keratin K1 and K10 are suppressed and expression of inflammatory keratins, such as
keratin K6, K16 and K17 are induced.

Dr. Blumenberg and our group have investigated on the mechanism of induction of these
inflammatory keratins. Epidermal growth factor (EGF) induced expression of inflammation
and proliferation-related keratins K6 and its counterpart K16 at transcriptional level [7-9].
Interferon (IFN) v induced keratin K17 promoter activity through transcription factor STAT1
[10, 11]. Tumor necrosis factor (TNF) a induced K6 promoter activity through NFkB and C/
EBPg [12]. Interleukin (IL)-1 induced K6 through C/EBP, which binding site clearly distinct
from EGF response element [13]. IFNy also induced keratin K6 through STAT1 signaling
pathway [14]. These results indicate that inflammatory cytokines and growth factors induce
inflammatory and proliferation-related keratins, at the transcriptional level, which may
result in keratinocyte activation in inflammatory skin diseases, such as atopic dermatitis and
psoriasis.

Mechanical stimuli are one of important external stimuli, which epidermal keratinocytes
respond in daily life. Scratching causes mechanical stretch as well as barrier disruption, and
use of tissue expander results in mechanical stretch of epidermal keratinocytes. Pregnant
women experiences expansion of abdominal skin caused by growing fetus, especially in
third trimester. These mechanical stimuli should influence epidermal keratinocytes through
cell-cell junction and cell-ECM junction, such as desmosomes and hemidesmosomes. We
have utilized stretchable silicon chamber and examined the effect of mechanical stretch on
epidermal keratinocytes. Mechanical stretch induced phosphorylation of EGFR, ERK1/2, and
inflammation-related keratin K6, and suppressed differentiation-related keratin K10 [15, 16].

4. Mutation in keratin gene causes various skin diseases and
predisposition to internal diseases

Keratin gene mutations causes various diseases, called “keratinopathies” or “keratin disor-
ders”. Mutations in epidermal keratins causes skin diseases, such as congenital ichthyosis,
congenital bullous disease, and pachyonychia congenita. Mutations in corneal keratins, K3
and K12, cause corneal dystrophy, and mutations in oral keratins, K4/13, cause white sponge
nevus in oral mucosa. These causative mutations occur mostly in the conserved region of
keratin genes, that is, the beginning/end portion of rod domain, which often affects normal
filament assembly, and causes aggregation of keratin protein in the cytoplasm. Mutant keratin
affects normal keratin (dominant negative effect), which often results in dominantly inherited
congenital diseases. On the other hand, mutation in simple epithelial keratins, such as K8/18
and K19, is found in less conserved regions, which constitutes the risk factors for liver disease
and inflammatory bowel diseases.

Mutation in keratin K1 or K10, the differentiation-related epidermal keratins, expressed in
the suprabasal layers of epidermis, causes epidermolytic ichthyosis, previously called bullous
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congenital ichthyosiform erythroderma. The affected child shows erythroderma with bulla
formation and later develops ichthyotic skin. The characteristic histological feature is epi-
dermolytic hyperkeratosis, in which hyperkeratosis and coarse keratohyalin granules in
degenerated, vacuolar cytoplasm of the granular layer keratinocytes are prominent. The same
mutation, when occurred during embryonic development, causes epidermolytic epidermal
nevus, aligned in the lines if blaschko, showing similar histological changes in affected skin.
Keratin 9 is expressed specifically in the skin of palms and soles. When similar mutations
occur in keratin 9, similar histological change, epidermolytic hyperkeratosis, is seen in the
epidermis of palms and soles, resulting in Vorner type palmoplantar keratoderma. In these
conditions, similar keratin aggregation is observed in the cytoplasm of affected keratinocytes
[2,17].

Keratin 5 and 14 are expressed in pair in the basal layer keratinocytes. Mutation in keratin 5
or 14 causes epidermolysis bullosa simplex, one of congenital bullous disorder. Disruption of
keratin filament network in basal keratinocytes with keratin mutation results in collapse of
basal keratinocytes, leading to bulla formation at the bottom of the epidermis. Epidermolysis
bullosa simplex is one of congenital bullous disease, caused by mutation in basal cell keratin,
K5 and K14. Mutated keratin causes fragility in basal keratinocytes where keratin K5 and K14
are expressed, results in intraepidermal bulla formation. Existence of keratin mutations or
the reduced expression of keratins cause reduction of desmosome expression and cytoskel-
etal linker protein expression, resulting in increased motility of keratinocytes. The reduced
expression of desmosomes, the junction proteins, may be another mechanism of tissue fragil-
ity in EBS patients. Mutations in K5 or K14 in EBS also cause alteration in cellular response
to external stress. Keratinocytes with K5 or K14 mutation show increased activation of stress-
activated protein kinase (SAPK) signaling against external stresses, as well as constitutive
activation of extracellular-signal-regulated kinases (ERKSs) [1, 2].

Pigmentary disorder, called Dowling-Degos disease (DDD), has been disclosed to be due to
mutation in keratins K5 or K14, and Galli-Galli disease (GGD) due to mutation in keratin K5.
DDD patients classically show small pigmented macules and reticulated pigmentation in the
large folds and flexure surface. Some patients show pigmentation on the face, and also com-
edo-like papules and pitted scarring are seen. GGD patients show similar clinical features,
with distinct histological changes, including acantholysis. Patients with EBS with mottled pig-
mentation show similar pigmentary changes with vesicle formation. Mutations in keratin K5
have been reported to cause EBS since the 1990s; there is a genotype—phenotype correlation
between keratin mutation and the type of EBS. The most severe form, Dowling-Meara type,
is caused by mutation in the highly conserved region on the either side of the helix boundary
area of rod domain, while the milder type of EBS, Koebner type, and Weber-Cockayne type
are caused by mutations occurred throughout the rod domain. There is a subtype of EBS with
mottled pigmentation caused by mostly specific mutation p.Pro25Leu, in the head domain of
keratin K5. Mutations in K5 of DDD and DDG are also in the head domain of K5, which are
nonsense mutation or frameshift mutation, resulting in premature stop codons, leading to
haploinsufficiency of K5 rather than dominant negative effect. These cases demonstrate that
keratin K5 is important in melanosome transportation. Melanosomes, one of cell organelles
containing melanin, are produced in melanocytes and transferred to keratinocytes where
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melanosomes distribute in the cytoplasm. Mutation in K5 results in melanosome transfer and
the distribution of melanosomes in keratinocytes, leading to altered pigmentation in skin.
Thus, keratins may also contribute in organelle transfer in keratinocytes [1].

Keratin K6, K16, and K17 are expressed in follicular epithelium, oral mucosa, palms and
soles and nails. They are also induced in inflammatory skin diseases in interfollicular epi-
dermis. Mutation in keratin K6, K16 or K17 causes pachyonychia congenita, showing thick
and deforming nails and hyperkeratotic palms and soles, with or without steatocystoma
multiplex. Pachyonychia congenita (PC)-1, is a form of PC presenting with nail defects, pal-
moplantar hyperkeratosis, follicular hyperkeratosis, and oral leukokeratosis. PC-2 lacks oral
involvement, but has multiple folliculosebaceous cysts and natal teeth. Kratin 6 consists of
three isoforms, K6A, K6B and K6C. K6A is the most abundant isoform, which makes pair
with K16, and the mutation in K6A, as well as K16 leads to PC-1. K6B is a counterpart of
K17, and mutation in K6B or K17 leads to PC-2 [2, 17]. These keratins, K6, K16 and K17
are induced by several cytokines and growth factors, such as EGF, TNF and IFNy, or by
mechanical stress or UV. The attempt to suppress the expression of mutated keratins has
been done by several researchers to treat PC patients. Small interfering RNA for mutant
Ké6a has been tried to treat PC patients, demonstrating feasible therapeutic strategy for kera-
tin disorders [18]. RNA interference, however, harbors potential risk for off-target effects,
which should be effectively avoided. Recently, K16 has been disclosed to be involved in
the induction of danger-associated molecular patterns (DAMPs)/alarmins and skin barrier
genes [19], and the regulator of nuclear factor erythroid-derived 2 related factor 2 (NRF2).
In PC lesional epidermis, NRF2 protein expression is elevated, but the activation of NRF2
is suppressed, similar to Krt16—/— mice which present PC-like skin lesions. Reduction in
active NRF2 results in reduced glutathione (GSH) levels, indicating increased oxidative
stress. Inhibitor of GSH synthesis has been shown to induce PPK in mice, which imply
that reduced NRF2 activity in Krt16—/- mice caused PPK through reduction in GSH levels
and increased oxidative stress. Topical application of sulforaphane, an activator of NRF2,
rescued PPK in Krt16—/- mice, as well as increasing the levels of NRF2, and pNRF2, indicat-
ing the possibility of treating PPK with small molecule targeted drugs pharmacologically
activating NRF2 [20].

Mutations in K8 or K18, simple epithelial keratins, have been shown to be the risk fac-
tor for some patients with inflammatory bowel diseases or liver disease. Mutation in
cytoskeletal keratins causes reduced resilience in epithelia of digestive tract which is
always under mechanical stress and peristaltic movement, resulting in cellular damage.
Mutations in keratin in liver cause reduced tolerance to toxins, such as alcohol and drugs,
thus predispose patients to liver damage at situations of cell stress. Keratin K8 undergoes
hyperphosphorylation, acting as phosphate sponge to absorb various phosphorylated
proteins, such as SAPK and ERKs, and reduce inflammation and apoptosis [2, 17].

5. Keratins and inflammatory diseases and cancer

Keratin filaments regulate inflammatory processes. Wild-type keratin K8 has been reported
to be a negative regulator of inflammation by suppressing TLR signaling through inhibiting
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NF«B activation [21]. Keratin 8 also protects colonic epithelium from inflammation, and
cancer progression [22, 23] Wild-type keratins suppress TSLP production. Normal human
epidermal keratinocytes do not produce TSLP in culture, while keratin null keratinocytes
produce copious amount of TSLP [24]. They showed that defects in keratins caused activa-
tion of MEK1/2 and ERK1/2, resulting in TSLP production independent on barrier disrup-
tion. Keratin 17 expression promotes inflammation towards Thl- and Th17-type immune
reactions, the characteristic inflammation in psoriasis, and the absence of K17 attenuates
inflammation and tumorigenesis [25]. C-terminus of K6 has anti-microbial properties [26].
Mice with K1 expression in pancreas (3cells develop diabetes with decreased insulin secreting
vesicles. K17 binds to 14-3-30 and TRADD, and loss of K17 results in altered inflammatory
cytokine production, impaired wound healing and impaired hair follicle cycling [2]. K14
also directly binds to TRADD, which influences the signaling pathway through TNFR [27].
K16 knockout mice show increased activity of danger signals, described as above. Another
report showed that the amount of keratin protein itself is important to protect cells against
mechanical stress [28].

Keratins are also involved in cancer proliferation and invasion. Keratin 19 fragment (CYFRA)
has been used in clinics for tumor marker, especially to detect non-small cell lung cancer. Not
only as a tumor marker, K19 promotes tumor cell invasion in hepatocellular carcinoma, prob-
ably by formation of invadopodia [29]. Cancer cell with K19 expression also shows increased
resistance to chemotherapy [1].

6. Conclusion

Keratins are cytoskeletal proteins, however, not only that, keratins have various roles
in physiology and pathophysiology of human organs, and involved in proliferation,
motility and invasion of the cells, and inflammation of tissues. Their complexed behavior
would be further elucidated in future, and many more novel findings would help explor-
ing the target of future therapy of inherited cutaneous diseases, cancer and inflammatory
disorders.
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Abstract

Glucocorticoids (GCs) are steroid hormones that regulate the physiology of all tissues and
mediate stress responses. Synthetic GCs are commonly prescribed to treat chronic inflam-
matory conditions including the prevalent skin diseases— psoriasis and atopic dermatitis.
GCs act through the GC receptor (GR, NR3C1), a ligand-activated transcription factor
belonging to the nuclear hormone receptor superfamily. In skin, GC therapeutic efficacy is
due to the antiproliferative and anti-inflammatory actions of GR; however, in the long term,
these benefits are accompanied by adverse profiles including skin atrophy, increased fragil-
ity, dehydration, augmented susceptibility to infections, and delayed wound healing. While
the therapeutic actions of GC treatments have been extensively studied, only more recently
has the physiological role of GR been addressed in skin. I vivo and in vitro studies in mouse
and man have revealed an important function for GR in skin homeostasis. In particular,
the characterization of gain- or loss-of-function mouse models has demonstrated relevant
roles for GR in skin pathophysiology. The actions of GR are context dependent, and in skin,
it regulates different gene subsets and biological processes depending on developmental
stage and physiological state. Finally, recent findings emphasize the relevance of local GC
biosynthesis and appropriate GR expression in maintaining skin homeostasis.

Keywords: glucocorticoids, glucocorticoid receptor, skin barrier, keratins,
transcriptional regulation, keratinocyte proliferation and differentiation,
inflammatory skin diseases

1. Introduction

Endogenous glucocorticoids (GCs) are steroid hormones that regulate a vast array of biologi-
cal processes, including development, cellular proliferation and differentiation, metabolism,
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immunity, and stress response [1, 2]. In response to physiological cues and stressors, the
hypothalamic-pituitary-adrenal (HPA) axis coordinates the systemic production and secre-
tion of GCs from the zona fasciculata of the adrenal glands. Importantly, extra-adrenal, local
synthesis of GCs occurs in multiple tissues including the thymus, intestine, brain, and skin,
which express functional equivalents of the HPA axis [3, 4]. The tissue availability of these ste-
roid hormones is further regulated by locally expressed 11p-hydroxysteroid dehydrogenase
type I and II enzymes (HSD11B1 and 2), which catalyze the interconversion between active
(cortisol and corticosterone) and inactive (cortisone and 11-dehydrocorticosterone) forms in
humans and rodents, respectively [5].

The GC receptor (GR) is a ubiquitously expressed ligand-dependent transcription factor (TF)
that belongs to the nuclear receptor (NR) superfamily and mediates the physiological and
pharmacological actions of GCs [2, 6]. The actions of GR on transcription are highly context
specific, with strikingly different subsets of genes being regulated across different cell types,
developmental stages, and pathophysiological states [7].

For more than half a century, synthetic GCs have been used clinically to manage autoim-
mune diseases due to their potent anti-inflammatory and immunosuppressive properties [8].
However, their therapeutic use is limited by a host of undesired side effects ranging from
osteoporosis, obesity, and muscle wasting to skin atrophy and impaired wound healing [9].
Nevertheless, GCs are still the most effective and widely prescribed therapeutic agent for
prevalent inflammatory skin diseases including atopic dermatitis, with a lifetime prevalence
of 10-20% in developed countries; and psoriasis, affecting 2% of the European and North
American population [10, 11]. Keratins, comprising approximately 30% of epidermal proteins
and more than 90% in hair follicles, play key roles in maintaining skin barrier function. In
fact, keratin mutations are associated to many genodermatoses and their expression is altered
upon inflammation, wounding, or tissue damage. Hormones, and in particular GCs, are
major regulators of keratin gene expression in healthy and diseased skin [12].

1.1. The glucocorticoid receptor: structure and function

GR was the first identified member of the NR superfamily and characteristic of this group;
its domains comprise an N-terminal transactivation domain, a central DNA-binding domain,
and a C-terminal ligand-binding domain (Figure 1A) [2, 6]. The N-terminal domain is respon-
sible for interactions with the transcriptional machinery as well as coregulators via the activa-
tion function (AF)-1 region. The majority of sites for posttranslational modification, including
phosphorylation, ubiquitination, and sumoylation are located in this domain, allowing for
modulation of receptor function and contributing to context specificity [2, 6]. The highly
conserved DNA-binding domain has two zinc finger motifs responsible for recognizing and
binding to GC response elements (GREs) as well as a nuclear localization signal. A flexible
hinge region connects the DNA-binding domain with the C-terminal ligand-binding domain
that contains a hydrophobic pocket for GC binding, an AF-2 region for ligand-dependent
interactions with coregulators and a second nuclear localization signal. Receptor dimerization
is mediated by sequences in the DNA- and ligand-binding domains [6, 13].

The gene encoding GR, NR3CI, contains nine exons with the open reading frame being
encoded by exons 2-9. The NR3C1 transcript can undergo alternative splicing resulting in the
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Figure 1. Glucocorticoid (GC) signaling through the GC receptor (GR). (A) Functional domains of the GR. NTD,
N-terminal transactivation domain; DBD, DNA-binding domain; H, hinge; LBD, ligand-binding domain; AF, activation
function. (B) Scheme of GC-regulated transcription. In the absence of ligand, GR is mostly associated to cytoplasmic
multiprotein complexes including chaperones. Upon GC binding, activated GR is released from this complex, dimerizes,
translocates to the nucleus, and binds directly to DNA (1) or to other TFs via tethering (2) to regulate gene expression.
GR-bound genomic regions include canonical GRE elements (imperfect palindrome GREs), half-site GREs, and inverted
repeat (IR)-negative (n)GREs.

generation of at least five isoforms [2], with GRa and GRp, differing at their C-termini, being
the most studied. GRa binds to ligand and carries out classical receptor functions, and will
be referred to as simply GR elsewhere in this chapter. On the other hand, GRf is incapable of
binding to GCs and acts as a dominant-negative inhibitor of GRa. GRf is usually expressed at
a lower level than GRa, but alterations in the ratio between these isoforms are associated with
GC sensitivity and autoimmune disease [2]. The expression of these splice variants in healthy
and diseased skin is only beginning to be explored. For example, increased GRf3 was found in
patients with severe atopic dermatitis that were unresponsive to GC treatment [14]. However,
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a more recent study failed to establish a correlation between isoform ratio and sensitivity to
GC therapies in inflammatory dermatoses [15]. Another layer of complexity is added by the
discovery that seven GR protein isoforms are generated through alternative translational ini-
tiation [2]. These isoforms are differentially expressed across tissues, and while all are capable
of binding DNA and ligand, the N-terminal truncations do alter subcellular localization and
transcriptional activity. Their precise role in skin pathophysiology remains to be determined.

In the absence of ligand, the majority of GR is sequestered in the cytoplasm in a multiprotein
complex that includes chaperones (HSP70, HSP90, and p23) and immunophilins. The clas-
sical model of GR activation is that upon binding to GCs, GR dissociates from this complex,
dimerizes, translocates to the nucleus, and binds to GREs or to other TFs, regulating gene
expression (Figure 1B). GR-bound genomic regions are widespread throughout the genome,
and are not necessarily found in close proximity to target genes [16, 17]. The canonical GRE
sequence is 5-AGA ACA nnn TGT TCT-3', an imperfect palindrome that contains two half
sites and a three base pair spacer. This classical mechanism of transcriptional regulation,
which is dependent on DNA-binding and dimerization, was denominated as transactivation.
In contrast to other TF-binding sites, GREs show a great deal of variability, with changes in
the majority of positions not impeding GR binding [16]. Remarkably, the very sequence of the
GRE was demonstrated to affect GR conformation and transcriptional activity, functioning as
an allosteric regulator of this TF [18]. Classical GREs are not the only mode for GR chroma-
tin interaction, as GR can also regulate transcription by binding to half site sequences [19],
such as those found near the epidermal keratin (K)5, 14, 6, and 17 genes [20]. These keratin
response elements allow the simultaneous binding of at least two NRs, which widens the
hormone-dependent transcriptional control of keratin expression [21].

Finally, the most recently identified GR-bound regulatory sequence is the inverted repeat (IR)-
negative (n) GRE with the consensus sequence 5-CTCC (n), , GGAGA-3' [22]. These sites are
termed negative as they promote the assembly of cis-acting corepressor complexes that recruit
histone deacetylases resulting in gene repression. Other mechanisms by which GR modulates
transcription are by binding composite elements, or juxtaposed binding motifs, with other TFs;
and by modulating the transcriptional activity of other TFs by protein-protein interactions,
independent of DNA-binding and receptor dimerization, known as tethering (Figure 1B) [23].
It was long assumed that tethering, and in particular GR interference with prototypical proin-
flammatory TFs such as NF-kB and AP-1, mediated the beneficial anti-inflammatory actions of
GR, while transactivation was responsible of the adverse side effects. This was mostly based on
studies using a GR single mutant (A458T), which impeded dimerization and impaired trans-
activation of GRE-containing target genes while allowing tethering via AP-1 and NF-kB. This
dogma was recently challenged by demonstrating that GR***T could indeed dimerize and bind
DNA in a subset of GREs in live cells although with reduced efficiency [13].

More than 20 GR chromatin immunoprecipitation sequencing (ChIP-Seq) studies in different
cell/tissue types have been published thus far [7], providing functional insights. For instance,
GR largely relies upon other factors to create and maintain open chromatin, contributing to its
context specificity [7]. Thus far, the only GR ChIP-Seq experiment performed in keratinocytes
evaluated a short treatment with dexamethasone (Dex) [24]. Following a restrictive analysis,
104 GR-bound genomic sites were identified. This small number contrasts with the thou-
sands of targets identified in other cell types [7], however, is in line with transcriptomic data
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following 4 h of GC treatment in primary human keratinocytes [25]. Despite the limited num-
ber of GR-bound genomic sites detected, their analysis provided important information about
functional interactions between GR and other TFs in keratinocyte gene regulation, as several
overrepresented TF motifs were identified, including KLF (43%) and AP-1 (28%) [24]. Further
experimentation revealed that GR and KLF4 cooperate to regulate the expression of the anti-
inflammatory genes Gilz/Tsc22d3 (GC-induced leucine zipper) and Zfp36/Tristetraprolin.

Ligand binding of GR also results in rapid actions, occurring within seconds to minutes,
which occur independently of transcription or translation, commonly referred to as nonge-
nomic actions [9]. For instance, ligand-bound GR interferes with the phosphatidylinositol-
3-kinase signaling pathway and the downstream kinase AKT, critical for cell proliferation and
survival. This interference has been demonstrated in mouse skin and cultured keratinocytes
and contributes to the antitumor effects of GCs in this tissue [26].

1.2. Adrenal and cutaneous GC production

GC signaling represents a complex homeostatic system that mediates fundamental tissue-
specific processes during development as well as adaptive responses to stress. The importance
of appropriate GC levels for normal tissue function is clearly illustrated in extreme situations of
hormone imbalances where chronic excess or deficiency leads to pathological conditions, such
as Cushing’s or Addison’s disease, respectively [1]. In both scenarios, dysfunctional responses
to this hormone can result in differential tissue sensitivity and manifest as clinical GC resistance
(e.g., primary generalized glucocorticoid resistance) or hypersensitivity [27]. Remarkably, cuta-
neous abnormalities in Cushing’s patients —skin atrophy, increased fragility and easy bruising,
elevated infection risk, and impaired wound healing—are very similar to those found in aging
and also after long-term/high-dose GC pharmacological treatments [28, 29].

As GC synthesis and release is tightly controlled by the HPA axis, this neuroendocrine system
acts as a major regulator of skin integrity and function. Stress or physiological conditions stimu-
late the production of corticotropin-releasing hormone receptor (CRH) from the hypothalamus,
which in turn induces the release of adrenocorticotropic hormone (ACTH) from the anterior
pituitary, which promotes the synthesis and release of GCs from the adrenal cortex. Under
physiological conditions, GC release shows a diurnal pattern controlled by the circadian clock,
with peak levels linked to the beginning of daily activity. GCs can inhibit their own production
by a feedback mechanism where GR shuts off the secretion of CRH and ACTH [1, 2]. Around
90% of circulating cortisol is bound with high affinity by corticosteroid-binding globulin, while
the remaining 10% of circulating GCs consist of roughly equal proportions of cortisol and cor-
tisone. The free circulating cortisone functions as a reservoir of inactive steroid that can be
converted into active GCs in a tissue-specific manner.

The discovery that the skin behaves as a local HPA axis analog that is able to produce ste-
roidogenic enzymes and GCs constituted a major breakthrough for understanding alternative
mechanisms by which GCs exert their actions in homeostatic and pathological conditions
[3, 30]. Since skin is continuously exposed to external perturbations, tissue-specific synthe-
sis of GCs represents an ideal response mechanism and recent studies suggest that systemic
and local HPA axes are interconnected [31]. Recent findings emphasize the relevance of the
local GC biosynthetic pathway in maintaining skin homeostasis as local GC deficiency and
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reduced GR expression in psoriatic lesions contributed to the pathogenesis of the disease.
These findings should be considered for designing novel GC-based strategies for treating skin
diseases [32, 33].

HSD11B1/HSD11B2 activities maintain appropriate GC levels and constitute a key mechanism
to modulate GR function at the prereceptor level both in plasma and in peripheral tissues [5].
HSD11B2 expression and activity is key in the renal and cardiovascular system where GC
inactivation is required to avoid the overactivation of the closely related mineralocorticoid
receptor, favoring instead binding of the mineralocorticoid aldosterone [34, 35]. In human
and mouse skin, HSD11B1 is highly expressed in the epidermis and dermis, with higher levels
in differentiating keratinocytes [29, 36]. HSD11B2 has been also detected in the suprabasal
epidermis of human and developing mouse skin as well as in sweat glands, an important
target for aldosterone-mineralocorticoid receptor regulation [37-40].

2. GR function in skin development

2.1. Development of the epidermis and its appendages

Barrier formation begins with epidermal commitment around E10.5 when surface ectoderm
cells begin to express the keratinocyte-specific intermediate filament proteins K5 and 14 [41].
By E14.5, keratinocytes stratify, express K1 and 10, and begin terminal differentiation forming
the postmitotic spinous and granular layers and the outermost SC [42]. The SC is composed
of fully differentiated dead keratinocytes, or corneocytes (described as bricks) surrounded by
specialized extracellular lipids (or mortar), extruded by lamellar bodies at the granular layer-
SC interface [43]. Elegant studies subjecting mouse embryos to whole mount dye exclusion
assays revealed that the epidermal permeability barrier acquisition is patterned, beginning
at initiation sites at ~E16.5 and spreading in moving fronts until completion by ~E17.5 [44].
Hair follicle patterning and morphogenesis begins at E14.5 when placodes, or clusters of basal
keratinocytes, form stimulated by inductive signals from the dermis [45, 46]. Sebaceous glands
begin to form toward the end of gestation, and pilosebaceous units continue maturation post-
natally. Eccrine sweat glands begin to form late in mouse development and are restricted to
paw pads. All epidermal appendages contribute to skin function, as sweat glands and hair con-
tribute to thermoregulation and sebaceous glands secrete lipid-rich sebum that waterproofs
the skin and has antimicrobial activities. Importantly, defects in epidermal differentiation dur-
ing development can lead to inflammatory skin disease later in life [45].

The signaling pathways orchestrating epidermal development and keratinocyte terminal dif-
ferentiation have been extensively studied [41, 42, 46]. The master regulator TF p63 is crucial
for early epidermal specification and differentiation, but its expression must decrease in kera-
tinocyte terminal differentiation, a process regulated by functional interactions between more
than 50 TFs, including GR [41, 47, 48]. A keratinocyte cell line derived from mice deficient in
epidermal GR (see Section 3.2) showed defects in terminal differentiation, with an increased
expression of the predominant isoform ANp63 [24]. Further experimentation showed that
GR inhibits p63 expression, fitting with its proposed role as an inhibitor of the early stages of
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keratinocyte differentiation [24, 25]. Heterozygous mutations are present in the TRP63 gene
in patients with different ectodermal dysplasias, developmental disorders in which the epi-
dermis and its appendages fail to develop normally. Mouse models with reduced expression
of p63 mimic features of the human disease [47]. Strikingly, transgenic mice with ectodermal
overexpression of GR also exhibit features of ectodermal dysplasia, strong evidence of func-
tional interactions between these TFs [49, 50].

2.2. GCs and skin barrier formation

During development, GCs are provided maternally as well as by the embryo; in mice, systemic
synthesis begins around E14 and peaks around birth [51]. Embryonic Nr3cl expression is
already detected at E10.5 and negative regulation of HPA axis components POMC and CRH
occurs by E16.5 and is dependent upon GR [51]. Whether GCs are synthesized locally during
skin development is not known, and is a subject for future investigation. We have evaluated and
detected Nr3c1 expression in mouse skin starting at E14.5, though it may be present at earlier
stages. Interestingly, epidermal GR transcript and protein expression peaks at E16.5, the critical
period for epidermal barrier acquisition, and decreases thereafter [52]. Importantly at E16.5,
the skin levels of Hsd11b1 and Hsd11b2 are relatively low, compared to E18.5 when expression
increases by more than 10- and 30-fold, respectively [38]. These data indicate that during barrier
acquisition there is abundant receptor and a supply of active GCs in the skin (Figure 2A).

The first direct evidence that GCs regulate epidermal development was that antenatal expo-
sure of rats to pharmacological doses of GCs accelerated permeability barrier acquisition,
assessed functionally by measurements of transepidermal water loss (TEWL), and supported
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Figure 2. Relative gene expression of GR and enzymes modulating GC availability during embryonic skin development.
(A) Relative mRNA levels of Nr3c1/GR, Hsd11b1, Hsd11b2, Krt77, and Sprr2d in embryonic (E15.5-E18.5) and newborn
(P0) mouse skin. Krt77 and Sprr2d are shown as markers of earlier and later epidermal development. #, not assessed.
Statistically significant differences relative to E15.5 are indicated (n = 4 per age; *p < 0.05, **p < 0.01, *p < 0.001).
(B) Epidermal barrier is impaired in GR epidermal KO (GR™®) mice. Left: Toluidine blue staining of control and GR®©
mice (E17.5) demonstrated delayed and altered epidermal barrier formation in GR®™° mice. Dotted lines point to the
dorsoventral and anteroposterior patterns of epidermal maturation. Right panel: hematoxylin and eosin-stained skin
sections (E17.5) show immature thinner epidermis with abnormal differentiation of suprabasal layers in GR¥© relative
to control mice.
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by ultrastructural data showing mature SC and lipid lamellar bodies and by increases in total
SC lipid content [53]. Later, study of the GC-deficient CRH”" mice revealed delays in epider-
mal development and barrier formation, with structurally immature lipid lamellar bodies and
decreased lipid deposition and expression of SC proteins involucrin (IVL), loricrin (LOR), and
filaggrin (FGN) [54]. These delays were evident at E17.5 when barrier should be fully functional
and could be rescued by supplementation with GCs. Importantly, by birth CRH”" mice had a
structurally normal epidermis and SC, though its functionality was not assessed through TEWL
measurements, suggesting a transient role of GCs in skin development. These initial studies were
validated by whole mount dye exclusion assays with mouse embryos that had been exposed
to pharmacological doses of GCs [55], which developed the permeability barrier earlier than
controls (~¥4 day). A later study used gene profiling to determine that the critical time window
for transcriptional responsiveness of skin to maternal GC-treatment is from E15.5 to E16.5 [55].
Genes found to be upregulated in GC-exposed skin included those encoding FGN and late cor-
nified envelope proteins mapping to the epidermal differentiation complex, found on chromo-
some 3q in mice, which contains over 55 genes involved in keratinocyte terminal differentiation.

2.3. Mouse models for studying GR function in skin development

Normal skin development requires GCs and can be accelerated by maternal exposure to this
hormone; however, it was necessary to evaluate specific gain- and loss-of-function GR mouse
models to pinpoint the role of this NR in the skin (Table 1). Gain-of-function was assessed using
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Table 1. Summary of the skin phenotypes of genetically modified mice with GR gain- and loss-of-function. Abbreviations:
GR, glucocorticoid receptor; SC, stratum corneum; KC, keratinocyte; HF, hair follicle; K, keratin.
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transgenic mice (K5-GR) that express GR under the control of the K5 promoter that is active in
all stratified epithelia, including the basal layer of the epidermis, hair follicles, and sebaceous
glands [49, 56]. The effects of high levels of GR overexpression during development were delete-
rious, causing perinatal lethality and lesions lacking epidermis and/or skin (Table 1). Transgenic
mice overexpressing lower levels of GR survived to adulthood and were fertile, but also showed
developmental abnormalities in morphogenesis of the epidermis and hair [49, 50]. During
development and at birth, K5-GR epidermis is thinner than littermate controls, with drastic
reductions in K5 expression [50], consistent with the antiproliferative effects of pharmacological
GC treatments on keratinocytes [57, 58]. In addition, keratinocyte-specific GR overexpression
caused accelerated epidermal differentiation as seen by increased LOR staining (our unpub-
lished data). To evaluate the respective contributions of GR transactivation/transrepression in
the phenotype of the K5-GR transgenic mice, another transgenic mouse model (K5-GR-TR) was
generated with epidermal overexpression of GR carrying a double mutation (P493R and A494S)
in the second half of the second zinc finger which impairs transcriptional activation but not
transrepression of AP-1 and NF-kB [59]. The K5-GR-TR mice showed normal skin development
without abnormalities in histology or in the expression of K5, K10, FGN, LOR, and IVL ([59] and
our unpublished data) suggesting that dysregulation of epidermal markers in developing skin
due to GR overexpression depends upon its ability to activate transcription (Table 1).

The analysis of the complete loss of function GR” mice revealed phenotypes complemen-
tary to the K5-GR model. These mice die upon birth due to defects in lung maturation, so
analysis was unable to go beyond this stage [51]; however, a pronounced skin phenotype
was observed in developing and newborn GR™" animals featuring abnormal K5 expression in
suprabasal layers, almost negligible levels of FGN, LOR, and IVL, and increased apoptosis.
An increase in phosphorylated ERK was observed in GR” keratinocytes in vivo as well as in
vitro where it was shown to contribute to the increased apoptosis [60]. Dye exclusion assays
confirmed that the formation of the permeability barrier was delayed relative to control litter-
mates (Table 1). The defective epidermal differentiation in the GR”"'mice correlated with the
altered expression of genes in the epidermal differentiation complex, with strong repression
of members of the Small proline repeat rich family and Corneodesmosin (Cdsn) and upregulation
of early differentiation genes such as the epithelial-specific gene transcripts E74-like factor
5 (Elf5) and keratin 77 (Krt77) [52]. In contrast, GRA%8T/A48T knock-in mice were viable and
fertile, and had normal histological appearance and expression of K5, K10, and LOR, suggest-
ing that the transactivation function is not required for survival or skin development [60, 61].
It is worth noting that newborn mice with complete loss of the cytoplasmic chaperone p23
showed striking similarities in defects in skin development to those observed in GR™" mice
[60, 62], including defective keratinocyte differentiation, proliferation, and increased apopto-
sis. Indeed, GR-controlled target genes such as EIf5, Krt77, and Cdsn were also dysregulated
in p237 skin and GR nuclear translocation upon GC treatment was defective in p237" cultured
keratinocytes, indicating cell autonomous defects [62].

In order to study the effects of GR loss beyond birth as well as to assess cell-type specific con-
tributions to skin development and homeostasis, knockouts were generated using GRA/fex
mice, which have the third exon, encoding part of the GR DNA binding domain, flanked by
loxP sites reviewed in [63]. When crossed with transgenic mice that express the Cre recom-
binase, exon 3 is disrupted and the GR gene inactivated due to out-of-frame splicing and
premature translational termination [64]. Newborn mice lacking mesenchymal expression of
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GR (Dermo1-Cre//GRx) had defects in dermal collagen and elastin production as well as
histological abnormalities in the epidermis, which included rounded suprabasal keratinocytes
and a dense SC [65]. These results indicate that dermal defects due to the lack of GR in fibro-
blasts impact the adjacent epidermis; however, as more detailed analysis was not performed,
the exact mechanisms remain unclear. Mice lacking epidermal GR (K5-Cre//GR¥flox or GRFX)
showed defective skin development with delayed epidermal barrier formation, abnormal
keratinocyte differentiation, hyperproliferation, and SC fragility [66] (Table 1). Toluidine blue
dye exclusion assays revealed patchy disorganized barrier initiation sites and irregularities in
barrier fronts, more evidence that GR regulates this process (Figure 2B). The mechanism is
not entirely clear but may be related to negative regulation by GR of the kinase AKT and/
or the AP-1 member Jun in the barrier front, as the activity of both must be spatiotemporally
controlled for proper barrier acquisition [67]. Consistent with this phenotype was abnormal
interfollicular K6 expression, decreased levels of LOR, FGN, and CDSN, and alterations in epi-
dermal lipids. In addition to the barrier defects, GR®™© mice had an inflammatory phenotype
with increases in epidermal STAT3, AKT, and ERK activities and with dermal infiltrates con-
taining macrophages and degranulated mast cells. Gene expression profiling data identified
upregulation of Elf5 and Krt77 as well as the keratins Krt6a, Krt6b, and Krt16, which are induced
in the context of hyperproliferative/inflammatory skin diseases, and many other genes such as
Tslp and 5100a8/9 commonly induced in inflammatory skin diseases [66]. These data indicated
that newborn GR™® mice suffer skin disease with features of atopic dermatitis and psoriasis.
Loss-of-function mutation in epidermal barrier genes has been linked to atopic dermatitis and
psoriasis, indicating that defects in keratinocyte terminal differentiation can be a predisposing
factor for these diseases [11].

3. GR function in adult skin homeostasis

Research on the molecular mechanisms underlying GC actions has been put forward —at least
to a great extent—because of the wide and efficacious use of GC-derived compounds for
the treatment of chronic inflammatory diseases including those affecting skin. Contrary to
the perinatal period, in which GCs accelerate skin barrier formation, GC treatment of adult
animals perturbs permeability barrier homeostasis, suggesting unique roles for the GR in
development and adulthood [29, 68].

3.1. Endogenous GCs affect skin integrity in aging and stress

Intrinsic or chronological skin aging affects nonexposed areas, and is mainly attributed to
genetic factors and endocrine alterations. In contrast, extrinsic or pathological aging is prin-
cipally due to repeated exposure to UV irradiation. In skin that is sun-exposed, both types of
aging are superimposed [69]. Aging skin is characterized by gradual loss of the structural and
functional characteristics of the tissue, which becomes more prone to damage, infections, and
retarded wound healing, with consequent increases in the susceptibility of individuals to cuta-
neous disorders including those associated with inflammation and/or cancer [70]. Moreover,
increased age in humans and mice correlates with abnormal skin barrier function with aug-
mented TEWL and impaired mechanical properties partly due to a marked reduction in SC
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lipids resulting in decreased lipid layers, or mortar (see Section 2.1), between corneocytes
[69]. Also, aged humans and mice typically have increased serum cytokines and markers of
inflammation. Remarkably, correction of skin barrier defects in older mice by application of
petrolatum or glycerol significantly reduced serum cytokines opening the attractive possibil-
ity that enhancing epidermal functions could ameliorate or prevent inflammation-associated
disorders in elderly humans [71].

Another prominent feature of aged skin is atrophy, reduced epidermal, and dermal thickness
caused by decreased keratinocyte proliferation, and profound alterations in extracellular matrix
proteins of the dermis such as collagen, elastin, and proteoglycans, contributing to the formation
of wrinkles and increased fragility [72]. GCs exert antiproliferative effects in skin inhibiting the
proliferation of keratinocytes and fibroblasts. Transcriptomic analyses in human-cultured kera-
tinocytes demonstrated that GCs regulate numerous genes participating in cytoskeletal rear-
rangements and ECM remodeling including Actin and Krt6, whose repression is consistent with
the inhibition of keratinocyte migration and wound healing by GCs [23]. GCs also regulated
numerous genes related to keratinocyte differentiation including FLG and CDSN. Additional
studies in GC-treated adult mouse epidermis also identified numerous target genes related to
cell cycle or DNA synthesis [73]. The induction of the stress-inducible mTOR inhibitor REDD1
contributed to the atrophogenic GC effects. As GCs elicited similar anti-inflammatory responses
in control and Redd1”~ mice, the use of REDDI1 inhibitors may have therapeutic implications [73].

The activity of HSD11B1 was increased in human and mouse skin samples from old relative
to young subjects as well as in photodamaged versus nonexposed human skin biopsies, sug-
gesting that local conversion of inactive to active GCs contributes to intrinsic and extrinsic
aging of this tissue [74]. Hsd11b1 KO mice were partially protected against age-induced skin
damage showing increased collagen density as well as improved wound healing relative to
controls [74]. Furthermore, topical treatment with a HSD11B1 inhibitor accelerated cutaneous
wound healing in aged mice [74]. Altogether, HSD11B1 targeting appears as a promising
pharmacological target to ameliorate cutaneous GC adverse side effects.

As endogenous GC production is also increased in stress conditions due to HPA reactivity,
there is a link between pathologies with chronic-elevated GC levels and altered epidermal
function. In particular, psychological stress is known to exacerbate features of skin diseases
such as psoriasis and AD through increased GC production [75, 76]. In psychologically
stressed mice, elevated GC levels inhibited epidermal lipid synthesis and downregulated
the expression of antimicrobial peptides leading to decreased SC integrity and increased risk
of infection [76, 77]. These defects could be reversed by reducing GC production through
administration of an inhibitor of CRH or the GR antagonist RU486 and also by topical treat-
ment with exogenous lipids [75, 76]. However, and paradoxically, it has also been reported
that the stress-induced production of endogenous GCs exerted beneficial effects in cutaneous
function in three different murine models of dermatoses, likely due to the anti-inflammatory
effects of acute increases in endogenous GCs [78].

3.2. Skin alterations in adult transgenic mice with GR gain and loss of function

It is well known that GC treatment may cause marked epidermal thinning as well as retarded
growth of hair follicles and hair loss, which may result in alopecia. Consistent with this, adult
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epidermis from K5-GR and K5-GR-TR mice showed pronounced epidermal hypoplasia with
flattened keratinocytes and discontinuous K5 staining as well as reduction in the number of
hair follicles (50 or 25% decrease, respectively) [49, 50, 59]. These data indicate that although
GR-dependent transcriptional activation was partially impaired in K5-GR-TR mice, the over-
expression of this GR mutant was sufficient to inhibit keratinocyte proliferation and alter hair
follicle growth in adulthood but not during development [59]. Microarray studies in skin
of K5-GR mice identified upregulation of a large subset of hair keratins, keratin-associated
proteins, and downregulation of several Hox genes indicating a role of GR in hair follicle
homeostasis through the control of keratin genes [79].

In addition, adult K5-GR mice exhibited abnormalities affecting other ectodermal derivatives,
including exocrine glands such as the sweat glands, the ocular secretory Meibomian glands,
and the preputial glands [49, 50]. In fact, the phenotype of K5-GR mice recapitulated the triad
of clinical symptoms that defines the human syndrome hypohidrotic ectodermal dysplasia
(hair, teeth, and exocrine glands) [50]. Although the exact mechanisms underlying these
defects have not been characterized, the overexpression of GR impaired the expression and/or
activity of NF-«kB and p63 in several epithelia [50]. The fact that neither GR*® nor K5-GR-TR
adult mice exhibited the ectodermal defects observed in adult K5-GR mice suggests that these
abnormalities depend on elevated levels of transcriptionally competent GR.

The severe skin phenotype of newborn GR¥° mice featuring barrier defects and inflammation
resolved spontaneously around postnatal day 5. Adult mice showed only a mild phenotype
of increased keratinocyte proliferation and patches of impaired epidermal differentiation
indicating that barrier function is largely intact (Table 1). However, as in other models with
impaired skin barrier development, epidermal GR loss resulted in increased susceptibility in
adulthood to inflammatory triggers such as PMA, with elevated levels of K6 consistent with
its upregulation in GR*™ skin during development [66].

Also, the tamoxifen-inducible epidermal deletion of GR in adult mice (K14-Cre-ER"//GRAo¥flox
mice) resulted in skin alterations with thickened epidermis, abnormal expression of K6 in the
interfollicular epidermis, K10 localization restricted to the most suprabasal epidermal layer,
reduced and patchy expression of LOR and CDSN, and the presence of dermal infiltrates
[52]. After acute PMA treatment, K14-Cre-ER"//GR* mice showed significantly increased
keratinocyte proliferation and skin inflammation, with pronounced recruitment of polymor-
phonuclear cells [52]. An independently generated mouse model with tamoxifen-inducible
GR epidermal deletion in adulthood also showed increased induction of TSLP, a key marker
of atopic dermatitis, which could not be inhibited by GCs [22].

The posttranslational modifications of GR play an important role in the susceptibility to PMA-
induced skin inflammation. It was recently demonstrated that GR sumoylation at K310 in mice
(K293 in humans) is required for the formation of a repressing complex, which is involved in
both GR-mediated IR nGRE gene repression and transrepression of NF-kB/AP-1-driven tran-
scription. Mice harboring mutations that impaired GR sumoylation at this site showed more
severe responses to PMA-induced skin inflammation, which could not efficiently suppressed
by Dex [80, 81]. Experiments in mice with keratinocyte-specific inactivation of the components
of the repressing complex NCoR1/SMRT or HDAC3 showed the lack of Dex-induced transre-
pression as tethering of the complex on DNA-bound NF-kB/AP1 was impaired [80, 81].
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The recent finding that GR haploinsufficiency in mice and reduced GR expression in human
biopsies correlates with increased incidence of tumor formation provides a causal role for this
TF in tumorigenesis, reinforcing the denomination of GR as a tumor suppressor gene [82]. In
fact, the analyses of mouse models with epidermal-specific GR overexpression or inactivation
demonstrated that GR exerts tumor suppressor actions during skin carcinogenesis [80, 84].
GRF*© mice subjected to the classical two-stage protocol —consisting in a single low-dose appli-
cation of the mutagen 12-dimethylbenz(a) anthracene (DMBA) followed by repeated PMA
treatments —exhibited earlier papilloma formation with higher incidence and multiplicity, as
well as increased tumor size relative to controls [83]. Also, papillomas in GR®¥© mice displayed
signs of early malignization, including delocalized expression of laminin A, dermal K5-positive
cells, abnormal expression of K13, and focal loss of E-cadherin. Consistent with the keratino-
cyte atypia in vivo, cultured GR¥™© keratinocytes showed abnormal spindle-like morphology,
loss of E-cadherin, and upregulation of smooth muscle actin and SNAIL, overall suggesting
epithelial-mesenchymal transition [83]. Conversely, transgenic K5-GR//Ha-ras+ mice showed
resistance to PMA-induced skin carcinogenesis with delayed onset of papilloma appearance,
reduced tumor burden, and significant decrease of papilloma size (eightfold) relative to WT//
Ha-ras+ controls [84]. Mechanistically, GR function in mouse skin tumorigenesis was medi-
ated through negative interference with the NF-kB, AKT, and STAT3 pathways [83, 84]. It has
also been postulated that the antitumor effects of GR in K5-GR//Ha-ras+ mice were exerted
by decreasing the number of follicular stem cells as well as their proliferative potential, with
associated changes in their transcriptional signature [85]. However, recent work suggests that
increases in the local concentration of bioactive GCs can also exert tumor-promoting effects in
solid tumors of epithelial origin [86]. Overall, additional studies are required to understand
the apparently controversial data on the role of GC signaling on epithelial tumor development
and progression.

Another major adverse effect associated with pharmacological GC treatment is delayed wound
healing. Wound healing is a complex process comprising inflammatory, proliferative, and remod-
eling phases, which requires coordinated interactions among keratinocytes, immune cells, and
fibroblasts to repair tissue damage and restore skin homeostasis [87]. Although inflammation is
required for skin barrier restoration, alterations in levels or kinetics of expression of inflammatory
mediators can be detrimental and result in chronic wounds or delayed healing [88]. Secretion of
growth factors and cytokines including FGFs, EGF, IL-1, and IL-6 stimulates keratinocyte prolif-
eration and migration, a process called re-epithelialization, normally accompanied by collagen
deposition, formation of new granulation tissue, and wound contraction [87, 88].

Endogenous GC excess, for instance, in diabetic patients, results in chronic nonhealing wounds
and often in lower limb amputations. GC-activated GR inhibits wound closure by blocking
EGF-induced keratinocyte migration. The mechanism involves the formation of a repressor
complex together with {3-catenin to inhibit K6 and K16 expression at the wound edge [88].
Importantly, farnesyl pyrophosphate (FPP), an intermediate in the pathway of cholesterol
biosynthesis, acts as GR agonist and also suppresses the Krt6 gene and inhibits keratinocyte
migration. The activation of GR by cortisol or FPP caused nuclear translocation of [3-catenin,
leading to induction of c-myc, a hallmark of chronic nonhealing wounds. This led to the pro-
posal to use statins to restore epidermal homeostasis as targeting the cholesterol pathway
interferes with the production of FPP and cortisol, resulting in substantial reduction of GR
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activation, and c-myc downregulation [89]. It has also been shown that GCs can also inhibit
keratinocyte migration and wound healing by activation of nongenomic signaling pathways
involving membrane GR regulation of phospholipase C/protein kinase C ultimately activat-
ing (3-catenin and c-myc [90].

The use of K5-GR and K5-GR-TR mice allowed us to demonstrate that keratinocyte-targeted
GR overexpression delayed skin wound healing [91]. This delay resulted from reducing the
inflammatory response and decreasing keratinocyte migration in vitro and in vivo, consistent
with the impaired skin healing observed with GC treatment [91]. While in K5-GR mice, cutane-
ous healing was delayed at days 4 and 8 after wounding, there was only a delay at day 4 in
K5-GR-TR mice. These changes correlated with reduced K6 staining in both mouse models at
day 4, which only persisted at day 8 in K5-GR, along with discontinuous K10 expression indi-
cating an incomplete restoration of the epidermal barrier. These animals showed normal heal-
ing by day 8, concomitant with decreased repression of proinflammatory cytokines and growth
factors relative to K5-GR mice. In wound healing experiments with both transgenic mouse
models, keratinocyte proliferation was inhibited correlating with reduced ERK activity, in vitro
and in vivo, and collagen deposition was reduced to a similar extent [91]. These data suggest
that the early stages of wound closure are negatively regulated by GR independently of tran-
scription, while GR transcriptional actions are necessary for delaying later stages of healing.

Finally, cutaneous production of GCs upon acute wounding is a major regulator of inflamma-
tory responses as locally produced cortisol acts as a negative feedback to shut off the synthesis
of the proinflammatory cytokine IL-1 [4, 25, 92]. The inhibition of skin-specific GC synthesis
by using the 11p-hydroxylase inhibitor metyrapone or targeting HSD11B1 accelerated wound
closure in vivo. These findings illustrate the relevance of local GCs to achieve a proper balance
between pro- and anti-inflammatory signals upon injury, and thus modulate skin homeosta-
sis. It has been also suggested that the interaction between cutaneous and systemic produc-
tion of GCs has an impact on wound healing [31].

4. Conclusions

In vivo and in vitro studies, and in particular, the characterization of mouse models with
gain- or loss-of-function of epidermal GR has highlighted a previously unrecognized role
for this TF in skin development. Transcriptomic studies demonstrated a central role for GR
in the regulation of epidermal genes, and specifically keratins with key roles in proliferation
and differentiation including Krt6 and Krt77. As in other models with impaired skin barrier
development, epidermal GR loss resulted in increased susceptibility to inflammatory trig-
gers in adulthood. The regulation of different biological processes and gene subsets by GR in
skin was dependent on the developmental stage and physiological state, consistent with the
context-specific actions of this TF. The identification of more specific downstream mediators
of GC action with reduced adverse side effects remains a central objective in dermatological
research. Also, the interactions between systemic and local HPA axes and GC production must
be taken into consideration for developing novel strategies for treating cutaneous diseases.
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Abstract

The human skin serves as a source for a large number of neurohormones and neuropep-
tides, which affect skin biology on multiple different levels. Intriguingly, this includes the
control of keratin expression by neurohormones such as thyrotropin-releasing hormone,
thyrotropin, opioids, prolactin, and cannabinoid receptor 1-ligands. While this neuroen-
docrine regulation of human keratin biology in situ is likely to be involved in the main-
tenance of skin and hair follicle homeostasis and may participate in skin pathology, this
regulation remains to be appreciated and explored by mainstream keratin research. Here,
we review recent progress in this frontier of neuroendocrine and keratin skin research,
define the many open questions in the field, and elaborate how neurohormones may be
harnessed to treat selected genodermatoses and other skin disorders accompanied by
abnormal keratin expression.

Keywords: keratins, neuroendocrinology, hair, skin, dermatology

1. Introduction

Keratins are the major constituents of the epidermis and skin appendages, which by forming
an intracellular structural network provide cellular stability and resilience to the tissue [1].
Furthermore, they exert a surprisingly wide and complex range of additional functions in
the skin, including regulating epithelial differentiation and proliferation, migration and
wound healing, carcinogenesis and apoptosis, and immunomodulation [2-5]. Taking into
consideration the key roles keratins play in the skin, it is of utmost importance to under-
stand and dissect the mediators that affect their expression. One of the key mediators of
skin function is the endocrine system, which is also expressed and active in the skin itself.
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An important pathway by which the endocrine system controls skin function is by chang-
ing keratin expression, and these effects have been described in detail previously [6].

Throughout the last decade, it became clear that the skin reacts and generates not only steroid
hormones, but also a large array of neuroendocrine mediators [2, 3, 7-10]. The skin has even
formed a hypothalamic-pituitary-adrenal (HPA) neuroendocrine signaling axis, equivalent
to the central axis [10-12], and a semi-equivalent hypothalamic-pituitary-thyroid (HPT) axis
[13-16]. These neuroendocrine mediators take part in the regulation of many different pro-
cesses and functions of the skin, both in normal healthy skin and in disease states. These
include, for example, regulation of stress response [10, 17], hair follicle (HF) growth [18-22],
pigmentation of the skin and HF [18-21, 23, 24], sebaceous gland function [10, 12], prolifera-
tion and apoptosis of keratinocytes [9, 10, 25], and mitochondrial activity [16, 26, 27]. They
are also involved in controlling the immune privilege of the HF epithelium and the immune
response of the skin [24, 28].

Taking into consideration the fact that keratins constitute up to 85% of the cell mass of a ter-
minally differentiated keratinocyte and have such important roles not only in keratinocyte,
sebocyte, and trichocyte biology, but also for overall skin physiology [29-31] and the fact that
the vast majority of neuroendocrine mediators is expressed in the skin epithelium [11, 12, 17],
it is reasonable to ask whether some of the functions exerted by neurohormones in the skin
are actually mediated by changing keratin expression. Indeed, in recent years, several studies
have demonstrated that keratin expression in human skin and HFs is manipulated by neuro-
hormones and underlies previously ignored, important neuroendocrine controls that invite
therapeutic targeting.

In this chapter, we systematically explore the effects of neuroendocrine mediators on keratin
expression and connect these changes to physiologically relevant functions of the skin and
HFs. We also dissect the ways by which such keratin changes might be harnessed to alleviate
different skin conditions.

2. The hypothalamic-pituitary-thyroid axis in the skin and its effects
on keratin expression

The fact that skin and HFs are prominent targets for the thyroid hormones, triiodothyronine
and thyroxine, is well established [15, 16]. These thyroid hormones also promote cutaneous
wound healing [32, 33]. Furthermore, patients suffering from thyroid disorders manifest with
significant hair and skin phenotypes [15]. It is possible that some of these changes are due
to an effect of thyroid hormones on keratin expression. For example, T3 increases K6, K16,
and K17 gene expression in human keratinocytes in culture, keratins that are known to be
upregulated during the wound healing process [34], and mice with hypothyroidism have
reduced K6 expression [34]. In addition, T3 and T4 stimulate K6 expression and decrease K14
expression in cultured human HFs [15].

However, thyroid hormones can themselves change the production of neurohormones such
as prolactin and thyroid-stimulating hormone (TSH, thyrotropin), also in the skin [13, 35].
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Indeed, in recent years, it has become evident that the skin expresses receptors for the thyroid
hormones and for TSH and thyrotropin-releasing hormone (TRH) [13, 18, 23, 26]. It has also
been observed that, just as in the central HPT axis, thyroid hormones decrease intraepidermal
TSH expression, while TRH stimulates it in human skin, therefore suggesting that an elemen-
tary functional HPT axis also exists in the human skin [36].

Thyrotropin-releasing hormone is expressed by the human HF and can be found in the outer
root sheath (ORS). The TRH receptor (TRH-R), on the other hand, is expressed in the inner root
sheath (IRS) of the HF [23]. TRH can affect keratin expression: it has been found to upregulate
the expression of the hair keratins K31 and K32, while it downregulates the expression of the
hair keratins K85 and K86 at the protein level [37]. TRH also has profound effect on the keratins
expressed by the ORS in the HF, leading to reduced expression of K6, K14, and K17 [23, 37].
The above-listed keratins have been confirmed to be regulated by TRH at the protein level in
the HF, but it should be noted that additional keratins and keratin-associated proteins (KAPs)
may be affected by TRH according to microarray results obtained with organ-cultured human
HFs [37]. However, further experiments are required to confirm regulation of these keratins
and KAPs by TRH. Another important open question is to which extent the TRH-induced
changes in keratin expression observed in the HF underlie the complex functional changes
exerted by TRH in the HF [2, 16], namely, the stimulation of hair shaft production by TRH [23].

In contrast to the ORS of the HF, TRH stimulated K6, K14, and K17 expression in the epi-
dermis, sweat glands, and sebaceous glands in human skin ex vivo at the protein and mRNA
levels [37]. The same promoting effect of TRH on human K6 expression was also evident in
frog skin in vitro [25], and this stimulating effect was suggested to accompany the promo-
tion of wound healing in the frog skin [25]. This suggests that the keratin regulatory effects
of TRH are highly conserved in vertebrate skin and underscores the functional importance
of this neuroendocrine control of keratin biology. This makes it even more surprising that
mainstream keratin research continues to largely ignore this evolutionarily conserved control
mechanism, which must have provided significant species survival advantages to have been
maintained from frogs to humans. Interestingly, previous studies have found that TRH can
also stimulate mitochondrial activity in human epidermis and scalp HFs [26]. This invites the
intriguing question whether the part of this TRH-induced increased mitochondrial activity,
and thus energy metabolism is actually recruited to promote and support the energy inten-
sive synthesis of selected keratins.

Thyroid-stimulating hormone is another key neurohormone involved in the regulation of
keratin expression in human skin. TSH is expressed in the epidermis, and the gene encod-
ing its receptor reportedly is also transcribed in the epidermis [14], while TSH-R protein is
most prominently, if not exclusively, found in the skin mesenchyme, including the dermal
sheath of human scalp HFs [18]. However, there is still a debate on the exact location of the
TSH-R protein [13, 38]. In whole skin organ cultures, TSH stimulated the expression of K5
and K14, the two prototypic keratins that are expressed in the basal layer of the epidermis,
connect to the hemidesmosomes in the basal side of the keratinocytes and are critical for
keratinocyte function [6, 29]. Interestingly, TSH did not affect basal epidermal keratinocyte
proliferation ex vivo, pointing to the fact that the upregulation of K5 and K14 was not just due
to enhanced keratinocyte proliferation. Therefore, these findings suggest that TSH effects on
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keratin expression are direct and independent of cellular proliferation changes. Just like with
TRH, TSH was also found to enhance mitochondrial activity in the epidermis [27] and the
HF epithelium [16], again raising the possibility of a coordinated, neurohormone-controlled
increase in intraepithelial energy metabolism and keratin synthesis.

As alluded to above, keratin changes following TSH stimulation were also evident in human
HFs ex vivo. Except for K5 in hair matrix keratinocytes, which was upregulated [18], all the
other keratins examined were downregulated following TSH stimulation at the gene and
protein levels. These included keratins expressed in the HF ORS, such as K6, K14, and K17,
and hair keratins expressed in the hair cortex, such as K31, K32, and K85 [39]. While the exact
mechanisms by which TSH changes keratin expression remains unknown, it is noteworthy
that TSH also upregulated expression of MSX2 [39], a key transcription factor that controls
keratin expression [40, 41]. It is also interesting to note that all these keratin changes were
observed in the HF, although TSH itself does not affect hair growth, thus suggesting that these
TSH-regulated changes in keratin expression do not translate into altered hair growth [18].

TRH has been found to enhance TSH expression in the human epidermis [13]. Since TSH can
change keratin expression as we have just reviewed, it is possible that some of the effects of
TRH on keratin expression are indirectly mediated by TSH. Indeed, some of the keratins that are
modulated by TRH, such as K14, K17, and K85, are affected in a comparable manner by TSH [39].

3. The hypothalamus-pituitary-adrenal axis in the skin and its effects
on keratin expression

Corticotropin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH), and cortisol
form the HPA axis, which has a major role in controlling stress response by producing steroid
hormones and regulatory peptides [9]. This axis is also active in human skin and HFs, where,
namely, keratinocytes, but also other cutaneous cell populations act as both targets and also
as nonclassical producers of these HPA constituents [10-12, 42, 43].

There are plenty of studies that report on the effect of glucocorticosteroids on keratin expres-
sion in the skin, effects that accompany physiological processes, such as wound healing [6].
Nevertheless, little is known on the effects of the other components of the HPA axis on keratin
expression, and the available information is limited to CRH, which reportedly upregulates K1
and downregulates K14 in HaCaT cells and in human adult epidermal keratinocytes, as part of
the induction of the terminal differentiation program [44, 45]. Taking into consideration the fact
that the HPA is fully functional in human skin [2, 10-12], it is likely that additional keratins are
regulated by these neuromediators, yet have escaped notice so far. Therefore, further research
is warranted to explore this neuroendocrine frontier of keratin biology, namely, in human skin.

4. Prolactin effects on keratin expression

Prolactin and its receptor have been found to be expressed at the gene and protein levels
in the human skin [19, 35, 46, 47], where they control a large number of functions, such as
hair growth [19] and keratin expression (see below). Given the major role of prolactin in the
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control of mammary development, growth, and milk production, it is not surprising that the
first evidence for an effect of prolactin on keratin expression arose from mammary gland
studies [48]. These studies have shown that if the prolactin receptor gene is knocked out, mice
do not develop normal mammary buds, accompanied by decreased expression of selected
keratins, such as K8, K17, K18, and K19 [48].

Since the mammary gland is basically a sweat gland-like derivative of the epidermis, and
a prolactin-like protein has actually been found in human eccrine sweat glands [49], it was
reasonable to hypothesize that prolactin may regulate keratin expression also in other skin
appendages. Indeed, prolactin administration to organ-cultured human HFs resulted in
upregulation of keratins expressed in the ORS, including K5 and K14, while the hair keratin
K31 was downregulated ex vivo [50].

Perhaps the most interesting observation that emerged from this study was the stimulatory
effect of prolactin on K15 and K19, that is, marker keratins for epithelial HF stem cells [51-53].
This stimulatory effect was reversed when a selective prolactin receptor antagonist was added
to the culture medium. This effect was further confirmed when prolactin had a stimulatory
effect on KRT15 promoter activity in situ [50]. This finding strengthens the importance of
prolactin as a stem cell promoting agent, as was also observed later in other classical prolactin
target organs, such as the mammary gland [54]. Once again, this underscored the unique
instructiveness of HFs as a discovery tool in skin research, namely, in cutaneous neuroendo-
crinology [2], from which novel, general neuroendocrine principles can be deduced.

Another important observation that emerged from these keratin studies was that the addition
of a prolactin receptor antagonist alone also resulted in changes in keratin expression [50].
This shows that endogenous production of prolactin and/or prolactin receptor stimulation is
an important element of normal skin physiology and homeostasis and is actually required to
maintain the production of keratins in the HF. This is similar to the autocrine/paracrine effects
attributed to prolactin also in the pituitary gland, where blocking of the prolactin receptor
resulted in changes in cell turnover and prolactin receptor expression [55], and in extrapitu-
itary locations such as the mammary gland, where changes in prolactin receptor patterning
resulted in disruption of lobuloalveolar development [56].

It has been previously shown that there is an interplay between the different hormones and
neurohormones in the skin and HFs, and that some of these connections are similar to those
that exist in the pituitary. As an example, TRH can stimulate prolactin expression in the HF,
while it can inhibit expression of the prolactin receptor [35]. Such an interplay is highly likely
to also be at play in the regulation of keratin expression, and given that both neurohormones
profoundly change the expression of selected keratins in human skin. Obviously, this adds
another level of complexity to the challenge of segregating the direct effects of each of these
neurohormones from indirect and cross-regulatory ones.

5. The effects of endocannabinoids on keratin expression

Accumulating data show that the endocannabinoid system (ECS) plays a major role in mam-
malian skin [57, 58]. Indeed, endocannabinoids are being produced by the epidermis and
the skin appendages, including the HF, sweat glands, and sebaceous glands [58], and the
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cannabinoid receptors CB, and CB, are prominently expressed on different skin cell popula-
tions [58]. Many different skin functions of the skin are now appreciated to be regulated by
the ECS. For example, in the epidermis, it controls keratinocyte proliferation and differentia-
tion, thereby affecting the epidermal barrier, and regulates melanogenesis [59-61].

The ECS also affects the skin appendages profoundly. Signaling via CB, inhibits hair growth
and induces catagen, the regression phase of the HF [22, 62]. In sweat glands, anandamide
stimulated sweat secretion of epithelial cells and reduced their proliferation [63]. The ECS
can also affect sebaceous gland function, and by acting via CB,, endocannabinoids positively
control sebaceous lipid synthesis [64]. Furthermore, cannabidiol, a CB1 antagonizing nonpsy-
chotropic phytocannabinoid, reduced sebocyte proliferation and normalized excess sebum
production that can be observed in acne lesions [65, 66].

Taking into consideration its importance in epidermal keratinocyte function, it was not surpris-
ing that ECS modulation also affects keratin expression. For example, cannabinoid receptor
activation on human HaCaT cells by the prototypic endocannabinoid, anandamide, inhibited
cell differentiation, accompanied by reduced transcription of the KRT1 and KRT10 genes [67].
When tested in human skin culture and again in HaCaT cells, anandamide also inhibited K6
and K16 expression, independent of its antiproliferative properties [68]. Conversely, admin-
istration of the CB, antagonist, arachidonyl-2'-chloroethylamide (ACEA), upregulated K10 in
human epidermis while decreasing the expression of K1 ex vivo [69].

Given its antiproliferative and differentiation-promoting effects in human epidermis as well
as its overall largely anti-inflammatory properties (e.g., by reducing mast cell degranulation
and maturation in loco [70]), CB ligands are coming under scrutiny as potential new therapeu-
tics in the therapy of psoriasis [71]. If this line of research continues to be productive, it will
become clinically even more important to dissect the relative contribution of CB-mediated
changes in epidermal keratin expression to any beneficial effects observed by therapeutic CB
stimulation. The use of ECS antagonists to change keratin expression underscores that, like
we have seen in the case of prolactin, blocking the autocrine/paracrine effects of intracutane-
ously generated neuroendocrine mediators induces functionally relevant changes in human
skin, such as altered keratin expression patterns.

6. Opioids and keratin expression

Murine and human skin both express opioid receptors, including the p-, k-, and 8-opioid
receptors. Stimulation of these receptors participates in the control of melanocyte [72] and
keratinocyte functions, such as impeding DNA synthesis and cell differentiation [73, 74].
Therefore, their connection to skin disorders, such as psoriasis, basal cell carcinoma, and
wound healing, is currently under scrutiny [73, 75, 76].

As one might expect by now, opioid receptor ligands also induce changes in keratin expres-
sion. For example, the key endogenous ligand for the p-opiate receptor, beta-endorphin,
enhances the intraepidermal expression of K16 at the wound margin [77]. In psoriasis, a
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hyperproliferative dermatosis, K16 expression is upregulated, and this is accompanied by
downregulation of the p-opiate receptor [75], and treatment of skin organ cultures with beta-
endorphin resulted in elevated K16 production [75].

K10 is an additional keratin to be regulated by opioids, as mice knocked out for the &-opioid
receptor had enhanced K10 expression, together with a thinner epidermis [78], and the Achillea
millefolium extract, a strong inducer of the p-opioid receptor-1, led to increased differentiation
of the cells in the epidermis with stronger K10 expression [79]. Yet, our current understand-
ing of the role of opioid receptor-mediated signaling within the emerging neuroendocrine
controls of keratin biology remains even more rudimentary than that of the neuromediators
discussed further above.

7. Other neurohormones can alter keratin expression

Parathyroid hormone-related protein (PTHrP) is another important neuroendocrine mediator,
which has importance in the normal formation of the mammary gland [80]. Keratin expres-
sion was tested in a K14 promoter-driven PTHrP mouse, and an overexpression of K17 in the
nipple epidermis was evident in this mouse model [81]. Interestingly, PTHrP signaling affects
BMP signaling and Msx gene activation, both of which are critical regulators of HF growth
and function [80], just like PTHrP itself strongly modulates murine HF cycling [82, 83]. Yet,
how PTHrP impacts on intrafollicular keratin remains to be evaluated.

Catecholamines can also change keratin expression, and when evaluated in limbal epithelial
cells in culture, isoproterenol, a beta-adrenergic receptor agonist, led to pronounced changes
in keratin expression [84]. When tested in HaCaT cells, the same compound stimulated dif-
ferentiation, which was accompanied by increased K1 and K10 production [85].

In contrast, histamine led to decreased expression of differentiation markers in skin models
and human keratinocyte cultures, among others, and also to decreased production of K1 and
K10 [86]. The cholinergic system can also affect keratin expression. When tested in skin cul-
tures in vitro, blocking of the cholinergic system resulted in decreased expression of differen-
tiation markers, such as K2 and K10 [87]. Although these medjiators clearly led to changes in
keratin expression in these cases, it remains to be dissected whether these changes were due
to a direct effect of the tested compound or reflected secondary events, resulting, for example,
from changes in keratinocyte proliferation and differentiation.

8. Possible clinical implications of neuroendocrine-mediated
changes in keratin expression

As reviewed in detail above, neuroendocrine mediators can change keratin expression in
what appears to be a relatively selective manner. Let us now discuss, therefore, how this phe-
nomenon might be translated into the treatment of several skin and hair conditions. This is
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of special clinical relevance since neuromediator analogs, in principle, may be formulated to
be topically applicable, thus circumventing or reducing the risk of undesired systemic effects.
Some of the possible clinical scenarios for which such analogs may conceivably be used are
described briefly below.

8.1. Treatment of keratin-related skin and hair genetic disorders

The list of genetic disorders linked to mutations in keratin genes continues to expand, and
more than half of the keratin genes have been linked to a genetic disorder [88-92]. These
disorders include ichthyoses, blistering disorders such as epidermolysis bullosa, hair condi-
tions such as wooly hair and sparse hair, and changes in the normal growth of nails. A novel
promising approach for the treatment of keratin disorders is the utilization of small molecule
drugs to upregulate expression of compensatory keratins or to downregulate the expression
of the mutated keratins [89, 93]. Such an approach has already been successful in several auto-
somal dominant keratin disorders, such as epidermolysis bullosa simplex and pachyonychia
congenita [94-96].

It has also been reported to be of potential benefit in epidermolytic ichthyosis, an uncommon
genodermatosis caused by mutations in keratins 1 or 10, when Reichelt et al. have shown that
increased stability of keratins 5 and 14 could lead to the formation of normal epidermis in
K10-null mice [97]. Furthermore, treatment of immortalized cell lines from a KRT10-mutated
epidermolytic ichthyosis patient with all-trans retinoic acid led to a 200-fold decrease in
mRNA expression of K10, accompanied by decreased keratin aggregation [98].

As reviewed above, the CB, agonist ACEA increased K10 expression, while reducing K1 pro-
duction in human epidermis in culture [69]. Such changes could potentially be harnessed in
epidermolytic ichthyosis patients to decrease the expression of mutated K1 while upregulat-
ing the expression of K10 that can functionally compensate in part for the mutated keratin.
Given their differential regulation of distinct human keratins in human skin ex vivo, defined
neuromediators now need to be systematically explored for their capacity to execute such
therapeutically desirable reverse regulation of clinically relevant keratins in selected genoder-
matoses, perhaps starting with primary keratinocyte cultures derived from affected patients.

8.2. Treatment of inflammatory skin conditions (e.g., psoriasis)

Several inflammatory skin disorders are characterized by overexpression of K6. These include,
for example, lichen planus and discoid lupus erythematosus [99]. However, the most promi-
nent example is psoriasis, a chronic inflammatory skin condition, which is characterized by
increased expression of K6, K16, and K17 [3, 68, 100]. K17 is probably of special importance
in psoriasis pathogenesis, since it has been suggested to act as an antigenic target for T lym-
phocytes in the affected epidermis [101]. Furthermore, mice overexpressing K17 developed an
inflammatory reaction and epidermal hyperplasia [102]. Moreover, K6, K16, and K17 expres-
sion pattern can impact on the cytokine or chemokine secretion of keratinocytes [102-105] and
thus the intraepidermal inflammatory signaling milieu.
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Therefore, compounds that can decrease the expression of these keratins might be therapeuti-
cally beneficial in these dermatoses, namely, in psoriasis, especially if they can also exert anti-
inflammatory effects [106, 107], such as in the case of cannabinoid receptor agonists, which
independently decrease the expression of K6 and K16 [68], combined with anti-inflammatory,
antiproliferative, and antiangiogenic properties [3, 57, 71, 108, 109].

8.3. Wound healing

In healthy nonglabrous epidermis, K6, K16, and K17 are largely absent and not constitu-
tively expressed by keratinocytes. However, in hyperproliferative states and conditions of
epidermal stress, such as during wound healing, these keratins are rapidly upregulated and
strongly expressed, since they play a major role in epidermal repair, as they are required
for normal migration of keratinocytes from the wound edges and to ensure optimal closure
of the wound [29, 110, 111]. Opiate receptor agonists that can boost wound healing are also
stimulators for K16 expression, suggesting again the hypothesis of a coordinated neuroen-
docrine control of both, expression of optimally suited keratins and wound healing as such
[77,112]. Conceivably, therefore, neuroendocrine mediators that upregulate K6, K16, and K17
expression (e.g., catecholamines and endocannabinoids) might become therapeutically useful
as promoters of re-epithelialization during wound healing.

8.4. Therapeutic regulation of stem cell-associated keratins

Prolactin increases the expression of the prototypic epithelial stem/progenitor cell-associated
keratins, K15 and K19, [48, 50], and a continuous endogenous production of prolactin may be
required to maintain normal K15 and K19 expression by these stem cells [50]. This raises the
question whether neurohormones such as prolactin or related receptor agonists can be thera-
peutically recruited to ameliorate or prevent stem cell-based hair diseases characterized by
permanent loss of the HF stem cell pool, such as lichen planopilaris or chemotherapy-induced
alopecia [51, 113-115], or epidermal atrophy associated with an exhaustion of epidermal stem
cell pools, as it occurs, for example, in connection with steroid therapy [116].

8.5. Hair growth

Keratins play a critical role in normal hair growth and structure. This is nicely exemplified by
genetic hair disorders caused by keratin mutations [91]. When keratins that are produced in the
hair cortex are mutated, the hair shaft is fragile and easy to break, and when the mutations are in
keratins expressed in the most proximal part of the hair cortex, this leads to a more severe phe-
notype of complete hair loss [117, 118]. Instead, when keratins expressed in the IRS are mutated,
this leads to a defect in hair curvature, oftentimes evident as wooly hair [90, 92, 119-121]. It is
therefore conceivable that neuroendocrine manipulation of hair keratin expression may result
in modulation of hair growth and/or hair shaft phenotype. It is therefore not surprising that
TRH and prolactin, which both significantly modulate hair growth [2, 3, 23, 50, 122-126], also
profoundly modulate hair keratin expression [37, 50].
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One additional important aspect when discussing hair keratins is the presence and impor-
tance of KAPs. These proteins surround the keratin intermediate filaments in the hair shaft,
cross-linking them by disulfide bonds [127], and providing them with rigidity and strength
[128]. The number of KAPs is much higher than keratins, and 89 functional KAP genes have
been described in humans [128], therefore there is probably a high degree of overlap between
these proteins. Nevertheless, changes in KAPs could probably also affect hair structure. On
this background, it is interesting to note that preliminary studies using microarrays in cul-
tured HFs have revealed that certain neurohormones, such as TSH and prolactin, appear to
alter the transcription of several KAP genes, such as KAP 4-4 and/or KAP 7-1 [18, 50]. These
pilot observations deserve systematic follow up and may provide additional targets for thera-
peutic neuroendocrine intervention.

9. Conclusions

Here, we have reviewed that several neurohormones and neuropeptides generated in human
skin as a nonclassical production site profoundly impact on the control of keratin expres-
sion. Specifically, we have presented TRH, TSH, opioids, prolactin, and cannabinoid recep-
tor ligands as prominent examples for and indicators of a likely much more widespread and
complex, evolutionarily conserved neuroendocrine regulation of human keratin biology
in situ than we have come to appreciate so far. We have argued that this regulation is criti-
cally involved in the maintenance of skin and HF homeostasis and may participate in skin
pathology. Thus, it is timely that mainstream keratin and neuroendocrinology research, which
traditionally interconnect only rarely, discover the cross-fertilization potential and clinical
relevance of systematically exploring the neuroendocrine control of keratin expression and
its functional consequences, namely, in human skin and HFs. Besides defining some of the
many open questions in the field, we have provided specific examples for how neurohormones
may be harnessed to treat selected genodermatoses and other skin disorders accompanied by
abnormal keratin expression.

Many obstacles encumber the ongoing journey toward understanding mechanistically how
exactly these neuromediators change keratin expression on the molecular level, and in uncov-
ering which of these effects are directly or indirectly mediated (e.g., by affecting other cuta-
neous functions, which then impact on keratin expression). This situation has been further
complicated by increasing insight into the strong interplay between and cross-regulation of
different neurohormones within human skin. However, recent advances and refinements of
serum-free human skin and HF organ cultures, which permits the silencing of selected neuro-
hormone and receptor genes [70, 129], and the use of selective neurohormone receptor antago-
nists [50] surely facilitate progress in this exciting, translationally relevant line of investigation.
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Abstract

Epidermal keratinocyte (KC), the major cell type in the skin epidermis, plays critical roles
in forming a permeability barrier to separate internal organs from external stimuli. Kera-
tins, constituting about 30-80% of the total protein in KCs, form the major intermediate
filament cytoskeleton of KC. Keratins consist of 54 unique genes in humans and they are
expressed in cell-, differentiation- and development-dependent manner. While keratin
pairs K5-K14 and K1-K10 are normally associated with KCs at different cell differentiation
stages, other keratin pairs such as K6-K16/K17 and K8-K18 and are usually not expressed
in normal skin interfollicular epidermis, but are elevated during wounding, inflammatory
skin diseases such as psoriasis or malignant conversion of KC. The expression and func-
tion of keratins are tightly regulated at both transcriptional and post-transcriptional levels.
Inherited or spontaneous mutations in keratins or abnormal keratin regulations or modi-
fications can cause KC and cutaneous tissue fragility, skin hypertrophic and inflammatory
conditions or malignant transformation of KC, therefore accounting for a large number of
disorders in human skin. Here we review the recent literature on how keratins are nor-
mally expressed during skin development and how mutations or misregulations of these
keratins are involved in the pathogenesis of skin diseases.

Keywords: keratins, keratinocytes, skin barrier, differentiation, skin blistering diseases,
wounding, psoriasis, skin tumor

1. Introduction: keratins —principal structural proteins of the skin
epidermis

Locating at the outermost layer of the skin, the epidermis plays a critical role protecting our
body against environmental pathogens and insults by forming a physical and immunological
barrier. This protective role of skin epidermis is manifested by extensive cytoskeletal architec-
ture, and keratins represent its principle structural protein, contributing to 30-80% of the total
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protein and forming the major intermediate filament cytoskeleton of the epidermis. Since
keratin family proteins were initially characterized based on their mobility on 2D SDS-PAGE
back in 1980s, more than 50 mammalian keratins have been identified and characterized.
Keratins can be sub-classified into two distinct classes: Type I keratins, including K9-K40, are
relative acidic (pKi = 4.5-5.5) and small (40-56.5 kDa) whereas type II keratins, including K1-
K8 and K71-86), are more basic (pKi = 5.5-7.5) and larger (5367 kDa) [1-3]. The active keratin
genes are clustered into two dense region of the chromosome: all type II keratins plus one type
I keratin (K18) are located on chromosome 12q, and the remaining type I keratins are all on
chromosome 17q. Despite the fact that type I and type II keratins are located at distinct region
of the chromosome, they show beautifully specific patterns of gene expression within adjacent
epidermal cell layers and a specific pair of keratins are usually co-expressed as a heterodimer
between one acidic (type I) and one basic (type II) keratin [4]. These keratin heterodimers self-
assemble into antiparallel, staggered tetramers, yielding intermediate filament through lateral
and longitudinal interactions [4].

The primary function of the keratin intermediate filament cytoskeleton is to provide cells
with structural resilience against mechanical trauma, and this is especially important for
epidermal cells because as the outermost barrier tissue the epidermis has to have the ability
to resist some of the most severe physical stress levels experienced by any human tissue. The
basic structural organization of keratin intermediate filaments contains four helical or coiled-
coil segments flanked by N- and C-terminal glycine rich sequence. And most disease-causing
mutations occur in the well-conserved coiled-coil domains of keratins, leading to disruption
of secondary structure formation between the heterodimer and the subsequent aggregation
of the keratin filaments. In addition to structural and mechanical support, cell-specific
keratin expression also modulates growth, adhesion, migration and invasion of epithelial
cells. Thus, dysfunction or mutations of keratin proteins are associated with a remarkable
variety of skin disorders, such as skin blistering, inflammatory disorders and skin tumors. So
far more than 100 different disorders (termed as keratinopathies) have been linked to
inherited keratin changes (www.interfil.org).

In this chapter we will first describe how keratins are normally expressed and regulated
during epidermal development and in adult homeostasis, then we will describe how muta-
tion or abnormal expression or modification of keratin proteins are associated with various
skin diseases, and their function and regulatory mechanisms during disease pathogenesis.
Keratin mutations and related diseases in skin appendages, including hair and nail, will not
be reviewed here.

2. Keratin expression during epidermal development

2.1. Keratin expression kinetics during epidermal development

The barrier function of epidermis is mainly provided by keratinocytes (KC), the predomi-
nant cell type in the epidermis, and it is maintained by a tightly controlled balance between
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proliferation and differentiation of KC [5, 6]. As shown in Figure 1, the murine epidermal
development begins at embryonic day (E) 8.5 from a single layer of progenitor cells that
express keratin pair K8-K18, and around E 9.5 these progenitor cells are specified to an
epidermal cell fate and switch to express a different pair of keratins, K5-K14 [7-10]. Between
E 10.5-E15.5, the committed KC begin a process of upward stratification and differentiation
leading to the generation of suprabasal cells, in which cell cycle is arrested and early differ-
entiation program is initiated and K5/K14 are substituted by K1 and K10. Studies have
suggested that the ectopic expression of K10 inhibits cell cycle progression and proliferation
and thus promotes terminal differentiation of keratinocytes [11, 12]. At E 16.5, the suprabasal
KC commit to terminal differentiation and continue to migrate upward forming the granular
layer, and these granular KCs express late differentiation markers, such as Filaggrin (FLG),
Loricrin (LOR) and Involucrin (INV). By E 18.5, epidermis becomes fully mature, and termi-
nally differentiated KCs become enucleated corneocytes forming the outer most cornified
layer with complete barrier function.

Note that K15 is an additional type I keratin protein co-expressed with K5/K14 in the basal
keratinocytes of stratified epithelia and in the bulge in hair follicles [13], and K2 is an addi-
tional type II keratin protein co-expressed with K1/K10 in the differentiated keratinocytes [14].
Although K15 or K2 are generally considered as minor keratins, but the ratio of K15 to K14 or
K2 to K1 can vary dramatically during development or upon disease condition at different skin
sites [15]. In adult skin, K15 expression is restricted to hair follicle stem cells [16, 17]. This cell-
stage specific expression pattern of keratins is precisely maintained through postnatal devel-
opment and adulthood under homeostatic condition in both human and mouse skin epider-
mis. Therefore K5 and/or K14 are highly specific markers for basal proliferative KC, K15 is
generally used as a marker for epithelial stem cells in the hair follicle bulge, and K1 and/or K10
have been robustly used to mark KC in the early differentiation stage (Figure 2).
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Figure 1. Overview of keratin expressions during different stage of mouse epidermal development. Murine epidermis
develops from a single layer ectodermal keratinocyte (KC) progenitor cells which commit to an epidermal fat around
embryonic day 8-9 (E 8-9). These KC progenitors express simple epithelia cell marker keratin pair of K18-K8. Around E
10.5 and the expression of K18/K8 starts to be substituted by K14/K5 in the committed KC, and stratification process starts
leading to the formation of suprabasal cells. Around E15.5, early differentiation starts in the spinous/suprabasal layer (SL)
and K10/K1 are expressed in the differentiated suprabasal cells while the expression of K14/K5 is restricted to basal layer
(BL). At E16.5, suprabasal cells committed to terminal differentiation move upwards to form granular layer (GL) and K10/
K1 expression are replaced by late differentiation markers. Finally cornification starts around E 16.5-17.5 and by E 18.5
epidermis becomes fully mature with intact cornified layer and complete barrier function.
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Figure 2. Expression of K14 and K10 in adult human skin epidermis. (A). H&E staining of adult human skin epidermis
showing distinct epidermal layers including basal layer (BL), spinous (suprabasal) layer (SL), granular layer (GL) and
cornified layer (CL). The dashed line marks the epidermal-dermal junction. Boxes on the right panel indicate the location
of K14 and K10 expression in distinct epidermal layers. While K14 is restricted to cells in the basal layer, K10 is induced in
early differentiated cells at the spinous layer and is maintained through all differentiated layers. Scale bar = 20 um. (B-C).
Adult human skin epidermis was immunostained by antibody specific for K14 (green in B) or K10 (red in C). Zoom-in
pictures highlighted in white box are shown to illustrate distinct localization of K14 and K10 in skin epidermis. Scale
bars =100 pum.

2.2. Regulation of keratin expression during development

Keratin synthesis is regulated at the level of transcription by a characteristic constellation of
transcription factors. Regulatory mechanisms for the expression of K5 and K14, the key kera-
tins forming the cytoskeletal IF network in mitotically active basal cells, have been extensive
studied. Studies have shown that the promoter activities of K5 and K14 genes are collabora-
tively regulated by several transcription factors, including AP1, AP2, NF«B, Skn-1a, Tst-1,
RAR (nuclear receptor for retinoic acid), T3R (receptor for thyroid hormone), GR (glucocorti-
coid receptor) and coactivator CBP/p300 in response to many extracellular signals, such as
growth factor, vitamins (retinoic acid/VitA), thyroid hormone, or glucocorticoids [18-22] .

The expression of K1 and K10 is upregulated during early differentiation process. Forced
expression of transcription factor C/EBPp in keratinocytes arrested growth and induced the
expression of K1 and K10 but had a minimal effect on the expression of late differentiation
markers [23]. In consistent, Cebpb-deficient mice had reduced levels of K1 and K10 but not of
Lor or Inv, suggesting that C/EBP3 modulates K1 and K10 expression during early events of
keratinocyte differentiation. Other transcription factors, such as C/EBPa and AP2 are also
required for K10 expression during differentiation [24]. Therefore, C/EBP, C/EBPa and AP2
are considered the differentiation-associated transcription factors controlling early differentia-
tion process of keratinocytes. We have shown previously that in cultured primary mouse basal
keratinocytes, while elevating extracellular calcium robustly triggers stratification and the
expression of late differentiation markers, K10 expression is only moderately increased by
high calcium [6, 25]. In contrast, growth factor depletion/starvation strongly induced K10
expression [6, 25], suggesting that growth arrest but not high calcium is the key signal to turn
on K10 expression. Indeed, studies have shown that C/EBP expression localizes in the upper
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differentiated layers of human skin epidermis [26] and C/EBP family of transcription factors
inhibit proliferation by blocking cell cycle progression [27, 28]. Therefore it is possible that
growth factor depletion condition in culture induces and activates C/EBPs which in turn
trigger cell cycle arrest and induction of K10 gene.

K8 and K18 are the keratin pair that is expressed earliest during embryonic development of the
epidermis and their expressions are suppressed upon epidermal progenitor cells commitment
to keratinocyte lineage [8, 29]. Several transcription factors, such as p63, Ovol2 and Ctip2, have
been shown to suppress K8 expression during epidermal development [6, 9, 30]. It has been
shown that developing murine p63—/— epidermis expressed high level of K8 and failed to
develop a fully mature stratified epidermis [9], suggesting that p63 may regulate epidermal
development through suppressing K8 transcription. We have also shown that in wild-type
mouse keratinocytes K8 promoter was repressed by transcription factor Ctip2, and upon Ctip2
depletion K8 expression became strongly upregulated in both developing epidermis and in
primary mouse keratinocytes at both transcript and protein levels, demonstrating that Ctip2
functions as a transcription suppressor of K8 gene [6].

3. Keratin disorders and skin diseases

3.1. Epidermolysis bullosa simplex diseases and K5/K14

Epidermolysis bullosa simplex (EBS) is an autosomal dominant skin disorder, manifests itself
upon trauma in the form of epidermal basal cell death leading to skin blisters [31]. The primary
cause of EBS is dominant mutations in either of the genes encoding keratins K5 or K14 [32].
This pair of type I (K14) and type II (K5) is specifically expressed in the basal cell layer of the
skin epidermis, which is in direct contact with the basement membrane of the underlying
dermis. Therefore, loss of function or mutation of K5 or K14 leads to defects in keratin filament
formation in basal keratinocytes and thus triggers skin blistering due to fragility of the basal
cell compartment in either human or mouse skin epithelium [33-35] (Figure 3). Additionally, it
has been shown that overexpression of transcription factor Ovol2 in mouse basal keratinocytes
caused reduced K5 and K14 expression, leading to a severe blistering phenotype that resem-
bles the clinical features of EBS [30].

Although K5/K14 mutations are associated with the majority of EBS population, about a
quarter of patients with EBS do not have genomic mutations nor abnormal transcript expres-
sions of K5 or K14 [36], suggesting that alternative pathways may be involved in the patho-
genesis of these patients. Indeed, recent studies have suggested that in addition to genetic
mutation, abnormal K5/K14 functions in basal keratinocytes can also be regulated at post-
transcriptional level through post-translational modifications, such as phosphorylation and
disulfide bonding. Abnormal phosphorylation of keratins contributes to the pathogenesis and
progression of EBS [37]. For example, threonine 150 (T150) in the head domain of K5 was
found to be phosphorylated in human EBS keratinocytes. Expression of phosphomimetic
T150D K5 mutant in keratinocytes arrested keratin heterodimer assembly leading to impaired
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Figure 3. Keratins and skin diseases. Autosomal dominant mutations of basal cell keratins K14 or K5 are associated with
skin blistering disease “Epidermolysis Bullosa simplex” and are caused by an increase in basal cell fragility/death,
epidermal inflammation and epidermal blistering. Autosomal mutations of the suprabasal KC markers K10 and K1 are
associated with hyperkeratosis skin disease “Epidermolytic/Bullous ichthyosis” and are caused by an increase in
suprabasal cell fragility/blistering, inflammation, proliferation of basal cells and hyperkeratosis of epithelium. In skin
wounds, inflammatory skin diseases such as psoriasis, or squamous cell carcinomas (SCCs), suprabasal cells express high
levels of K6, K16 and K17 (keratins associated with activated KC), and these keratins decrease KC adhesion and
differentiation and promote immune cell activation and KC proliferation. K8/K18 expression is found in poorly differen-
tiated SCCs with increased invasiveness. K8 or K18 expression in KC leads to decreased cell—cell contact and an increase
protection against apoptosis, as well as invasiveness and malignant transformation potential of KC.

keratin filament formations and reduced cell viability and elevated response to stressors [38],
suggesting a possible role of K5 T150 phosphorylation in EBS pathogenesis. In addition to
phosphorylation, it has been shown that proper disulfide bonding between K14-K5 heterodimers
is required to maintain keratin intermediate filament organization and dynamics in primary
mouse skin keratinocytes, and disruption of this K14-dependent disulfide linkages may lead to
keratinopathies, such as EBS [39].

3.2. Epidermolytic hyperkeratosis diseases and K1/K10

When basal keratinocytes migrate to suprabasal layer of the epidermis, supra basal cells cease
transcription of K5 and K14 but instead express K1 and K10. Mutations in either K1 or K10
cause several human skin diseases, such as Epidermolytic ichthyosis (EI), Bullous ichthyosis
(BI), palmar-plantar keratoderma and Epidermolytic nevus (EN). BI/EI are caused by rare
autosomal dominant mutations of either of K1 or K10 that manifest at birth with fragile blisters
and erosions that develop into hyperkeratotic lesions. X-ray crystal structure analysis of K1-
K10 heterodimer suggested that point mutation of these keratins may disrupt the disulfide
linkage and secondary structure formation between the heterodimer leading to aggregation of
the keratin filaments [40]. In contrast to EBI, only the K1 or K10 expressing suprabasal cells are
affected in EI/BI patients, and the basal proliferative compartment are not affected. However,
these unaffected basal proliferating cells are bathed beneath the rupturing suprabasal cells with
inflammatory cytokines, leading to over-proliferation of the basal cells and epithelium — known
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as hyperkeratosis (Figure 3). Therefore, BI skin contains a highly thicken epidermis made up of
fragile cells and it is highly susceptible to bacterial and fungal colonization and is highly
disfiguring and debilitating for the patient.

In contrast to EI or BI, Epidermolytic nevus (EN) is caused by somatic mutation of either K1 or
K10, and the skin blistering phenotype is only affecting part of the body [41, 42]. Because germ
line cells are not affected in EN patient, EN parents usually do not transmit the mutations and
disease to next generation. However, it has been reported that under rare conditions EN can
produce EI in the next generation through transmission from mosaic to germ line. And the risk
of disease transmission to the next generation can be evaluated by next generation sequencing
of mutation rate in sperm, leukocytes and lesional skin of the EN patients who wish to bear
children [43].

3.3. Superficial epidermolytic ichthyosis (SEI) and K2

Superficial epidermolytic ichthyosis (SEI), previously known as ichthyosis bullosa of Siemens
(IBS), is an autosomal dominant skin disorder linked to K2 mutations and it is characterized by
superficial epidermal fragility and desquamation that lead to characteristic denuded areas. In
SEI, aggregates of KF bundles and cytolysis are confined to the upper spinous and granular
layers of the epidermis where K2 is expressed [44, 45]. In human, K2 is expressed later in
differentiation in the upper spinous and granular layers of skin collected from different body
sites [14], but SEI patients usually develop more severe symptoms in palms and soles com-
pared to other body sites suggesting that K2 may play a major role to support tissue integrity
in these areas. The tissue specific expression pattern of K2 has been better characterized in
mouse skin: in regions of the soles (except foodpad which expresses K2-K9/K10), ears and tail
of the mouse, K2 instead of K1 is the major type II keratin that pairs with K10. K2—/-K10—/—
double knockout mice or K2—/—mice developed epidermal acanthosis and hyperkeratosis in
the tail epidermis, ear epidermis and inter-footpad epidermis of the soles [46, 47], demonstrat-
ing that K2-K10 keratin pairs are essential for the epidermal integrity of plantar skin.

3.4. Epidermal palmoplantar keratoderma (EPPK) and K9

Epidermal palmoplantar keratoderma (PPK) is an autosomal dominant skin disorder that
develops shortly after birth, and manifests as diffuse hyperkeratosis of the palms and soles and
showing sharp demarcations with erythematous margin. Mutations of K9, which is expressed
specifically in the suprabasal keratinocytes of the glabrous skin epidermis (palms and soles), are
the major cause for EPPK [48, 49]. In human plantar and palmar epidermis, K9 functions as the
additional type I keratin, besides K10, to partner with type II keratin K1 [50]. Therefore, muta-
tions of K9 cause pathological epidermal thickening on palms and soles, manifesting as different
forms of palmoplantar keratodermas [49]. In mice, K9 expression is restricted to skin epidermis
of the footpad, and K9 deficient mice developed calluses marked by hyperpigmentation that are
exclusively localized to the stress-bearing footpad. Additionally, hyperproliferation, impaired
terminal differentiation, and abnormal expression of K5, K14 and K2 were found in the lesions
of K9 deficient mice [51]. Together, these evidence demonstrate that K9 is required for the
structural integrity and terminal differentiation of the palmoplantar epidermis.
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4. Skin wounds and inflammatory skin diseases and K6/K16/K17

In mammals, the skin of the palm is uniquely adapted to withstand remarkable physical stress,
and the palmoplantar epidermis contains a more complex pattern of keratins than thin skin
and it is characterized by the constitutive expression of K6, 16, 17 and K9 [52, 53]. Mutations in
K6, K16 and K17 genes cause pachyonychia congenita (thick nails, plantar keratoderma) [49].

Distinct from the palmoplantar epidermis, the interfollicular epidermis normally does not express
K6, 16 or K17 under homeostatic conditions but these genes can be induced in interfollicular
keratinocytes upon activation and reflects a hyper-proliferative state of keratinocytes under
wounding or inflammatory conditions [54-56] (Figure 3). Upon injury, keratinocytes at the
wound edge quickly downregulate K1/K10 and markedly induce K6 (type II)-K16 (type I) keratin
heterodimer along with cytoplasmic K17 within 2-6 h of wounding [57], and therefore K6/K16/
K17 have been widely used as markers for wound-activated keratinocytes in both human and
mouse skin (Figure 4). The expressions of K6, 16 and 17 are also elevated in the hyperproliferative
epithelium of inflammatory skin diseases such as psoriasis (Figures 3 and 4), which shares many
inflammatory features with normal skin wounding, including elevated proinflammatory cyto-
kines such as interleukin 1(IL1), tumor necrosis factor a (TNFa), type 1 interferons, interferon y
(IFNvy), IL17 and IL22 [58-60].

Hallmarks of activated keratinocytes include cell hypertrophy, altered cell adhesion and
juxtanuclear reorganization of the keratin intermediate filament network, allowing activated
keratinocytes to quickly migrate into the wound site, repopulate the skin and restore the
epithelial lining and barrier function. In vitro study of mouse keratinocyte overexpressing
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Figure 4. The expression of K6 is elevated in both wounded and psoriatic human skin epidermis. Human skin sections
from (A) psoriasis lesional (PSOL), (B) in vivo wounded skin (by punch biopsy and collected at day3), or (C) ex vivo
wounded skin were stained with K6 antibody in green or red as indicated. Non-wounded nuclei were counterstained
with DAPI (blue). Scale bar, 100 pum. In A, non-lesional skin (NL) from the same patient was used as control for PSO. In B,
skin biopsy collected at day 0 was used as non-wounded control. Note that while K6 expression was not detected in all
control skin epidermis, strong K6 staining was detected in the suprabasal layers of both wounded and psoriatic skin
epidermis in similar patterns. Also K6 was strongly elevated in the migrating tongue of ex vivo wounded human skin at
the wound edge. Details of these samples can be found in our previous published work [58].
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K16 revealed that while forced expression of K16 did not alter cell proliferation, it caused a
reduction in cell adhesion and K10 expression (early differentiation) [61]. K10 expression
inhibits cell proliferation, but ectopic expression of K16 promotes cell proliferation and dimin-
ishes the inhibitory function of K10 on cell proliferation when K6 and K10 are co-expressed
[11] . K6—/— mouse keratinocytes migrated faster than control wild-type cells [56], and K6
negatively regulates the migratory potential of skin keratinocytes by inhibiting Src kinase [62],
suggesting that the migratory feature of activated keratinocytes may be regulated by an K6/
K16 independent pathway or by a non-cell autonomous manner. In contrast to K6—/—
keratinocytes, K17—/— mouse keratinocytes show a delay in the closure of wounds [63], and
protein translation, AKT activity and cell proliferation are suppressed in K17—/— keratinocytes
[64]. These results suggest that in activated keratinocytes while the cell adhesion and differen-
tiation maybe regulated by K6, cell hyper-proliferation and migration in response to wound
maybe controlled by K17.

4.1. Regulation of K6/16/17 expression

Our group has shown that damage-associated molecular patterns “DAMPs”, such as double-
stranded RNA, are the first signals released from necrotic cells to rapidly initiate the inflamma-
tory cytokine production from surrounding undamaged human keratinocyte upon injury [58,
65]. Inflammatory cytokines released either from activated keratinocytes or from recruited
immune cells initiate expression of hyperproliferative keratins and keratinocyte hyperproli-
feration. It has been shown that cytokines interleukin 1(IL1) and tumor necrosis factor ot (TNFa)
can synergistically induce the transcription of K6 through transcription factor C/EBPp and NF«B
[66]. Transcription factor AP1 (c-Fos + c-Jun) can also activate K6 promoter synergistically with
NF«B under inflammatory conditions [19]. Additionally, transcription factor NRF2 translocated
from cytoplasm to nucleus upon stimulation with proinflammatory cytokines such as IL 17 or IL
22, and upregulated the expression of K6, K16 and K17 genes via the antioxidant responsive
element (ARE)-binding region, promoting proliferation of keratinocytes in psoriasis [67]. K17
expression could also be induced by IFNy in skin epidermis, and the K17 in turn function as an
auto-antigen to stimulate proliferation of T cells and IFN expression, contributing to the amplifi-
cation of the autoimmune response and immunopathogenesis of psoriasis [68, 69]. Accumulating
recent evidences have suggested that microRNAs also play important roles in modulating
keratinocyte activation and skin inflammation [70, 71]. Keratin expression can be regulated by
microRNA in the contact of psoriasis. For example, miR-486-3p targeted K17 mRNA for degra-
dation and it was identified as the top downregulated microRNAs in psoriasis, leading to K17
overproduction and hyperproliferation in psoriatic keratinocytes [72].

5. Keratins and cutaneous squamous cell carcinomas

5.1. SCCs and K5/K14/K15 and K6/K16/17

Cutaneous squamous cell carcinoma (SCC) is the second most common skin cancers and
represents about 20% of all skin cancer, with up to 700,000 new cases annually diagnosed in
the USA, and it is associated with a substantial risk of metastasis [73]. SCC is characterized by
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extensive expression of K5/K14 through the epidermis and the expression of hyperproliferative
keratin K6, K16 and K17 [50], which are not only upregulated in inflammatory skin, but often
upregulated in many tumors originating in stratified and pseudostratified epithelia. K1/K10
may also be focally expressed in SCCs, and K8/K18 is often detected in poorly differentiated
SCCs, and the role of K8/K18 will be discussed in more details next.

5.2. SCCs and K8/K18

As we have described in chapter 2, the simple epithelia-specific keratin pair, K8/K18, are
expressed in keratinocyte progenitors, early on during embryonic skin development, and upon
vertical epidermal stratification K8/K18 expression is then substituted by K5/K14, and becomes
eventually lost in fully mature skin epidermis [9, 10, 74]. Overexpressing human K8 in mouse
epidermis (TGHKS mice) lead to severe epidermal phenotypes including epidermal hyperplasia
associated with orthokeratotic hyperkeratosis, dysplastic hair follicles and altered expression
terminal differentiation markers [75]. The severity of these skin phenotypes increased during
aging, and the aged TGHKS8 mice developed spontaneous premalignant skin tumors, and
TGHKS mice showed a drastic increase in the malignant progression of skin tumors in mouse
model of chemical skin carcinogenesis. Previously, we have shown that Ctip2—/— mouse
keratinocytes that overexpressed K8 exhibited loss of cell-cell contact and contain much thicker
central stress fibers [6], indicating that aberrant K8 expression may decrease cell-cell adhesion
and trigger an EMT (epithelial-mesenchymal transition) phenotype in epidermal keratinocytes.
These results suggest that expression of K8 in adult epidermis impairs the normal epidermal
differentiation program and may be responsible for the invasive behavior of transformed epider-
mal keratinocytes. Indeed, in adult skin epidermis, aberrant K8/K18 expression is broadly corre-
lated with increased invasiveness and poor prognosis of squamous cell carcinomas [76]. In
addition, K8/K18 protect epithelial cells against apoptosis mediated by proapoptotic signals,
such as TNFa [77] released by macrophages and T lymphocytes and Fas [78], and may enable
cancer cells to resist immune cell-mediated cell death and escape immune surveillance.

5.3. Regulation of keratin expression and function in SCCs

Phosphorylation is the key post-translational modification that regulates keratin functions, and
phosphorylation of K8 is among the most well studied in keratin family [79]. More than a dozen
phosphorylation sites have been identified on serine residues of K8 [79], and phosphorylation of
K8 enhances the migratory, proliferative and invasive potential of epithelial cells, therefore
promoting the malignant transformation of cancer cells [80]. Keratin expression can be altered
through epigenetic modification during malignant transformation. A recent study investigating
genome-wide DNA methylation changes in the progression from healthy human epidermis to
cSCC reveals that DNA methylation profiles of cSCC epidermis display classical features of
cancer methylomes compared to normal epidermis samples [81]. Further analyses of DNA
methylation patterns of keratin gene clusters (including basal cell keratins K5 and K14 which
are ectopically expressed throughout cSCC epidermis) identified major DNA methylation differ-
ences between healthy donors and ¢SCC patients, suggesting that abnormal keratin expression
in SCCs may be regulated through epigenetic mechanism such as DNA methylation.
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6. Conclusion

Tissue and cell differentiation specific expression of pair between type I and type II Keratins play
essential roles in forming the intermediate filaments and providing cytoskeletal and structural
support and mechanical resilience for epithelia tissues. In addition to these structural roles,
keratins also control cell migration, cell adhesion, proliferation and differentiation processes in
keratinocytes and modulate immune system in various settings. The transcriptions of keratins
are tightly controlled by a series of transcription factors, and keratin functions are also regulated
by post-translational modifications such as phosphorylation and intermolecular disulfide bond
formation. Mutation or dysfunction of basal keratins K14/K5 or suprabasal keratins K1/K10 lead
to severe skin blistering diseases, whereas K6, K16 and K17 are rapidly induced in activated
keratinocytes upon skin wounding and are also expressed in inflammatory skin diseases, such as
psoriasis. Understanding keratin functions and related regulatory mechanisms will help to
design new therapeutic interventions for keratin-related skin diseases.
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Abstract

In the past thousands of years, keratin fibers were only considered as textile fibers for
excellent fiber performances, such as high strength, acceptable elasticity, good thermal
insulation, etc. Only recently, some indications have been obtained that keratin fiber
may be a smart natural material that may subvert people’s perception of this matter. The
smart attribute displays shape memory effects (SMEs) responsive to many types of stim-
uli including water, heat, coupled water-heat, redox agents, UV light, etc. These smart
functions of keratin fibers are found to be the result of three structural components: crys-
tals, hydrogen bonds (HBs), and disulfide bonds (DBs) among intra- and inter-keratin
macromolecules. In this chapter, keratin fibers (such as camel hair) were employed for
investigating their SMEs under five types of stimuli, in which the HBs, DBs, and crystals
were characterized separately, as well as the fiber shape fixation and recovery ratios,
respectively. The whole test results indicated that keratin hair fiber is a type of shape
memory polymer and the related SME depends on the contents of the HBs, DBs, and
crystalline phase inside the hair.

Keywords: keratin fiber, shape memory effect, stimulus-responsive behavior

1. Introduction

Shape memory polymers (SMPs) are a kind of smart polymers from the viewpoint of their
stimuli-responsive behavior adapting our human demands. SMPs have a general net-point-
switch structure [1] where net-points determine the permanent shape and reversible switch
leads to the temporary shape. Most SMPs show one stimulus in the current existing cases
although there are a number of recent reports of triple stimuli of SMPs [2-5]. Nowadays,
people begin to realize the importance of developing multi-stimuli-responsive SMPs; for
example, Schattling [6] addressed the rising importance of multi-stimuli polymers that are,
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namely, “all-in-one talents” in many areas, like comparable natural adaptability in life sci-
ences and the parallel writing of information to give a dramatic increase of memory density
in information technology. The authors believed that a polymer with one more stimulus can
show a higher degree of control for more free choice and higher level of intricacy, in turn
to improve the adaptability of the polymer in diverse environments with improved smart
functions. Nevertheless, the development of such high intelligent polymers requires novel
sciences and technologies that might go beyond our general imagination. Conversely, wis-
dom is encountered anywhere in nature, and many tricks can be learned even from a subject
that is fairly common like a keratin animal hair [7]. For instance, a dry woolen yarn shows
an interesting shape memory effect (SME) when it is immersed in water with reported 20%
contraction after processes of being treated by NaHSQO, dilute solution and pre-stretched with
20-30% of strain [8]. The contraction phenomenon is believed to be a dual stimulus SME of
woolen yarn responsive to water and redox.

For thousands of years, animal hair (a kind of keratin fiber) has been merely considered as a
textile fiber with outstanding performances for its excellent elasticity and thermal insulation.
These outstanding properties are ascribed to the keratin hierarchical structure with macro-
and microfibrils and helical coils, being wrapped by cortex and cuticles at the outside of the
hair as shown in Figure 1a. In addition, the structural components of hydrogen (HB) and
disulfide (DB) bonds between macromolecules in crystals and amorphous regions play key
roles in the properties, as shown schematically in Figure 1b. HB is based on electrostatic attrac-
tion between opposite polar molecules, namely, dipole-dipole attraction, which in fact is not a
true bond. Conversely, DB as a covalent cross-link for keratin molecules (can be characterized
by Raman spectroscopy) [10] determines the elasticity of the hair [11, 12]. The HBs and DBs in
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Figure 1. Components and properties of a wool fiber: (a) wool hierarchical structure from the cuticle to helical coils; (b)
HBs, DBs, and crystals in wool macromolecules; (c,) water content influencing wool glass transition temperature; (c,)
reducing reaction influencing amount of DBs. Schematic illustration of reversible reaction of DBs: (d,) in redox reaction
and (d,) under UV light radiation [9].
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hair amorphous regions were reported reversible under certain conditions, such as processed
with water, heat, and redox agents [13, 14], respectively; these materials can result in conver-
sion of keratin fiber with temporary and permanent shapes macroscopically [15]. Moreover, in
Figure 1b, the schematic illustration showed the crystallinity of wool (around 40%) difficult to
be cleaved, and the crystalline phase was studied by some textile scholars using X-ray diffrac-
tion (XRD) technique that such phase is composed of dense regular HBs [16-18].

Regarding the HBs acting as dense physical cross-linking in polymers, they perform as hard
polymer crystal phase that is difficult to cleave. Such cross-linking is well known in SMPs,
and the regular dense HBs are net-points in many water- and UV-induced SMPs, in which
HB-based crystal acts as stress-stored net-point for shape recovery from deformation [19, 20].
When the cross-linking is not strong enough that may be reversible between decomposition
and re-formation under certain reversal conditions like heat and moisture [21-23], this kind of
cross-linking can be used as switch unit in SMPs. As to the keratin fiber, for example, the glass
transition temperature (T) of wool, was found to decrease when its water content is increased
(Figure 1c,) [24], this is because of a large amount of HBs that are collapsed in the amorphous
area under the penetrated aqueous molecules. In turn, the collapsed HBs were also observed
to re-form in the amorphous area of wool when the water content is decreased under drying
condition. Similarly, such kind of HBs performs reversible behavior with and without water
alternatively [25]. Therefore, it can be confirmed that HBs act as a key role in water-/moisture-
driven shape memory behavior [7, 22, 26]. In addition, a poly(ethylene glycol) (PEG)-based
polyurethane was observed with a water-induced SME, where regular dense HBs were found
to be dissolved by aqueous molecules due to the collapse of HBs [27]. When the molecular
weight of PEG is increased, a copolymer with PEG molecules was synthesized with a shape
recovery rate of 99% using HB as switch [28]. A simple composite with controllable triple SME
supramolecular was also developed successfully using HB as switch between macromolecule
branches and mesogenic units [29] in which the HBs can improve the broad and independent
control of T and density of cross-linking [30].

For covalent bond of DB, it can be collapsed either when a reductant agent is used to react
with such bond, and this can be reflected through the amount of cysteine and methionine
with opposite tendency during the reducing reaction, as shown in Figure 1c,[31]. Here, the
covalent bond of DB can be broken into two thiol groups after the reducing reaction. In turn,
the two thiol groups can be reversible to regenerate a DB after an oxidation reaction, such as
in a H,O, solution [32]. DB, in this case, performs a kind of dynamic bond like HB respon-
sive to redox agents or high-energy light triggers that can act as switch role in some SMPs.
Figure 1d,shows the reversible behavior taking place between thiol groups and DBs [33].
The reversible behavior was reported in many responsive polymer capsules, micelles, and
gels for many applications like drug delivery or self-healing [34-36]. As to the self-healing,
DB shows another applied type of reversibility. A specific polymer with DB can be driven
for self-healing by triggers like UV radiation for exchange reaction, and an increase of DBs
shows an increased healing ability, as shown in Figure 1d, [37-40]. So far, two references were
found, one thermal-responsive SMP using semicrystalline as net-point and DBs for covalently
network were used to cross-link for self-healing under UV light [41]. In another reference, a
SMP with DBs was reported using DB as switch for SME when responsive to redox, cellulose
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derivatives in the polymer were used with cross-linked mercapto groups [42]. Strictly speak-
ing, the report of using DBs as net-points in SMPs has not been found yet; however, the
covalent bonds are strong enough to be stable under certain conditions that manifest high
opportunity to be net-points in SMPs such as in wool hair. The DBs in wool as net-points can
control the wool’s elasticity significantly under general environmental factors [11, 12]. In a
conclusion, DBs as reversible component could be switches responsive to redox, showing self-
healing capability in some polymers, when reversible reactions take place between keratin
macromolecules under specific (UV radiation) conditions [43].

So far, the three components in polymer (crystalline phase, HBs, and DBs) may form or tailor
many types of combinations for a variety of SMEs and performances [44]. It is interesting to
develop a kind of multi-responsive SMPs through studying and mimicking the components,
structures, and related shape memory functions of keratin fiber. This would inevitably enrich
the super intelligent family of SMPs.

2. Water-sensitive shape memory behavior of keratin fiber

Asis known, a dry mature animal hair usually has three layers, i.e., a porous medulla in the hair
center, a middle layer of cortex, and a surface layer of tiles-overlapping scales (around 0.5 um of
thickness). In this section, as shown in the SEM images in Figure 2a, three kinds of keratin hairs
evidence the three-layer structure under a dry state. The volume ratio of the cortex and the tex-
ture of the medulla result in a bit difference of the configuration of three keratin fibers.

The central medulla is a form of porous medium made of biodegradable cellular materi-
als. The porous structure benefits the warmth retention of keratin hair due to the stored still
air. The middle layer of hair cortex accounts for the main volume of the hair and provides
the main strength to deformation when facing external force. A two-phase model was once
proposed to interpret the hair context that employs crystalline phase and matrix (two-phase)
to simplify the hair [45, 46]. In water, the hair cortex swells evidently, as shown in Figure 2a.
This means that the aqueous molecules can penetrate easily into the matrix phase of the cor-
tex, resulting in the thicker of wet hair with the narrower of the central medulla in comparison
with dry hair. Here, a large amount of reversible polar groups in amorphous regions of the
hair can interact with penetrated aqueous molecules based on the two-phase model. The pen-
etration and interaction of aqueous molecules with HBs can enlarge the space of neighboring
polypeptide chains by breaking HBs between groups of N—H and C=0O at adjacent polypep-
tide branches. The cortex volume is observed to increase with diametral swelling from the
macroscopic point of view, which relates to the quasi-plastic distortion by means of changing
the matrix phase of weak HBs between macromolecule branches.

With respect to shape memory behavior, as shown in Figure 2b, a mature camel guard hair
shows a straight smooth configuration along its axis. The innate shape was deformed manu-
ally with an entanglement of the camel hair onto a circular plastic bar and immersion of the
deformed hair into the cooled water. After a certain period of deformed hair in water, it is
believed that the hair was plasticized and wrapped temporarily on the bar. A drying process
gives rise to the hair in helical profile under a free state. A recovery process was given to the
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(b)

Hydration effect on hair shapes

Figure 2. Hydration of three animal hairs: (a) cross sections of dry and wet sheep, goat, and camel hairs in SEM images
and (b) demonstration of the water-sensitive shape memory behavior of a typical keratin fiber, camel guard hair, at
the innate shape, temporarily fixed shape after hydration, and recovered shape after in water. Note: All figures were
obtained at 20°C [7].

deformed configuration that the spatial structure recovers back to a straight shape soon after
the deformed hair was put in water again. The recovery process and related dynamics of the
deformed hair in water can refer to the author’s work [7]. In comparison, the recovered camel
hair and innate hair reveal almost the same shape without any spatial residues.

Figure 3 shows a quantification measure of water-stimulated SME of keratin fibers, in which
the hair SME was investigated using the variation of folded hair in triangle into a certain angle
(6) under the transition of hair states (dry~wet). Here, a perfect SME of hair displays the varia-
tion of deformed angles of “0 =180° — 0 =6° — 0 =180°” for the aqueous molecules to pen-
etrate into and remove out of hairs. Nevertheless, the ideal (100%) shape fixation and recovery
cannot be realized for most natural keratin fibers, because the fibers show non-consistent
network and phases between net-points. Therefore, two variables are used to justify the SME
of keratin hair, i.e., 6 = 6 and 6 = 0, standing for the fixed shape angle and recovered shape
angle, respectively. The shape fixation ratio (R, Eq. (1)) and shape recovery ratio (R, Eq. (2)) [47]
are thereafter derived on the basis of the two measured angles:

_180-6,

R = T80-8, @
6.-6
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Figure 3. SME quantification of three keratin fibers responsive to water: (a) fixation ratio (R) values corresponding to a
set of folded angles (6)) in temporary shape; (b) shape recovery ratio (R ) from temporary shape to the hair innate shape

(the inset illustrates the process of a camel hair from 6, to 6 in water); (c) two tensile cycles of three hairs responsive to
water in shape recovery; and (d) R values of three animal hairs from completely deformed shape to the innate shape

with the cyclic number of SME program [7].

Physically, a greater R, value means a higher sensitive switch to be on and off, whereas a
higher value of R implies a better SME of hair fiber. Figure 3a shows the measured R values of
three animal hairs greater than 0.9, indicating the hairs with good penetration of aqueous mol-
ecules for hydration and high ability of removal of aqueous molecules for shape fixation that
both relate to HBs in amorphous regions under original and dislocated states, respectively. An
increased R value with an increase of set folded angles reflect that an enlarged set angle has
less effect of folding process on hair molecule network, is found. In comparison with the other
two hairs, the highest R value of camel hair may be due to the most normalized amounts of
HBs in the cortex for the best shape fixation ability. The goat hair was measured to show the
highest R value, indicating the hair with the best SME, as shown in Figure 3b. An increasing
tendency for the relationship of R and 6 is displayed for the measured keratin fibers. Among
the parameters, R is determined by the entropic stress from the stable net-points and mutually
connected network in the hair. The measured sheep hair shows the lowest R value which may
be ascribed to the weakest network and least number and type of net-points for the lowest
recover force. In Figure 3a, the dry sheep hair shows the thinnest cortex that may be the evi-
dence for the reason of the lowest R value. Conversely, the goat and camel hairs manifest rapid
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recovery (less than 5 seconds faster than sheep hair) that indicates the larger amount or higher
density of net-points/network (either crystalline phase or DBs) for stronger recovery stress.

On the other hand, the SME of keratin fibers can also be measured through cyclic tensile loads
to keratin hairs by means of measuring the recovered strain using water dropwise to the fixed
stretched hair. The mechanism of this method is to identify the elastic recovery, plastic recov-
ery, and permanent unrecovered strains, in which the set tensile strain (0.10) is beyond the hair
stretching yield point (around 0.05). As shown in Figure 3¢, the elastic recovery takes place
instantly when the elastic strain was released backward the original point and the unrecov-
ered strain is thereafter found at the onset of the second tensile curve. In comparison to cyclic
tensile curves, it is found that sheep hair also shows the most unrecovered strains after water
dropwise to the hair and the goat hair still shows slightly less unrecovered strain than the
camel hair, which is consistent with the triangle measurement results as shown in Figure 3b.
Especially, at the strain of 0.10, the remarkably larger tensile loads for goat and camel hairs
than the sheep hair support the assumed structure of stronger networks and more net-points
of both keratin fibers. Figure 3d shows the corresponding R values of three keratin hairs for
seven cycles of SME programs at 6_= 0, indicating that the shape recovery ability of keratin
fiber stimulated by water is almost invariable (+5%) and the SME of keratin fiber is stable using
water/moisture as stimuli.

3. Coupled thermal-water-induced shape memory behavior

Straightforward from Figure 4, a bundle of straight (Ori. dry) keratin fibers of camel hairs
deforms into the helical structure (Def. heated) from the entanglement of raw straight hairs
onto a circular steel bar (Def. dry) using a heating process. The deformed hair fibers in a free
state maintained highly spiral residues (Fix. dry) that may be due to the heating on dislocated
macromolecules, indicating the keratin hair with high shape fixation ability under thermal
stimulus. However, the poor shape recovery ability was noted for the shape deformed hair
using the same thermal stimulus [9]. In contrast, another water stimulus can recover the heat-
deformed keratin hairs to their innate shape easily (Rec. wet), as shown in the recovered hair
bundle in Figure 4. This means that the combination of factors of heat and water as coupled
stimuli can give rise to good shape fixation ability and recovery ability; in another meaning,
this can enrich the types of stimuli for keratin hair under processing and specific applications.

Here, Figure 4 shows the SEM images of camel hair in microscale, in which the variation of hair
cross section under different stimuli conditions reflects the coupled stimuli of SME of the hair.
For the dry raw hair, it is featured with three components (Figure 2a). A large amount of mac-
rofibrils show parallel alignment under the hair surface scales (cortex layer), which echo the
hair hierarchical structural model. The observed macrofibrils show a key role in correspond-
ing hair SME. The heating process can remove most aqueous molecules out of fibrils such that
a decreased cortex volume is noted with more porous feature in morphology. In contrast, a
wetting process to the deformed hair after heating can penetrate a huge amount of water into
the macrofibrils, resulting in an obvious swelling phenomenon in lateral for the cortex and
a decreased volume of hair central medulla. The reason was inferred to be the plasticization
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Figure 4. Demonstration of a bundle of camel hairs in coupled thermal-water-induced SME from innate shape (Ori. dry)
to the heat processing on temporarily fixed shape (Def. heated and Fix. dry) and water-induced shape recovery (Rec.
wet) that hydration effect of swelling is shown by SEM images of cross sections of a camel hair in dry and wet states.

of inter- and intra-fibrils, and the neighboring polypeptide chains were enlarged to their dis-
tance by means of disrupting HBs between imino and carbonyl (C=0, etc.) groups at adjacent
branches. The water molecules enhance the mobility of adjacent macromolecules that seems
like a key to switch on the temporary shape to recover.

Compared with water-sensitive shape memory behavior for hair shape fixation (Figure 3a),
heat gives rise to a relative poorer ability in this respect. However, the measured R values (Eq. 1)
of more than 0.75 indicate good shape fixation ability when responsive to heat, as shown in
Figure 5a. The R value is increased as the increase of set folded angles () implies a less effect
of folding process on macromolecules network when the set angle is enlarged. The highest R
(0.87) of hair under heating process may be ascribed to the less normalized amounts of regen-
erated HBs in the deformed camel hair cortex. The large error bar on each measured r value
indicates the uneven hair shaft used in the folding SME characterization. The measured R val-
ues indicate that the deformed hairs under heating environment (90°C and 65% of RH) may
undergo a transfer of aqueous molecules from the hair outside into the hair cortex that relates
to the regeneration of HBs at the dislocated macromolecules, as shown in the schematic illus-
tration of Figure 5d. Moreover, Figure 5a also displays the measured R values corresponding
to R values. The R values of more than 0.87 indicate the excellent shape recovery due to the
good hydration effect of deformed hair. In addition, the tendency of R and 6 shows an increas-
ing relationship, in which the R value is associated with the entropic stress from the stable net-
points and connected network. The lowest R of the hair (6, = 0) may indicate the most setting
effect on hair under high humidity and temperature, meaning the least number/type of net-
points for shape recovery. Figure 5b shows the relationship of measured R and R values (6, = 0)
after seven cycles of shape memory tests induced by coupled thermal and water, indicating the
invariable shape fixation and recovery abilities of keratin fibers (decreased <10%).
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Figure 5. SME quantification of heat-induced shape fixation and water-stimulated recovery of hair fibers: (a) R, in

temporary shape and R from temporary to the innate shape corresponding to a set of 6, (b) variation of R .and R values
from O, = 0 to the innate shape with the cyclic number of SME program, (c) cyclic tensile of an animal hair under four
times of loading versus tensile strain with the coupled heat and water effects on SME of keratin fiber, and (d) schematic
interpretation of coupled heat and water effects on the switch of keratin hair in macromolecular scale.

Cyclic tensile to keratin fiber is also employed here to measure the coupled stimuli SME. The
0.15 of set tensile strain is also beyond the yield point of the hair (~0.03). The shape memory
strain can be identified from the unrecovered strain and the onset of the second tensile curve.
Regarding the tensile curves in Figure 5¢, the largest unrecovered strain should be the “four-
load” curve which means that the hair has been experiencing four cyclic tensile programs.
It is found that the unrecovered strain between two adjacent loadings is getting less with an
increase of loading numbers. A calculated ~0.82 of R value is almost consistent with the mea-
sured results, as shown in the comparison in Figure 5(a and b). Under the same strain of 0.15,
it is found that the stretching forces of the “two-load” to “four-load” curve are remarkably
greater than the “one-load” curve, supporting the viewpoint of realignment of macromol-
ecule chains for stronger networks and net-points under conditions of tensile at 90°C.

4. Multi-responsive shape memory behavior

Figure 6a gives a normally used SME program for a keratin hair. In this section, four types
of stimuli were used to investigate the multi-stimuli-responsive SME behavior of camel hair.
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The related results were shown in Figure 6b with key images. Here, the water and redox
agents as stimuli for the hair show remarkably SME, which the final recovered hair is simi-
lar with its original shape. For both factors, the aqueous molecules are believed to take an
important role in SME of keratin hair [7]. In addition, as to the redox agent, the reductant ion,
503‘2, has broken down some DBs between keratin macromolecules after reducing reaction;
thus, one type of net-point might disappear after shape fixation. The relatively weaker shape
recovery from stimulus of redox confirms the viewpoint. Here, the stimulus factors, UV light
and heat, both fix camel hairs with good temporary shape with high R values; however, the
deformed shapes under the same environmental stimuli, i.e., poor R values, which can be
comparably noted from the unrecovered residues of spiral circles after recovery processes
are found difficult to be recovered. Theoretically, the camel hair samples were found in much
drier state caused from stimuli factors of UV light and heat, where UV light breaks down the
DBs and heat leads to less structural water [37], giving rise to the temporarily deformed hairs
relatively difficult to be recovered in comparison with water and redox as stimuli under the
recovery duration.

Due to different growth environments and maturity, keratin hairs in fact manifest different
shape memory abilities under different stimuli, depending on the hair internal contents,
structure, and distribution of crystalline phase, HBs, DBs, etc. Quantitatively, according to
Egs. 1 and 2 for Figure 7a-d, the calculated R fvalues, 0.84 and 0.875, indicate that the high-
est fixed strains can be achieved using water and redox as stimuli, respectively, which show
higher values than the R  values from UV (0.65), heat (0.73), and the original state (0.65).

.............................. -
i ]
; (a) ' (b) @ - S
H : ;’: 3 et W e
Original shape «— ! S i
{Ori.) " E—
! . é v warer
| @ . e
I EEES
Manual deformed ; "
shape (Def) E : ; ¥ W heat (o
5§ v y
l@ ¢ 3/
Temporrily fixed <] ! T Bl
: ’ w red —
!lhﬂPE {F!X j : w aridite w '__!if.'&’ - o
l ® E . Y
: Def. N uv .
e __| | ®" oD~ Capivie
3 ; @ .
)
' Fix. Rec.

Figure 6. (a) SME investigation program and (b) observed SMEs of camel hairs under four stimuli (Ori. (original), Def.
(deformed), Fix. (fixed), Rec. (recovered)) induced by water, heat (85°C), redox (NaHSO,/H,0, solutions), and UV light
(254 nm), respectively [9].
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Figure 7. Experimental tests of cyclic tensile loads of camel hairs under (a) water stimulus, (b) stimulus of UV
illumination (254 nm of light wave length), (c) stimulus of NaHSO,-H,O, redox solutions, and (d) heat (85°C) stimulus,
respectively [9].

The reason may be the increased amount of HBs inside the hair from penetrated water
molecules that act as switch for locking temporarily deformed shape. As to the R values, it
was noted that the best shape recovery ability is from water (0.76), followed with stimuli of
heat (0.547), redox (0.525), and UV radiation (0.225), respectively. Here, all shape fixation
and recovery processes were under the same tensile speed for each stimulus. Water, thus,
switches on the largest amount of HBs that causes the highest mobility of macromolecules
and the most recovery strains from the released stress between net-points. To some extents,
stimuli of heat, redox, and UV radiation can switch on the related reversible bonds in dif-
ferent degrees, leaving different recovered strains as shown in Figure 7a-d. The deformed
hair can also recover slightly without constrain, and stimuli are ascribed to the relaxation
of polypeptide chains. However, inevitably, the unrecovered strain due to plastic tensile
cannot be completed in a short time. Partial DBs can be broken down when exposure of
camel hair in UV radiation promotes the shape recovery as shown in the increased 3.5% of
subsequent recovered strain based on the original hair. Similarly, the stimuli of heat and
redox agent both can break down related HBs that give rise to more recovered strain for
higher SME, indicating that HBs should be the key switch for SME of keratin animal hairs.
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5. Identification of net-points and switch of keratin fibers in shape
memory behaviors

Under UV radiation, reducing agent, heating, and watering conditions, the variation of inter-
nal components and structures of keratin fiber samples has been investigated from a number
of characterization aspects. The DSC scanning shows two thermal absorption peaks for raw
camel hairs, as shown in Figure 8a. The peak configuration displays that the first broad endo-
thermic one appears at the temperature of 78.8°C with enthalpy of 270.1 Jeg™ that relates to the
hair internal water removal from the hair [48]. The second DSC singlet appears at 230°C, while
the inset figure showing the decreased 15.1 Jeg™ of enthalpy is ascribed to the denaturation of
ordered a-helical keratin molecules [49]. This indicates that the crystalline phase is existed in
animal hair, and its volume content is around 10-20% of the whole fiber, which would act as
net-points in keratin hair's SME. Figure 8b shows five XRD patterns of camel hairs, in which
the diffraction shoulders and peaks are noted for the original and arise by radiation (UV),
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Figure 8. Identification of net-points and switches of keratin hair in SME: (a) DSC measurement of original camel hair
(temperature ranging between 20 and 250°C); (b) XRD characterization of camel hairs in five states: Original, wet, heated,
reduced, and UV radiated; (c) Raman spectra of camel hair samples after processing by water (20°C), UV radiation
(254 nm of wave number), and heat (85°C), respectively; and (d) Raman spectra of camel hairs after reducing reaction
(red. NaHSO,, 1 M solution) and oxidizing reaction (oxi. H,O, dilute solution) [9].
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reduction (redox), heating (hea.), and hydration (wet) with sharp peaks, especially the peaks
at the abscissa of 20 = 9°(0.98 nm) and 21°(0.46 nm) that represent the a-helix and [-keratin
crystalline phases, respectively. The almost identical intensities of both characteristic peaks for
camel hairs at original (Ori.), heat, wet, redox, and UV indicate the unchangeable amount of
crystalline phase during the five stimuli-induced shape memory behaviors.

In detail, some processes like UV radiation and water hydration in fact have a scarce effect on the
crystalline phase as shown in the invariable crystal characteristic peaks. Therefore, the existed
XRD peaks for a-helix of hair under multi-stimuli conditions indicate the net-point role of crys-
talline phase for related SME. In comparison to Raman spectra of camel hair samples under
multi-stimuli (“wet,” “UV,” “heat,” and redox (“red. and oxi.”)) conditions, the original, wet, and
heat curves can be viewed as nearly coincident in the Raman scanned regions (abscissa values of
Figure 8c and d). Specifically, the DB mode is found between 500 and 580 cm™ as a symmetrical
broad characteristic peak that is associated with a few molecule conformations [10, 50] that are
8-9-g (510 cm™), g-g-t (525 cm™), and #-g-t (540 cm™) (g and ¢ denote gauche and trans) conforma-
tions, respectively. The processes of heating and hydration effects on hair DBs in amorphous
area show ignorable with stable chemical cross-linking that may be net-points in related SMEs,
as shown in Figure 8c. Nonetheless, the abscissa of the broad peak is noted to move forward to
the right and then left side corresponding to the hair samples under stimuli of reducing agent
and UV radiation subsequently. This indicates that the DBs of breakage and regeneration are
different for both stimuli. However, the DBs have been proven to switch on after two stimuli on
keratin fibers. The Raman spectra showing keratin hair with opposite motion of peak abscissa
and intensity ratio indicate the symmetrical vibration of DBs in switch on (thiol groups) and off
(DBs) states, suggesting that DBs can be switched in a few stimuli-induced SMEs.

For FTIR spectra, a broad absorption band at around 3400 cm™ is noted corresponding to the
hydroxyl group and free water molecules for wet hair samples [51], as shown in Figure 9a and b.
Here, keratin hairs processed by water and reducing agent both show the deep absorption
peak. Particularly, the key bands of keratin hairs such as Amide band I and Amide band II
for both C=0 stretching and N—H bending are found to shift to higher wave numbers from
1630 to 1633 cm™ and from 1531 to 1533 cm™. These are shown with the HBs of band in dash
frame in Figure 9a and b and the related measured shifting values in Table 1. This shifting
motion of IR curves implies that the related HBs between intermolecules are re-formed from
the dislocated HB residues and H,O molecules during the hydration effect, being consistent
with the reported results in [52]. Therefore, the penetrated H,O molecules endow the keratin
fiber with two existing waters, i.e., free motional and fixed bind molecules.

Regarding the SME program in detail, four IR curves for camel hair after processing by
stimuli of heating (or UV radiation) for temporary shape fixation and by wetting (or reduc-
ing agent) for the final shape recovery are labeled in Figure 9c. An evident difference of the
intensity ratio of characteristic peaks of N—H bending to C=0 stretching vibrations for the
camel hair under dry (innate or heated) and wet (in water or redox agents) states, which
is consistent with the comparable curves in dash frame of Figure 9a, is noted. In addition,
Table 1 shows the calculated values of two characteristic peaks in wave number shifting
and variation of intensity ratio along with the key SME steps under individual stimulus.
In detail, the wave number of characteristic peak of C=O0 stretching is shifted by increasing
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Figure 9. FTIR spectra of camel hair samples in the states of (a) Ori., water, heat (85°C), and UV radiation (254 nm of wave
number); (b) red. and oxi. Conditions; (c) FTIR spectra for specific characteristic steps of SME program where the inset
shows the IR characteristic peaks standing for HBs in open and close using shifting of peak abscissa and variation of peak
intensity that also relates to the disruption and re-formation of HBs; and (d) simplification of keratin macromolecular
chains and illustration of external stimuli on related switches in keratin macromolecule chains: O original dry state, @
manually deformed dry state, @ manually deformed state exposure on external stimuli, @ temporarily fixed deformed
state, ® the fixed shape encounter with stimuli again, and ® recovered state [9].

Hair states IR peak position/wave number (cm™) Peak intensity ratio
Ori. dry/Def. wet 1630/1633 1531/1543 0.979/0.854
Ori. dry/Def. heat 1630/1634 1531/1515 0.979/0.994
Ori. dry/Def. UV 1630/1629 1531/1532 0.979/0.988
Ori. dry/Def. red. 1630/1633 1531/1539 0.979/0.834
Ori. dry/Rec. oxi. 1630/1628 1531/1532 0.979/0.831

Table 1. Characteristic IR peaks for camel hair under different processing conditions.

2—4 cm™ from the dry hair to wet hair; conversely, the value is reduced by 2—4 cm™ from wet
hair to dry hair. In similarity of dry and wet conversion, the wave number shifting of char-
acteristic peak of N—H bond move toward left and right by 8 and 16 cm™, respectively. This
reversible conversion of the keratin hair under the original, heated, wet, and dry conditions,
accordingly, indicates that the HBs in macromolecules experience a reversible destruction
and reconstruction process [25]. However, the wave number shifting of the characteristic
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peaks of C=0 and N—H vibrations has not been influenced by the stimulus of UV radiation,
indicating that HB is not the switch for UV-induced SME of keratin fiber.

In detail to the variation of intensity ratio for the two characteristic peaks of keratin fiber, the
value for camel hair has found an increase from dry state (Ori. dry, 97.9%) to heated (Def. hea.,
99.40%), and wet (Rec. wet, 85.45% (in water) and 83.4 and 83.1% (in redox agents)) to dry (Rec.
dry, 97.42%) reverses, respectively. Figure 9d interprets the conversion schematically based
on the view of molecule motion corresponding to the six steps of four stimuli-induced SME
program. The intensity ratios of two states, “Def. hea.” and “Def. dry.” (@), almost equal one,
indicate that the intensities of peaks at 1510-1535 and 1620-1640 cm™ equal each other and the
amount of carbonyl and imino groups should be the same approximately. A heating or drying
process would break the balance that the excess of free water molecules would be removed
out of keratin fiber [53]. For example, a tiny amount of free water molecules were attracted
onto N—H groups under normal moisture regain that may result in slightly decreased inten-
sity ratio of characteristic peak for keratin hair at innate or deformed dry states from heated
dry state (D and ©). The penetrated water molecules can break down HBs generated by car-
bonyl and imino groups (®) and &) when the temporarily deformed keratin hairs were soaked
in water or solution. In this case, each aqueous molecule was attached onto an imino group
because of polar attraction between atoms N—H and H—O—H, giving rise to the decreased
number of discrete N—H group for wave number of 1510-1535 cm™ and correspondingly the
evitable reduced intensity ratio for the two characteristic peaks. The temporarily locked shape
from HBs was switched on by soaking process into free-constrained hair, and the shape recov-
ered for the innate shape due to the released stress from net-points. The reversible conversion
of drying and wetting of keratin hairs enable the same interaction of HBs among the hydrogen
and oxygen atoms on amino, carbonyl, and hydroxyl in hairs, respectively [54]. Here, it should
be noted that the interaction dynamics such as speed of responsive is not involved in the fig-
ure; the illustration only demonstrates the transformation process of each SME static step. In
contrast, FTIR scanning cannot be used for characterizing the variation of DBs; thus, the SMEs
induced by UV radiation and redox agents require another method to observe the variation,
as referred to the DBs as switch under stimulus of redox in Figure 8d.

With respect to the tendency summary, as shown in the inset of Figure 9¢, two characteristic
IR peaks appearing at 1510-1535 and 1620-1640 cm™ undergo the higher value of wave num-
ber shifting and reduced value of peak intensity ratio from the hair samples in the deformed
heating/reducing or recovered wet to the final recovered dry state. The shifting and regular
variation indicate that HBs in keratin fiber can lock its temporarily fixed shape by removal
of internal water (heating or drying) and recover the innate shape wetting environment. This
mechanism of HB implies it as the role of switch in water-, thermal-, and reducing agent-
sensitive SME of keratin fibers.

After SME investigation of keratin fiber (taking camel hair as a typical keratin fiber), it can
be concluded that keratin fiber is an intelligent biopolymer material with different shape
memory functions that can be responsive to thermal, water, redox agent, and UV radiation in
varying degrees. The inherent reason depends on the structural components of keratin fiber
with different amounts of crystalline phase, HBs, and DBs among keratin macromolecules.
To interpret the component role in SMEs, as shown in Figure 10a (original), a twin-net-switch
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Figure 10. Multi-responsive SME mechanism: (a) a proposed structural model for different SMEs of keratin fiber;
(b) the change of DBs and HBs under four types of stimuli where reducing agent can open both DBs and HBs; HBs
can be regenerated using oxidant, water, and heat; and DBs can be re-formed using UV radiation and oxidant agent,
respectively [9].

model is proposed that crystalline phase and DBs may be net-points and HBs and DBs may
be switch, respectively. Therefore, two sets of net-points and switches for such smart biopoly-
mer structure are, in simplicity, named as “twin-net-point-switch model.” In the model, DBs
act as two roles, depending on the environmental stimulus applied to the hair; for instance,
DBs would be net-points for the hair in water, while they would be switch for hair in UV
radiation or reducing agent. In addition, the keratin temporary shape can be programmed
due to the opening of switch under a specific stimulus, and relative net-points can recover
the innate shape. Figure 10a and b shows that HBs in amorphous region of the hair act as the
single switch, whereas crystals and DBs both act as twin-net-points for stimuli of water and
heat, DBs act as switch, and crystals work as single net-point for stimulus of UV radiation.
Nevertheless, both bands are both switched on and off due to the water molecules and SO,
ions for stimulus of reducing agent, indicating that they both are switch, while crystalline
phase acts as single net-point without variation during SME program. With the aid of pro-
posed model, a high possibility for developing an “all-in-one” intelligent SMP with multi-
stimuli is believed to exist inspired from our rediscovery of keratin fibers.

6. Conclusions

In this chapter, keratin fiber was discussed for its SMEs responsive to various environmental
stimuli, such as water, heat, coupled heat-water, UV radiation, and redox agent, respectively.
The detailed mechanism was investigated using camel hair as a typical keratin fiber in molec-
ular and structural networks. The keratin fiber with varying degrees of SME exposure on
different stimuli for temporarily fixed shape recovering the innate shape was found. The cal-
culated shape fixation ratio of more than 0.8 and recovery ratio of more than 0.5 indicate that
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the keratin fiber is a smart material stimulated by water and redox agent. The low shape fixa-
tion ratio (0.55) of keratin fiber under thermal stimulus and low recovery ratio (0.23) under
UV radiation demonstrate that keratin fiber has less SMEs under such stimuli.

The cyclic tensile program of keratin fiber explains the SMEs well for each stimulus on the
related switch on and off assuming net-point intact after stimuli. Some characterization
approaches such as XRD and DSC of keratin fiber under five types of stimuli indicated that the
crystals are invariable components during SME program. Raman spectra indicated the DBs in
reversible breakage and regeneration when keratin fiber exposure on UV radiation and reduc-
ing agent, and invariation under stimuli of water and heat, indicates that DBs act as switch for
stimuli of UV and redox agent and work as net-point for stimuli of water and heat. FTIR spec-
tra of keratin fiber during SME program showed the related characteristic peaks in shifting
wave number and variation of intensity ratio, indicating that HBs may act as switch for stimuli
of water, heat, and redox agent. The last section proposed a structural model, namely, “twin-
net-point-switch,” for keratin fiber to interpret different SMEs of its exposure on different
external stimuli, in which a twin-net-point/single-switch model is used for stimuli of water,
heat and UV radiation, while a single-net-point/twin-switch model is used for stimuli of redox
agent. This chapter for shape memory of keratin fiber is believed to have the ability to provide
inspiration for manufacturing more remarkable synthetic SMPs responsive to multi-stimuli.
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Abstract

Minimally and noninvasive investigation of pathology and treatment monitoring is highly
attractive in medicine. The use of human hair samples as a non-invasive testing substrate is
potentially poised to improve diagnostic and forensic medicine. Hair has the unique ability
to capture long-term information about health and disease in an individual as compared to
urine and blood. Testing long hair offers a potential means of long-term monitoring of drug
compliance, drug abuse, chronic alcohol abuse, and diagnostic biomarker discovery. Even
though human hair is mostly composed of keratin and keratin-associated proteins, very little
literature has been published on human hair proteomics. Emerging high throughput omics
based techniques such as proteomics are increasingly improving our depth of knowledge
about the diagnosis, prognosis and prediction of diseases globally. Although many aspects of
the use of these novel molecular aids to improve disease diagnosis and patient management
remains elusive; it is evident that these techniques have improved precision medicine tremen-
dously. This chapter aims to discuss current plausible application of human hair omics-based
approaches to the field of pathology, diagnostics and precision/individualized medicine.

Keywords: human hair, proteomics, precision medicine, hair testing, diagnosis,
forensics

1. Brief history and background of human hair testing

The history of hair analysis dates back to as far as the nineteenth century. Precisely in 1858,
Hoppe published a report on the discovery of arsenic in the hair of a human corpse exhumed
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after 11 years [1, 2]. Almost a decade later, amphetamine was discovered in the fur of a guinea
pig by Goldblum et al., in 1954 [3]. In the late 1970s, Baumgartner et al., developed what is
now known as a radioimmunoassay (RIA) kit for the detection of opiates in hair [4]. Thus,
laying the groundwork for the first contemporary use of hair in drug testing. This method
which was first introduced to Germany by Arnold in 1980 generated a lot of controversies [5].
However, subsequent work by Klug [6] that same year provided a basis for the use of hair
in forensic toxicology by confirming the RIA method with thin-layer chromatography and
fluorescence detection. Also, the inception of gas chromatography with mass spectroscopy
(i.e. GC/MS) 6 years later, led to improved detection, sensitivity and specificity at low cost.
Therefore, increasing the number of newly discovered compounds [1]. Over the next three
decades, advances in chromatographic and spectrometric techniques coupled with new meth-
ods of sample preparation and wash procedures have enhanced the detection limits from ng/
mg range to pg/mg [7]. Microscopic hair analysis, as another tool for hair testing, only began
to gain a rapid recognition in the early twentieth century. For instance, the books published
by Glaister in 1931 on the study of hairs and wools on mammals [8], and that of Hick on the
microscopy of hairs in 1971 [9] both became a widely used resource for the forensic scientist in
the use of hair as evidence in a crime scene. Preliminary findings from hair testing led to the
American scandal of false imprisonment from evidence based on hair microscopy [10], which
lead to severe scepticism on the validity of hair testing for analytical or forensic purposes.

Nonetheless, the scientific use of hair analyses and testing as a tool for forensic toxicology
and medicolegal purposes, in the era of precision medicine, has proved valuable. More so,
the recent need for a non-invasive method/testing substrates for early diagnosis and profiling
of diseases based on their biology and molecular phenotypes [11], has made hair testing an
attractive option. Also, application of non-invasive strategies improves patient compliance.
Considering that the human hair is mostly composed of proteins; it is an attractive proteomic
substrate for diagnostic and forensic pathology. Not least, the presence of other biomolecules
(such as lipids) in hair indicates that an integrated multi-omics approach would significantly
improve the field of investigative medicine [12].

It has been hypothesized that irrespective of ethnicity or hair form, there is biochemical and
growth rate similarities in all hair types [13]. However, emerging evidence seems to suggest
that differences exist in hair structure and growth rates depending on ethnic profile or groom-
ing [14]. Human hair distribution and growth is androgen-dependent resulting in differences
between males and females as well as regional variation within the same individual [15].

The human hair follicle contains stem cells in their bulge region and in the dermal papilla [16].
These stem cells are responsible for the significant self-renewal capabilities of the human hair
follicle and the hair cycle. There are remarkable disparities in molecular structure and biology
of human hair based on individual differences, gender, age, various hair grooming habits;
chemotherapy/radiation exposure; cosmetics as well as diseases [17].

Omics-based techniques employ a holistic interrogation of the full complement of a biomol-
ecule in a systems biology oriented manner. Although, many omics-based methods are yet to
be employed routinely in hair testing and biomarker identification; there is reasonable hope
that they will provide much needed insight to the biology and pathology of several medical
conditions. This review intends to evaluate the current hair testing applications and potential
benefits of hair omics-based approaches in diagnostic medicine.
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2. Basic structure and biochemistry of the human hair

Human hair is a long, thin cylinder of keratinized cells that grows from large cavities or sacs
called follicles. Hair is usually composed of three distinct regions: an inner cortex, an external
cuticle and occasionally a central inconsistent medulla or core running along a central axis
of thicker terminal hairs [18]. The cortex is primarily responsible for the mechano-physical
properties of the hair fiber and is composed of long filaments called microfibrils which con-
tain organized a-helical rods of keratin, embedded in an amorphous matrix [19] (Figure 1).
Human hair is composed of 65-95% proteins, 15-35% water and 1-9% lipids, 0.1-5% pigments

Wy

a-helix chain (~2nm)

Intermediate filament (~7.5nm)

Macrofibril (~0.1-0.4 pm)

Cortical cell (1-4 pm)

Hair fiber (50-100 pm)

Figure 1. Complex structure of the human hair fiber (picture adapted with kind permission [128]).
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(melanin), small amounts of trace elements, and polysaccharides [18]. Older studies suggest
there is no significant difference in the amino acid composition of hairs from different racial
group [20]; however, there is evidence that there are significant differences in the lipid com-
position of hair [21]. The hair fiber is rich in lipids either derived from sebum or secreted from
the apocrine gland which consists of free fatty acids, mono-di-and triglycerides, wax esters,
hydrocarbons, and alcohols [22].

On average, human scalp hair is reported to grow approximate 1 cm/month. However,
recent data reports lower growth rates for hair originating from people of African ancestry.
The human hair growth cycle consists of four phases called anagen (growth), catagen (tran-
sition), telogen (rest) and exogen (shedding phase) [23, 24]. During the anagen phase, the
capillary blood supply around the follicle provides nutrients and delivers any extraneous
materials that may be present in the blood stream such as drugs or toxins [10]. Although the
mechanism of the incorporation of drugs or metabolites into hair is not clear, three pathways
have been proposed and are generally accepted by scientists including: active or passive
diffusion of drugs into the bloodstream feeding the dermal papilla, diffusion from sweat
or other excretions the growing or mature fiber is exposed to and, external diffusion from
vapors or powders into the mature hair fiber [25]. However, the relative importance of each
pathway has not been elucidated and it is probable that the incorporation of drugs into
hair may involve a complex series of events which may conceivably vary between different
individuals.

3. Reliability of hair testing in precision medicine

In comparison with blood sample collection, hair collection is easy and non-invasive. It does
not require any specialized equipment or storage facilities. It permits long-term storage at
room temperature without any risk of contaminating the environment. There is reasonable
evidence that using hair as a testing substrate in medicine is of tremendous benefit and that
there are many unexplored possibilities to the use of hair testing in the evidence-based era
of precision medicine. However, it is important to comment about the reliability of hair test-
ing as this has far reaching ramifications in various scenarios. In a study that assessed the
reliability of inter-laboratory and intra-laboratory variations in hair minerals using three dif-
ferent laboratories, a consistent numerical result was generated from all three laboratories
[26]. However, the results were interpreted differently because each laboratory used different
normal reference ranges. This indicates that variation in reported concentrations of specific
analytes in hair would result in different interpretation of the patient’s health status in each
instance. Therefore, effective ancillary use of hair in diagnostic medicine requires standard-
ization of normal reference ranges. Over- or under-reporting may be another factor that might
affect the reliability of the use of hair as an alternative biological testing matrix. For instance,
Vignali et al., found discrepancies between self-reported use and biological testing of illicit
drugs use among inmates [27]. The authors explained that theses discrepancies might be due
to false declaration of drug use in hope of qualifying for entry into rehabilitation programs.
Also, illicit drug users with moderate risk may use levels below the limit of detection because
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Figure 2. List of current application of hair testing in personalized medicine and future diagnostic potential of omics-
based approaches for precision medicine.

there is inadequate empirical evidence of standardized minimum detectable levels of specific
substances of abuse; hence, a negative test does not connote “no exposure” [28]. On the other
hand, hair testing has become so reliable that it was considered better than urine, blood or
breath testing, for demonstrating long-term illicit drug abstinence prior to solid organ trans-
plant [29]. Hair testing may present a complementary test in scenarios where the veracity of
conventional test results is in doubt. A summary of current and future application of hair
testing in precision medicine is represented in Figure 2.

4. Current hair testing applications in medicine

The human hair is capable of long term incorporation of various exo- and endogenous com-
pounds as compared with blood plasma or urine [30]. Changes in the physicochemical prop-
erties of hair as well as genetic, environmental and hormonal factors may result in various
hair disorders [31]. Hence, a good understanding of the biology and the potential use of hair
as a testing substrate in medicine is a very attractive option. Hair testing approaches have
been applied for drug and biomarker monitoring in forensic and toxicological screening pur-
poses as described below:
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HIV/AIDS infection: Inadequate exposure to medication results in antiretroviral therapy
failure, but unfortunately there are no robust methods for long-term monitoring of drug com-
pliance in HIV/AIDS patients. Hair-based monitoring of protease inhibitors (like atazana-
vir and lopinavir) concentration have been reliably shown to be independently and strongly
associated with treatment response [32]. Another study carried out by Hickey et al., demon-
strated a relationship between nevirapine concentration and virological outcomes, although
high levels of nevirapine found in women and older adults in their cohort require further
research [33]. However, non-significant negative association between nevirapine and drug
compliance has also been reported in a HIV-infected pediatric cohort [34].

Tuberculosis: Blood plasma monitoring of tuberculosis (TB) can be fraught with a lot of
inconsistencies due to the relatively shorter half-life of the anti-TB drug in plasma as com-
pared with hair. For example, low plasma levels of rifampicin, isoniazid, and pyrazinamide
have been demonstrated in many pulmonary TB patients, despite compliance with the direct
observation of treatment (DOT) strategy [35]. Inter-patient pharmacokinetics has made a
reproducible assessment of drug compliance difficult in TB patients. More recently, adher-
ence to anti-TB drug regimen has been monitored effectively in latent and active TB patients
using a liquid chromatography coupled tandem mass spectrometry (LC-MS/MS) analysis to
identify isoniazid levels in human hair samples [36]. Also, isoniazid levels have been moni-
tored in pediatric population of TB patients using small quantities of their hair samples [37].
A landmark non-invasive multi-drug quantitative assay has also been developed, for mea-
surement of multiple second line anti-TB drugs (moxifloxacin, pyrazinamide, linezolid, and
levofloxacin) in multi-drug resistant types of TB, using hair sample testing [36].

Chronic psychosocial stress: Chronic stress has a detrimental impact on human health if
allowed to persist indefinitely. An important physiological response to stress is the stimula-
tion of the hypothalamic-pituitary-adrenal axis and release of cortisol [38]. Due to diurnal
variation in cortisol release, measurement of cortisol levels in body fluids such as urine, blood
and saliva may be fraught with inconsistencies [38]. Hence, hair cortisol level measurement is
now being used as a surrogate biomarker for chronic psychosocial stress [38, 39].

Myocardial infarction: Acute myocardial infarction (MI) can be precipitated by acute stress,
albeit the role of chronic stress in acute Ml is poorly understood. Human hair testing is emerg-
ing a reliable method to measure cortisol levels around episodes of acute MI. An enzyme
immunoassay-based approach has been used to demonstrate higher cortisol levels in the most
proximal 3 cm portion of the hair of acute MI patients as compared to patients without acute
MI [40].

Chronic alcohol abuse: Beside its use to detect alcohol consumption and monitor abstinence
from alcoholic beverages, ethyl glucuronide a stable metabolite of ethanol has the capabil-
ity for long term monitoring of alcohol abuse using hair samples. Whilst other tests such as
breathalyzer, urine test, and blood test are capable of short term records of ethyl glucuronide
(at most 3—4 days), hair is capable keeping track of months of alcohol abuse. The efficacy of hair
testing for ethyl glucuronide as a biomarker of chronic alcohol abuse is well established [41].

Diabetes mellitus: Diabetes mellitus (DM) is a leading cause of morbidity and mortality glob-
ally; with global estimate of people with DM projected at 300 million by the year 2025 [42].
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Long term damage, failure, and dysfunction of various body organs can result from the chronic
hyperglycemia that characterizes DM [43]. Westernization of diet as well as lifestyle has been
suggested to be a contributory factor to the development of DM in Africa [44]. As far back as
1960s and 1970s, researchers have investigated in various cohorts, the correlation between
the level of chromium in human hair and DM [45]. Later on, hair protein glycation has also
been used for long-term DM treatment monitoring. For example, glycated products such as
furosine has been correlate fairly with the yearly mean values for HbAlc and fasting plasma
glucose in a study by Oimomi et al. [46]. Also, a spectrophotometric hair glycation index has
also been shown to be reliable to differentiate between normoglycemic and hyperglycemic
individuals [47]. More recently, determination of derivatized amino acids in human scalp hair
using gas chromatography-coupled mass spectrometry, revealed differential molecular signa-
tures between DM patients and controls in a Jordanian cohort [48]. Thus, analysis of human
hair is a promising approach to long-term evaluation of DM and other diseases.

Drug abuse: Hair testing is a key area of growing interest in the fields of forensic sciences
because it can be sampled without difficulty from human subjects. Also, hair possesses the
ability to store chronological record of drug use and abuse. Human hair testing has led to
accurate measurement of levels of various illicit drugs such as amphetamines, cocaine, can-
nabis, opiates, phencyclidine, barbiturates and methamphetamine have been measured using
radioimmunoassay and gas chromatography coupled mass spectrometry [49].

Assessment of exposure to environmental toxins: Environmental exposure to various tox-
ins may accumulate and lead to various health problems. Normally, exposure to xenobiotic
agents induces post-translational modifications (PTMs) to proteins [50], they may induce heat
shock proteins [51] and lead to the induction of phase-I and phase-II detoxification enzymes
[52]. Currently, exposure to environmental toxins (such as heavy metals, insecticides, polycy-
clic aromatic hydrocarbons (PAHs), endocrine disruptor pesticides, etc.) can be evaluated by
the use of hair testing [53-57]. Although promising, hair testing for environmental toxin may
be fraught with inaccuracies due to factors such as the lack of analytic validation methods,
low interlaboratory reliability and the poor delineation between endogenous toxicants and
exogenous contaminants in hair [58].

Neurodegenerative diseases (ND): Hair testing is gradually finding a role in molecular
assessment of NDs [59]. For example, differential PTMs of proteins are manifested in response
to ND. Two NDs, Menke's kinky hair syndrome and Elejalde disease are characterized by
hair changes that may be of great diagnostic value [60]. Both conditions result in irreversible
brain damage and early death and hair abnormalities seen in these patients help to differenti-
ate these conditions from other NDs [60]. Scalp hair trace element content has been used to
diagnose multiple sclerosis [61]. Also, red hair phenotypes have been associated with greater
risk for Parkinson’s disease [62]. Further molecular studies are needed to explore noninvasive
diagnostic in the field of neurodegenerative medicine.

Cancers: As in the case with ND, differential PTMs and expression of proteins are mani-
fested in response to cancer. Also differential expression of various trace elements in hair
have been found for different types of cancer, in a study carried out among Polish [63] and
Indian [64] populations. X-ray diffraction of hair, used in combination with mammography
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has been reported to significantly improve the sensitivity and diagnostic accuracy for invasive
Breast Cancer [65]. A meta-analysis demonstrated that hair zinc levels in female breast cancer
patients were lower than those found in controls, albeit this difference could not be picked up
in serum [66]. Cancer-associated hair phospholipids can also be potentially used for develop-
ment of a reliable screening hair-based test for breast cancer [67].

5. Future perspectives

5.1. Experimental Omics-based molecular hair testing

Various omics-based approaches have allowed researchers to interrogate the full comple-
ment of molecules in complex biological systems. Up to 73 species of ceramide lipids have
been identified using shotgun lipidomics analysis [68, 69]. Also, there is a positive correlation
between hair arsenic, sodium and iodine levels and risk of cancer development in a metal-
lomic study [70].

Proteomic techniques have also been successfully utilized in hair [71-75]. Mass spectrometry
based approaches have led to the identification of peptide biomarkers of oxidative chemical
damage in hair, as well as to differentiate structural damage caused by cosmetic treatment/
weathering hair diseases like monilethrix [76]. Also, mass spectrometry has been used to iden-
tify 343 proteins as natural constituents of the human hair [73]. Using liquid chromatography-
coupled mass spectrometry-based shotgun proteomics, ethnic-based differential proteomics
signature have been identified in hair keratin protein levels [75].

Also, mass spectrometry imaging (MSI) has become a major tool for tissue biomarker dis-
covery [77]; as well as other applications such as tissue profiling in histopathology and drug
distribution in forensic medicine [78]. Waki et al., utilized MSI technology to determine bio-
markers for aging in the human hair cortex [79]. MSI has been shown to be able to monitor
cocaine in a single strand of hair sample for forensic purposes [80]. The concentrations of
cocaine varied along the shaft of the hair strand, which correspond to the chronological time
the drug was ingested.

A protein microarray proteomics study identified autoimmunity related biomarkers for scalp
lesions in alopecia areata [81]. This study identified eight potential antigen biomarkers spe-
cific for alopecia areata which were used for the design of a discriminant miniarray for alo-
pecia areata and other scalp lesion [81]. Not least, single amino acid polymorphism (SAP)
or non-synonymous single nucleotide polymorphisms (SNPs) are emerging as a potential
approach for reliable human identification for forensic purposes [71, 82].

An important feature of all omics-based methods is their high dependence on data reposito-
ries, algorithms and bioinformatics workflows [83]. A “public data driven” approach for inte-
gration, mining, and reuse of data would benefit the field of omics immensely [84]. Although
there are individual merits for each omics based field, an integrative multi-omics method
may permit a more robust molecular analysis [85]. Despite the few available papers that have
addressed the use of omics-based methods in the field of dermatology [86, 87], there still
remains a dearth of papers that address the application of proteomics to human hair samples
for non-invasive testing of various clinical conditions for precision medicine.
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Hair metabolomics: The term metabolome refers to all the metabolites in a biological organ-
ism, with metabolites being the products of enzyme-catalyzed reactions that result from gene
expression, protein synthesis and environmental stressors [88]. Metabolomics is a relatively
new and dynamic field [89] and involves the study of “the complete set of metabolites/low-
molecular-weight intermediates, which are context dependent, varying according to the
physiological, developmental or pathological state of the cell, tissue, organ or organism” [90].
Depending on the length of the hair, endogenous compounds and physiological influences
can be observed in hair over extended periods of time. Utilizing hair metabolomics in person-
alized medicine allows clinicians to deliver optimum care to patients [91]. Advances in this
field enable the accurate determination of possible pharmaceutic toxicity, appropriate dosages
and an individual’s susceptibility to possible disease. In addition to physiological influences,
co-metabolic factors are considered when investigating hair metabolomics [129]. This enables
the examination of drug metabolism during the different stages of disease. Metabolomics is
increasing used to understand and predict drug response in patients. For example, a gas chro-
matography-time of flight (GC-TOF) based platform was used to investigate the biochemical
differences associated with the racial response to atenolol, an anti- hypertensive drug [92].
Other fields of study often are unable to account for various day-to-day factors present in
individual lives. Combining hair metabolomics with other disciplines and rapidly advancing
analytical methods enables a holistic investigation into metabolism and drug metabolism. An
example of this is the identification of biomarkers for spontaneous preterm birth using hair
metabolomics in conjunction with blood biomarkers [93].

Hair lipidomics: Lipidomics is a branch of metabolomics focused on the complete analysis
of lipid species and their biological roles in health and disease. Lipids are analyzed using
mass spectrometry (MS), chromatography and spectroscopy-based methods. Hair lipids are
distributed throughout the hair fiber, they are hydrophobic, oily or greasy organic substances
that are extractable from cells and tissues by nonpolar solvents, mainly chloroform and/
or ether [94]. Lipids are designated as exogenous and endogenous depending on whether
they emanate from sebaceous glands or hair matrix cells, respectively. Endogenous lipids,
biosynthesized in the hair matrix cells accounts for approximately 2.5% of the entire hair
fiber include cholesterol, sulphate, sterols and ceramides while exogenous lipids accounts
for below 1% which include squalene and sterols [94] and is vital for maintaining the internal
water content in the hair fiber [95].The application of lipidomics hair research is still in its
infancy. MALDI-MS Redox lipidomics has been used to investigate lipid damage in human
hair [96]. Studies showing the importance of lipids in in diseases such as alopecia [97], breast
cancer [98, 99], and diabetes is sure to promote research in hair lipidomics.

5.2. Potential ancillary molecular tools for hair testing
5.2.1. Molecular imaging

Molecular imaging (MI) can be defined simply as the characterization and measurement of
biological processes at the tissue; cellular and molecular level using optical techniques. In
contrast to the ‘traditional” diagnostic imaging, MI investigates the molecular abnormali-
ties underlying a disease instead of the mere visualization of the end effects of the molecu-
lar aberrations [100]. Although the use of imagining in hair analysis is not new, the recent
advancements have shown that the use of microscopy goes beyond the comparison and
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identification of microscopic characteristics in hair. More so, the combination of microscopy
with spectroscopy techniques promises to be a valuable tool for the molecular characteriza-
tion of hair [101, 102]. Molecular imaging of hair in comparison to other biological materials
is very useful particularly in diagnosis as it provides a useful testing or screening material
with minimal invasion to the subjects. Examples of imaging tools used in the analysis of hair
apart from mass spectroscopy imaging include the following:

Multiphoton fluorescence lifetime imaging (MFLIM): MFLIM microscopy is a method set
up for the optical examination of biological samples [103, 104]. Due to the inherent sectioning
capability of this technique, 3D images with subcellular resolution can be obtained as well as
two-photon excited auto-fluorescence of endogenous fluorophores. In 2007, Ehlers et al., stud-
ied the bleaching effects, intrahair dye accumulation and other hair pigmentation properties
of the human hair using a time-resolved MFLIM single photon counting and near-infrared
femtosecond laser pulse excitation [105]. Two photon imaging have also been employed in
the live imaging of stem cells and the study of progeny cells in hair follicle regeneration [106].

Synchrotron radiation X-ray fluorescence imaging (SRX): The use of synchrotron-radiation-
excited X-ray fluorescence to analyze biological samples provides information about the pres-
ence of trace metals [107]. The minimal radiation damage of SRX imaging to specimens in
comparison to other techniques involving the use of ion or electron probes makes this method
a preferred choice to study the distribution of elements in pathological condition and phar-
maceutical intervention [108]. The application of SRX imaging to study the dynamics of mer-
cury in rat hair [107] and mapping of other trace elements in human using a muprobe have
been reported [109].

Fourier transform infrared (FTIR) imaging: FTIR imaging has an advantage over other imag-
ing techniques in that it is label-free, nondestructive and has a broad range of biomedical
application [110]. Most especially, the use of the FTIR imaging in the attenuated total reflec-
tion (ATR) mode [111]. A key advantage of the use of ATR-FTIR imaging is that there is mini-
mal sample preparation before analysis and the depth of penetration of infra-red (IR) light in
the specimen is well controlled and is independent of sample thickness. Thus, allowing for a
good spatial resolution of the imaged samples and even faster image acquisition (two to three
orders of magnitude) when combined with array detectors such as focal plane arrays (FPA)
or linear arrays [110]. Significant improvement in the signal to noise ratio have been recorded
with the use of synchrotron as source infrared radiation. However, the use of this method
is only suitable for very small specimen areas and will involve a mapping approach for the
imaging of larger sample area. In addition, the spatial resolution obtainable with synchrotron
radiation source in FTIR imaging is not desirable. However, the advent of Globar infrared
source has improved spatial resolution and allow for a high detection and distribution of the
chemical composition of biological samples [112]. Thus, the application of FTIR-ATR imaging
has been used to obtain clear chemical images of the cross-section of the human hair and thus
obtain information from the medulla without the problem of passive contamination of the
adjoining cortex [113]. The different forms of FTIR and other examples of molecular imaging
techniques mostly involving a combination of IR or non-IR spectroscopy techniques that have
been used in hair analysis and diagnosis of disease with hair as substrate includes FTIR spec-
tral micro-imaging [114, 115] infrared and Raman spectroscopy [116], Atomic force infrared
spectroscopy (AFM-IR) [117, 118] and electron microscopy [119-121].
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5.2.2. Nanotechnology/Nanomedicine

Nanotechnology involves the control of matter at the atomic or molecular levels, i.e. at the
nanoscale (1-1000 nm). Hence, nanotechnology can be defined as methods or techniques
employed in the processing of materials at the atomic or sub-atomic scale to generate prod-
ucts with physical and chemical properties that are different to the traditional counterparts
[122, 123]. Nanomedicine, on the other hand, is the application of nanotechnology in medicine
or health care. Recently, it has become possible to create nanoparticles that can function in an
organized manner as biological sensors for the early detection, monitoring and treatment/man-
agement of diseases [122]. Nanomedicine has provided novel ways of diagnosis and treatment
of dermatological conditions. Although much of the new technologies involving the coupling
of nanotechnology with other testing methods are still under investigation, it is a known fact
that nanotechnology promises to generate tools and devices that would lead to an increase in
the accuracy of detection and analysis of biological samples (e.g. hair). Even though, the use of
nanotechnology in trichology is not prevalent, most of the current and non-invasive methods
of diagnosis involving the use of nanotechnology may apply to the molecular and structural
analysis of hair. Such method that mainly includes imaging and chemical analysis are often
referred to as “Nanoimaging” or “Nanoanalytics” [124]. Nanoimaging, which involve the use
of nanoparticles to improve the optical and spatial resolution of test materials have proved
very useful in diagnosis and testing. For instance, different nanoparticles have been tested in
various diagnostic applications due to some advantages such as high sensitivity and specific-
ity, which allow for the use of a little amount biological sample [124-126].

5.2.3. Monitoring trends of/compliance to a nutritional and/or physical activity (PA) protocol

Hair testing can potentially contribute to weight and physical activity monitoring. Exploring
this approach would provide a more measurable and objective means to assess an individual’s
compliance to a reduced calorie, low carb and/or low fat dietary regimens. This is more reliable
than what food frequency or PA questionnaires can accurately assess [127]. Post-translationally
modified proteins, phase-I/-Il enzymes, heat shock proteins, redox status proteins, etc. would
be differentially expressed and may better capture dietary/PA compliance than what the clas-
sical clinical biochemical parameters (triglycerides, cholesterol, free sugar levels, etc.) would
be able to do. These biochemical parameters are rather transitory and are prone to day-to-day
confounding factors. For example, specific proteins may serve as excellent surrogate markers of
steady-state homeostasis achieved by a more consistent compliance to a dietary or PA regimen.

6. Conclusion

We have discussed various application of non-invasive hair testing in the era of precision
medicine and factors that have militated against the routine use of hair testing in diagnos-
tic pathology. Establishing a workflow that can permit the routine use of hair as a testing
substrate for disease diagnosis would greatly benefit diagnostic and therapeutic aspects of
precision medicine. The use of emerging omics’-based molecular approaches in hair testing
would shed more light on hair-based molecular signatures for various physiological and
pathological conditions.
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Abstract

Keratin is a fibrous protein mainly found in higher vertebrates such as mammals, birds,
and reptiles. It is also a major constituent of human epithelial tissues. Major keratin-
aceous wastes include skin, hair, wool, feather, horns, hooves, and nails. Large amounts
of such wastes are generated from meat industry, poultry houses, and wool industry etc.
Though keratinous wastes contain about 90% protein, keratin is usually recalcitrant to
normal proteases. Such wastes have been traditionally digested using physico-chemical
methods. But such techniques are energy-intensive and technologically demanding. Also,
such approaches lead to degradation of certain amino acids such as lysine. In nature,
keratinaceous wastes don’t accumulate indicating that keratinolytic microorganisms
exist in nature. Keratinase producing strains are distributed among bacteria, fungi, and
actinobacteria etc. Hence, potent keratinolytic microbes and their enzymes may be used
for valorization of keratinous wastes. Efficient degradation of such wastes may generate
value-added products such as feed additives, agricultural biofertilizers, and cosmetics.
This chapter will give a comprehensive overview of types of keratinaceous wastes, kinds
of keratinolytic microbes and keratinases, and valorization of such wastes using keratin-
ase producing strains and/or keratinases.

Keywords: keratinaceous wastes, keratin, keratinolytic, valorization, keratinase,
bacteria, actinobacteria
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1. Introduction

Keratin, a versatile bioactive polymer is abundantly distributed in nature. Keratin has turned
out to be very attractive for many advanced applications, ranging from agriculture to bio-
medical engineering. It is the major component of epidermis as found in hair, nail, feather,
wool, hooves, scales, and horn. An insoluble macromolecule with long polypeptide chains,
keratin is recalcitrant to attack by common proteases like pepsin, papain, and trypsin due to
its highly supercoiled and tightly packed molecular structure that is stabilized by inter chain
cross linking between parallel strands as well as by hydrogen bonding or hydrophobic inter-
action [1]. Keratins have been subdivided into ot and 3 [2, 3] based on the secondary structure
conformations.

In both a and  configurations, keratin fibrils are twisted parallelly forming micro and macro
fibrils conferring stability to the keratin fibers [4, 5]. Keratins can also be subdivided into soft
and hard keratins based on the sulfur content.

Hard keratins have high disulfide bond content that makes them tough and inextensible as
found in feathers, hair, hooves, and nails. On the contrary, soft keratins are more pliable due to
low content of disulfide bonds as found in skin [3, 6]. Properties of any keratinous material such
as viscoelasticity and stiffness depend on the degree of hydration of the keratin molecule [7].

Among the keratinous materials, feather is the most predominant one. Millions of tons of
feathers are liberated annually from poultry processing farms as waste products and approxi-
mately 90% is keratin [8]. Presence of keratin makes chicken feather highly stable environmen-
tally [9]. Feather constitutes 95-98% protein, predominantly $-keratin. The major dominating
amino acids in the structure comprise glycine, alanine, serine, cysteine, and valine. The struc-
ture has less lysine, methionine, and tryptophan [10].

Apart from feather, keratin is also the major constituent of wool, almost 95% of the dry matter
of a wool fiber. The wool fiber is actually a collection of elongated cells that consist of multiple
types of keratin proteins. The fiber has three main areas classified into cuticle, cortex, and
medulla. The major body of the hair fiber, the cortex, is composed of many spindle shaped
cells containing keratin filaments [11].

Apart from feather and wool, mammalian hair also contains keratin [12]. Similarly, hoof horn
consists of keratin arranged in both tubular and anti-tubular form. However, in ram horns,
fibrous proteins which are alpha keratin in nature and rich in cysteine are found [13].

2. Keratinaceous wastes

Each year millions of tons of keratinous wastes get generated globally especially in wool
textile industry and in poultry slaughterhouses [14, 15]. Keratinous wastes, generated mainly
in the form of feathers, hairs, horns, hooves, and nails are gradually accumulating in the
environment. Enormous amount of urban wastes are accumulating in form of sewage under
the bottom sediments of rivers and canals making it difficult to solid waste management and
is important to recycle it [9].



Keratinaceous Wastes and Their Valorization through Keratinolytic Microorganisms
http://dx.doi.org/10.5772/intechopen.80051

Feather is the most abundant keratinous waste material liberated in the modern society.
Worldwide annual feather amounts to about 8-9 x 10° tons [12]. Chicken meat processing
industry contributes maximum to this amount. This industry is growing rapidly as consump-
tion of chicken meat is common to all sections of society, encompassing all customs and reli-
gion [16]. According to the USA Foreign Agricultural Service, the total domestic per capita
consumption of chickens is 59 kg in the USA; 48.0 kg in Saudi Arabia, 67.1 kg in Hong Kong,
69.7 kg in Israel, and 35.4 kg in Canada [17, 18]. The large consumption of chicken meat gener-
ates huge amounts of chicken feathers worldwide.

As per statistics, around 58 x 10° chickens are slaughtered for meat in the world every
year [18, 19]. The United States of Department of Agriculture figured that 46.6 x 10° kg of
chicken meat was processed in the USA poultry processing industry in 2014 which generated
40 x 10° kg of feathers per annum worldwide [18, 19].

Besides, during poultry processing, many inedible by-products unfit for human consumption
are produced. Locations related with animal husbandry and meat products establishments
are major sites of environmental pollution and possible transmission of diseases through
improper treatments can be possible [20].

Presence of microbial toxins and high quantities of microorganisms, e.g., microbes, infections,
parasites and yeasts are common in poultry products [20]. Thus, slaughterhouse products
could also be a potential danger to human and expert efforts are needed for management of
the recalcitrant keratinous wastes.

3. Keratin digestion

It is estimated that 58 x 10° chickens are killed each year which generates enormous kera-
tinous wastes that might create environmental pollution. Poultry processing farms throw
around 40 x 10° feathers into landfills. Various conventional waste disposal methods such as
burial, incineration, and controlled landfilling are practiced. But they have high water and
energy demands. Besides, there are also health concerns such as bird flu due to presence of
pathogenic microorganisms in dead chicken [21, 22].

The incineration of keratinous wastes release greenhouse gases creating environmental
issues. On the other hand, landfilled keratin wastes take a long time to decay and incineration
releases greenhouse gases. Also, the costs associated to dispose the feather waste are high as
availability of landfill space is reduced. New environmental laws have been developed to
enforce generators to deal with environmental wastes in sustainable way. Industries need to
recycle, reutilize, minimize, treat, and dispose waste as the last alternative [23]. Therefore,
keratin digestion has always been an important issue to maintain a sustained environment.

3.1. Physico-chemical methods

Various physico-chemical methods are being used for decades to digest the keratin thereby
mitigating environmental pollution and generating useful resources from keratinous wastes
in various aspects.
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3.1.1. Hydrothermal method

This process usually employs high steam pressure (10-15 psi) and/or high temperature
(80-140°C) in presence of acid or alkali. The process yields water soluble polypeptides, oli-
gopeptides, and even free amino acids. The major drawback of this process is that keratin
hydrolysis by hydrothermal method may cause partial or complete destruction of certain
amino acids. Besides, it also leads to loss of essential amino acids such as lysine, methionine,
and tryptophan. Also, the process leads to formation of non-nutritive amino acids such as
lysinoalanine and lanthionine from cystine and lysine respectively [24, 25].

Lysinoalanine is never used at all by animals as a source of lysine [26]. Besides, the hydrolysis
of other amino acids is also decreased by excessive steam and heat treatments [24]. In addition,
lanthionine content was found to be inversely proportional to the digestible amino acids that
suggest presence of lanthionine in feather meal represent an excellent index of over-processing.
Another phenomenon which also influences protein quality during this process is the racemiza-
tion of amino acids. This happens readily after alkaline treatments [27, 28], but to a lesser extent
during the heating of proteins [29-31]. Feather meal autoclaved with sodium hydroxide reduced
amino acid digestibility values when compared with samples without alkali or enzyme treated.

3.1.2. Acid and alkaline treatment

The pros and cons of acid and alkaline hydrolysis of keratinous wastes have been described by
Asquith [32]. The most satisfactory method to convert keratin quantitatively into their individual
amino acids involves acid hydrolysis [33, 34]. Martin and Synge examined partial acid hydrolysis
of wool and gelatin at 37°C in an excess of 10 N HCI for several days and were succeeded in release
of one third of amino acids [35, 36]. Asquith was able to semi-quantitatively determine some
peptide sequences in wool keratin by controlled hydrolysis of keratose fractions [37]. Similarly,
partial hydrolysis was used to determine the amino acid sequence of wool proteins [38, 39].

Alkali also hydrolyzes keratin fibers but less selectively than to acids. 0.1 N NaOH rapidly
dissolves wool while boiling. However, the process results in destruction of arginine, serine,
threonine, cystine, and cysteine. But tryptophan is not destroyed in alkali, and the analysis
of alkaline hydrolysates is done by quantitative determination of tryptophan [40]. Wool, if
treated with alkali, three new amino acids- Ianthionine, lysinoalanine, and 8-aminoalanine
could be recovered [40].

3.1.3. Steam explosion

Steam explosion is a subtype of hydrothermal method of keratin hydrolysis and have been
discussed by various authors [41]. Steam explosion (SE), a hydroelectric pre-treatment of bio-
mass releases the constitutive components. The process involves short exposure and then
rapid release of the pressure in an explosive decompression event [42]. Originally developed
by Mason, the process has been explored extensively in biomass conversion [43, 44].

Using this methodology, Tonin et al. [45] generated hydrolysate from wool waste. But the
yield was 18.66%.
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The hydrolysis of wool wastes by steam explosion was also studied by Xu et al., 2006 [46]. A
yield of 62.5% hydrolysates was achieved by passing steam at 600°C and 0.8 MPa. Scanning
Electron Microscopy results detected that during explosion, some scales on the fiber surface
were cleaved and tiny grooves were formed. Differential Scanning Electron Microscopy indi-
cates reduction in thermal decomposition energy of the treated fiber. This reflects destruction
of crystals and crosslinks of macromolecular chains in the fiber due to steam explosion. Besides,
steam explosion also did some alterations in the fiber properties such as reduction in strength,
solubility in caustic solution, and moisture regain.

3.1.4. Ionic liquids

Use of ionic liquids such as 1-butyl-3-methylimidazolium chloride ([BMIM]CI) or a hydro-
phobicionicliquid (IL), 1-hydroxyethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)
amide ([HOEMIm][NT{2]) have been attempted to generate keratin hydrolysates [47-49].
The extracted keratin could also be easily separated from the reaction system. Another
ionic liquid, NaHSO3, was also successfully investigated. The results indicated [BMIM]
Cl/[HOEMIm][NT{2] is an efficient catalyst and solvent for dissolving feathers and could
be easily recovered due to its hydrophobicity [47]. The dissolution and regeneration of
the waste chicken feathers in an ionic liquid of [BMIM]CI showed an excellent efficiency
(63.5-87.7%).

3.1.5. Reduction and oxidation

Reduction and oxidation have also been used to convert keratinous wastes esp. hair wastes to
hydrolysates. Shindai method is a special type of treatment employed for preparing hydroly-
sates from hair wastes [50, 51]. It is a rapid and convenient procedure to extract human hair
proteins for examining the biochemical properties in detail.

The procedure is based on the principle that in the presence of a reductant, a combination of
thiourea and urea can effectively remove proteins from the cortex part of human hair. Using
this procedure, the extracted fraction from human hair mainly consisted of hard a-keratins
with molecular masses of 40-60 kDa, and keratin-associated proteins (KAPs) with a molecular
mass of 6-30 kDa. Hair samples when incubated in the Shindai solution containing alcohols
such as methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, and 2-methyl-1-propanol, the
extraction of KAPs was enhanced, but extraction of keratin was suppressed. Thus by using
ethanol, selective purification of KAPs and keratin was achieved.

3.2. Microbial keratin degradation

Microbial degradation of keratin is reported in some bacteria, actinomycetes, keratinophilic
fungi, and larvae of the common clothes moth Tineola bisselliella [52, 53]. They use keratin as the
sole source of C, N, S, and energy. Keratinolytic bacteria were most isolated from bird feath-
ers and the plumage [54-56], composting [57], or feather waste processed by fermentation.
The bacteria often belong to the genus Bacillus and order actinomycetes. Feather degrading
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abilities were mostly found in Bacillus licheniformis [54] as well as in Bacillus pumilis, Bacillus
subtilis, and Bacillus cereus [57] and in some non-spore forming bacteria Stenotrophomonas
sp, Fervidobacterium pannavorans [58)], and F. islandicum [59]. Some species of actinomycetes
intensively degrade keratins such as Streptomyces which includes S. fradiae [60], S. pactum [61]
S. thermoviolaceus [62], or other actinomycetes such as Thermoactinomyces [63].

Keratin degrading activity is also observed in nutrient-specialized keratinophilic fungi, which
uses keratin as nutrient [61]. These types of fungi besides colonizing bird plumage and mam-
mal hair, also colonizes natural habitats where keratin material is available such as places
inhabited by birds, humans, and mammals [64, 65].

Fungi exhibiting high keratinolytic activities include the following genera: Aspergillus,
Chrysosporium, Alternaria, Trichuris, Monodictys, Myrothecium, Paecilomyces, Stachybotrys, Uro-
cladium, Scopulariopsis, Curvularia, Cladosporium, Fusarium, Geomyces, Gleomastis, Penicillium and
Doratomyces [66—68].

Based on the keratinolytic efficiencies, microbes can be divided in two types: true keratino-
lytic microbes solubilizing hard keratin structures or potentially keratinolytic microbes which
have strong proteolytic effects thereby solubilizing non-keratin proteins which are associated
with hard keratins in keratin rich material like feathers, nail etc. They can also degrade soft
keratins as found in callus [64].

3.2.1. Microbial keratinase

Keratinolytic microbes possess proteolytic enzymes which are able to degrade the exten-
sive disulfide crosslinking of keratin polypeptides and solubilize the keratin. These kera-
tinolytic proteases are known as keratinases (EC 3.4.21/24/99.11). Keratinases have unique
capacity to act on compact substrates such as keratinous wastes compared to traditional
proteases [69].

Keratin wastes can be efficiently degraded by bacteria, actinomycetes, and fungi due to pres-
ence of the keratinases [70].

The keratinases convert feather keratins into fertilizers and useful feedstuffs [69, 71].
Keratinases are primarily extracellular and they show activity on keratinous substances [72].
However, they are also secreted constitutionally in absence of keratin [73].

Some keratinolytic enzymes are also intracellular [71]. Microbial keratinolytic proteases are
mostly serine proteinases and sometimes metalloproteinases, being inhibited by phenyl
methane sulfonyl fluoride (PMSF) and other inhibitors of serine proteases [74, 75]. The opti-
mum activity of keratinases range between pH 6.0 and 9.0. The enzymes are either neutral
or alkaline proteases requiring Ca*, as the activity is inhibited in presence of Ca* chelat-
ing EDTA or EGTA [76]. Keratinases are able to hydrolyze both soluble proteins as well as
insoluble, fibrous proteins [77].

Although microorganisms capable of degrading keratinous substrates are generally isolated
from soil and poultry wastes, these microorganisms are almost ubiquitous in nature, thriving
under diverse ecological and environmental conditions [78].
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No keratinases can completely solubilize native keratin. However, keratinase contribute
to the valorization of the enormous keratin containing wastes in the form of hair, feathers,
dead birds, and animals [70]. These enzymes have gained increasing attention due to their
biotechnological applications on valorization of keratinous wastes especially byproducts of
agro-industrial processes [79, 80]. These enzymes can also be employed for degradation of
prions [81, 82] and p-amyloid fibers [83].

3.3. Alkaline-enzymatic methods

Mokrejs et al., 2010 proposed a two-stage alkaline & enzymatic method to hydrolyse kerati-
nous wastes [84]. It involves initial treatment of wastes with 0.1 or 0.3% KOH at 70°C (1:50
ratio) for 24 h. After adjusting the pH to 9.0, enzymatic hydrolysis is carried out by a keratin-
ase (1-5%), which hydrolyzes the wastes further at 50-70°C for 4-8 h.

This two-stage hydrolysis was applied for processing waste chicken feathers. The amount
of hydrolyzed feathers after second stage hydrolysis increased to 90.8% achieving high effi-
ciency under mild reaction conditions leading to the generation of keratin hydrolysate.

4. Valorization of keratinous wastes

Microbial keratinases are gradually getting importance biotechnologically for valorization of
keratinous wastes. Microbial keratinases are being used successfully in degrading keratin into
economically important keratin protein hydrolysates which can find potential applications
as animal feed supplements, bio- fertilizers, biodegradable glues, films, and foils [70, 85].
Also, valorization of keratinous waste by keratinolysis finds useful applications in various
industries such as elimination of horny epithelial cells that adheres to textile fibers (Textile
Industry), clearing obstructions in sewage systems (Waste Water Management Industry),
conversion of poultry or agro-industrial wastes into valuable protein products such as amino
acids for livestock feed, pharmaceutical, and cosmetic industries. The details of valorization
of keratinous wastes are described below.

4.1. Agricultural products

Organic fertilizers have been prepared from sulfur containing amino acids which are richly
present in keratin hydrolysates. Chicken feather composts have been reported to act as bio-
fertilizers [55]. Feathers have a high content of nitrogen (13%) and can serve as an excellent
compost material or biofertilizers; however, degradation of feather is difficult due to presence
of disulfide bonds [86].

Ichida et al., 2001 used compatible strains of Streptomyces and B. licheniformis as mixed starter
culture for inoculating waste feathers in bioreaction vessels. The trials demonstrated bioreac-
tors of compost materials consisting of chicken feathers, straw, and poultry litter while inocu-
lated with feather-degrading bacteria, increased the rate of keratin utilization. Composting is
successful if the mixture of organic materials consists of 20 to 40 parts of carbon to 1 part of
nitrogen as required by the composting bacteria, actinomycetes and fungi [87].
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Besides, feather hydrolysates are promising slow release nitrogen (N) fertilizers [88, 89].
Release of N from feathers has been enhanced by treatment with several keratinolytic bac-
teria, actinobacteria, and fungi. Chryseobacterium spp. is successfully used for preparing slow
release N fertilizers from feathers. Such feather-based biofertilizers were found to be effec-
tive fertilizers for banana and other crops [63]. Also, feather hydrolysates prepared using
thermophilic actinomycetes was successfully applied as fertilizers for ryegrass cultivation.
Similarly, Choi & Nelson reported the preparation of slow release nitrogen fertilizer from
poultry feather by biodegradation [90].

4.2. Pharmaceutical applications

Chicken feather cholesterol may serve as precursor for bile salt synthesis. Bile salts are used
as bio-emulsifiers and biosurfactants in cosmetic industry. Besides, cholesterol is required for
synthesis of other pharmaceuticals such as vitamin D3 and steroids [91]. Vitamin D3 is neces-
sary for bone and teeth formation [92].

Keratin has properties suitable for use in biomedical applications like biodegradability, bio-
compatibility, sterilizability, bioresorbability, functionality, self-assembly, and manufactur-
ability including mechanical and thermal properties [93]. Wool and human hair keratin have
been used to prepare protein films, fibers, and scaffolds for tissue engineering. The propensity
of extracted keratin to self-aggregate and form 3D structures has enabled it to be used as scaf-
folds for tissue engineering [94]. Chicken feather keratin can be fabricated into keratin films
and the construct can be used in controlled drug delivery [95, 96].

Sun et al., 2009 reported development of keratin microparticles by treating keratin with ionic
liquid [48]. Nanoparticles prepared from feather keratin exhibited good biocompatibility and
stability thereby opening up the possibility of controlled drug delivery [97]. Such keratin
based film generation for controlled drug delivery was also reported [63]. Besides, keratin
nanofibers developed by electrospinning is being applied in tissue engineering and regenera-
tive medicine [98, 99].

In addition, keratin biomaterials from chicken feathers are found to be capable of supporting
cellular attachment as they possess cell binding motifs, such as glutamic acid-aspartic acid-
serine and leucine-aspartic acid-valine binding residues [18].

Recently, human hair keratin has been developed into biomaterials for use in tissue engineer-
ing [100, 101].

4.3. Bioactive peptides

Keratinous wastes can also be hydrolyzed to produce bioactive peptides with potential health
benefits. Fakhfakh et al., 2012 reported production of keratin hydrolysates containing bio-
active peptides with antioxidant activity [102]. Similarly, other authors have studied angio-
tensin-converting enzyme (ACE)-inhibitory and dipetidyl peptidase-IV (DPP-IV)-inhibitory
activities of keratin hydrolysates [103].

These activities find therapeutic applications in medical conditions such as high blood pres-
sure and inflammation.
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4.4. Industry
4.4.1. Livestock industry

Chicken feather hydrolysates are rich in amino acids and peptides which are of similar com-
position with that of soybean and cotton seed extracts. Hence, such feather hydrolysates have
found promising applications as animal feed additive [104]. Enrichment with lysine may
enhance the nutritive value of such feed additives [105].

Horn meal prepared from raw horns and hooves have also been proposed as animal feed
additive. Brandelli et al., 2015 have also proposed keratin hydrolysates as promising animal
feed [106].

4.4.2. Cosmetic industry

Keratin hydrolysates may find tremendous applications in the cosmetic industries. Keratin-
based cosmetics have been reported as therapeutic agents for skin and human hair. Keratin
has been also used as components of blends [107].

Keratin has been reported as components of cosmetic blends along with other natural poly-
mers such as collagen, chitosan, and silk fibroin etc. Keratin or keratin hydrolysates help
retaining moisture in the skin by interactions of stratum corneum and hair cuticle with the
cosmetics. Also, keratin protects the cortex of the human cell from daily injuries of heat or
chemicals. Besides, hydrolyzed keratin is used as a cosmetic ingredient. Topical application
of hydrolyzed keratin enhances skin hydration and flexibility [108].

Because of moisture retaining properties, keratin is an important component of shampoos
and conditioners, hair loss concealing products, and other hair beautification accessories
[109]. The protein hydrolysates provide advantages to the hair by strengthening hair fibers
and decreasing fiber breakages. Many plant and animal hydrolysates such as wheat protein,
wool, nails, and horns keratin [108, 109] have been used in cosmetic industry as components
of hair shading splashes and toners to enhance uniform color retention of hair. Besides, pro-
tein hydrolysates act as restorers in hare care processing industry [110].

4.4.3. Automobile industry

Automobile industry is planning to use feathers to produce composite materials that can be
used in dashboards, seats, car parts, cushioning, and interior lines [18]. Currently petroleum
based raw materials are used in automobile and aeroplane parts. However, material science
industries prefer low cost, lightweight, and environmentally sustainable materials. Keratins
being low priced and light weight as well as possessing enormous strength due to presence of
high cysteine content is a choice by engineers of automobile industry.

4.4.4. Leather and textile industry

Keratinous waste materials have a promising potential in textile industry. Scientists are inves-
tigating the potential of chicken feathers for replacing natural fibers and man-made fibers
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thereby saving trees in textile processing. Chicken feathers have toughness, flexibility, high
surface area, fine diameter, and durability rendering them valuable for replacing natural and
synthetic fibers, and wood pulp. However, pre-treatment of feather is important before usage
into textile products. The barbs must be stripped off as the barb material of feather shows
similar property of a textile fiber [18, 111]. Since feathers contain high nitrogen content, they
can be used as flame retardants. Guan and Chen, 2006 reported preparation of hydrolyzed
feathers as flame retardant finish [112]. Cotton fibers while treated with this feather-made
flame retardant, acquired property of flame retardance.

Chicken feather can also be a good source as textile binding and textile sizing agent in textile
printing as keratin has film forming and binding ability. So far, starch and starch derivatives
and polyvinyl alcohols were being used as a sizing agent to coat a protective layer on the
surface of yarns to improve weaving [113, 114]. Sizing provides tensile strength and abra-
sion resistance of yarns. But usage of starch is associated with socio-economic problems and
polyvinyl alcohol has high cost and poor biodegradability. Therefore, chicken feather could
be a promising substitute for starch and polyvinyl alcohol [114].

Similarly, keratin hydrolysates are used in leather industry for usage in filling and retaining.
Many processes in leather tanning can cause serious health hazards such as skin and respira-
tory ailments, including cancer. Recently, Wool has developed biocomposites based on the
techniques by aerospace engineers to convert scraped chicken feathers into synthetic leather
[18, 115].

4.4.5. Construction industry

Nowadays, composite materials from thermoplastic and natural fibers are being investigated
in the construction industry. The natural fibers are mostly cellulosic and provide enormous
strength. Usage of natural fibers reduce consumption of synthetic polymers thereby consump-
tion of petroleum products is reduced. However, cellulosic natural fibers are not compatible
with the hydrophobic polymer material and chicken feather can be a useful alternative. After
separation of feather in various parts such as long fibers, short fibers, and powdered rachis,
feathers are easy to melt to be used as reinforced matrix material [18, 114]. Feathers may be
valorized to thermoplastic films for use as packaging materials and in other applications.
Grafting of feather keratin with acrylic monomers have been shown to improve the thermo-
plastic properties of feather based materials [116].

Such composites are suggested for usage in thermal and sound insulation as well as ceiling
applications. Chicken feather composite boards are being hypothesized to be the substitute
for wood and plastic in the construction industry [18].

4.4.6. Environmental remediation

Although being an environmental pollutant, keratinous material, after valorization is com-
mercially used as agents for environmental remediation. Keratinous material has been sug-
gested to be used as environment-friendly electrode materials [117]. Keratin extracted from
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feather may be diluted, followed by lyophilization, to generate sponges. Such sponges can
be useful agents for clean-up of oil spills. Keratin fibers have promise to be developed into
innovative green materials due to their biodegradability, biocompatibility, natural abun-
dance, and mechanical durability [118, 119]. Feather keratins are highly hygroscopic and
possess excellent absorption ability. Therefore feathers can be used as efficient purification
agents for waste water by removal of heavy metals such as Cu, Se, Zn, and other toxic com-
pounds [120, 121].

4.4.7. Energy sector

Keratinous wastes have been used to generate bio-hydrogen [122]. Initially keratinous wastes
are converted into a fermentation product rich in amino acids and peptides. Next, minerals
are added to the product to serve as substitute for bacto-peptone. The enriched fermenta-
tion product is then subjected to further anaerobic fermentation by a thermophilic archaea
Thermococcus sp. to generate bio-hydrogen.

Also, chicken feathers contain good amount of fat. The fats after extracting from feather meal by
solvent extraction can subsequently be transesterified to biodiesel using catalysts. It is estimated
that hundreds of millions of liters of biodiesel can be generated from chicken feather waste
globally. This would reduce the petroleum dependency as well as cut the carbon emissions [18].

5. Conclusions and future prospects

Published literature shows keratin is a raw material for production of a diversity of value
added products. Huge amounts of waste keratinous biomass generated by food, wool, and
livestock industries may be utilized gainfully as feedstocks/raw materials for production
of keratin and keratin hydrolysates at industrial scales. Valorization of keratinous wastes
will not only generate many commercial products but will also ameliorate the environ-
mental pollution from such wastes, and also help boost pharmaceutical, food, and cosmetic
industries.

Keratinolytic enzymes will be better alternatives for digestion of keratinous wastes as com-
pared to physico-chemical methods. This dictates search for more efficient keratinolytic bac-
teria and their enzymes.

Use of keratinous wastes for production of biofertilizers is one of the most recent applica-
tions of such waste biomass. Such biofertilizers will be better alternatives to fossil fuel based
synthetic fertilizers and will help mitigate climate change.

There is urgent need for developing better keratinolytic strains, characterizing better keratin-
ases, improve methods for generating keratin hydrolysates, and finding other novel applica-
tions of keratinaceous wastes.

Research in this area has a promising future.
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Abstract

Keratins are everywhere, from being the major components of household dust to common
contaminants of laboratory protein analysis. Keratin is the major structural fibrous protein
belonging to the large family of structural proteins to form hair, wool, feathers, nails, and
horns of many kinds of animals and has a high concentration of cysteine, 7-20% of the total
amino acid residues, that form inter- and intramolecular disulfide bonds. Keratin wastes
are considered as the environmental pollutants and produced mostly from the poultry
farms, slaughterhouses, and leather industries. Keratin wastes are dumped, buried, used
for landfilling, or incinerated and all these actions increase the threats of environmental
hazards, pollution, negatively influence the public health, and increase greenhouse gases
concentration. Nature has provided planet Earth with a variety of beneficial organisms.
Soil is considered as a well-known source for the growth of keratinophilic microflora
(fungi and bacteria), which have the capability to degrade the keratin waste. The keratin-
degradation ability of keratinophilic microflora has been credited with the production
of the microbial keratinase enzyme and biodegradation takes place (enzymatic degrada-
tion). So, the keratin wastes are the biodegradable polymers. Keratinase is the industrially
significant enzyme that offers bioconversion of keratin waste, utilization as animal feed
supplements, and dehairing agents in tannery industries and textile industries.

Keywords: keratin, environmental pollutants, keratinophilic microflora, biodegradable
polymers, keratinase

1. Introduction

Keratin wastes are considered as the environmental pollutants and generated mostly from
the poultry farms, slaughterhouses and leather industries [1, 2]. The poultry farms, slaugh-
terhouses, leather industries and wool industries are constantly producing a million tons of

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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keratin waste [3]. Leather industries throw out extensive amount of waste products and con-
sidered as polluting industries with negative environmental impact [4]. The main producer of
keratin waste includes the United State of America, China, India and Brazil which produces
millions of tons of keratin containing protein [5, 6].

Keratin protein is the major component of the keratin waste [7] and belongs to the sclero-
protein group [8]. Keratin protein is greatly resistant to the action of physical, chemical and
biological agents [9]. The poultry feathers and other keratin-containing waste is dumped,
land filled and incinerated throughout the world [10, 11]. These activities cause soil, water
and air pollution. Discarded feather furthermore causes different human diseases including
chlorosis and fowl cholera [12].

Very few microorganisms are capable to break down the keratin protein and utilize them as
a source of nutrition [13]. Nature has provided earth with an assortment of beneficial organ-
isms. Keratinophilic microflora (fungi and bacteria) is nature’s gift and the biggest group
of the organisms which have the capability to degrade the keratin waste [14, 15]. Biological
degradation of keratin waste is more efficient than the physical and chemical degradation,
yielding more useful by-product which can be utilized in commercial applications. In this sce-
nario, biological keratin waste degradation has received the consideration from the scientific
research community in recent days [16, 17].

2. Keratin protein

Keratin is an insoluble protein that forms the major component of the outer layer of the epi-
dermis and helps to prevent the loss of body fluids [9, 14, 18]. Keratin word initially comes
into view in the literature around 1850 to describe that keratin is made up from the hard
tissues [19]. Keratin is the most complex proteins of epithelial cells of vertebrates [20, 21].
Keratin protein is a tough, fibrous and the third most abundant polymer in the environment
after cellulose and chitin [22, 23].

According to the sulfur content, keratin proteins are divided into (a) soft keratins — skin and
callus (b) hard keratins — feather, hair, hoof and [24-26]. This protein belongs to the scleropro-
tein group [27, 28]. The durability of keratins is a direct consequence of their complex archi-
tecture with extremely high molecular weight [29, 30]. Keratin protein is not easily degraded
by pepsin, trypsin and papain because of disulfide bonds, hydrogen bonding, hydrophobic
interactions [31-34].

2.1. Types of keratin

There are two types of keratin.

2.1.1. Alpha keratin (a-keratin)

Alpha keratin is found in the epithelia of all vertebrates [35]. The a-helix in alpha keratin consti-
tutes the environmental problem due to their resistance to degradation from microbes [36, 37].



Keratin Waste: The Biodegradable Polymers
http://dx.doi.org/10.5772/intechopen.79502

Alpha keratins in particular are remarkable for their strength, elasticity, toughness, insolubil-
ity and flexibility. Alpha (a) keratin has abundant quantities of hydrophobic amino acid, i.e.
methionine, phenylalanine, valine, isoleucine and alanine [38]. According to the sulfur content,
this protein is classified in hard and soft keratins [39].

2.1.2. Beta keratin (B-keratin)

Beta-keratin is structural protein and present in reptiles and birds [40]. Beta (f3) keratin has
high cysteine percentage and the cysteine readily forms disulfide bonds, which confer rigidity
and provide enhanced resistance to degradation [41]. In a mature feather about 80-90% of
[-keratin is present [42]. The molecular weight of individual keratin proteins is usually in the
10-14 kDa range [43, 44].

3. Major source of keratin protein

Keratin protein derives from living organism or from their body parts after death. The richest
sources of keratin are feathers, wool, hair, hoof, scales and stratum corneum (Figure 1) [27].
Hair is the byproduct from tanneries during the haircut process [45]. Keratin protein is pres-
ent in the human hair and offers flexibility, strength and durability to the hair in the form of
different conformations [46, 47]. The bird’s feather is made up of over 90% of keratin protein
and produced as waste by poultry-processing industries [48].

Figure 1. Major sources of keratin protein (A) Bird’s beak; (B) animal hair; (C) human nail; (D) horn; (E) human hair; (F)
hoof; (G) nail; (H) chicken feather: the hosts for these sources include human, bird and animal.
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The human hair is a natural filamentous biomaterial and chemically, approximate 80% keratin
protein is present in human hair [49]. The accumulation of hair causes many environmental
problems and considered as waste protein [50]. Feathers protect the birds from cold, rain,
sun and injury [51]. The chicken feather is composed of about 90% of keratin [52], which is a
fibrous and insoluble structural protein consisting of S-helical coils joined together by disul-
fide linkages [53]. This structural feature enables it to resist adverse environmental conditions
and degrades by proteases [16]. Therefore, feathers are considered as a biological waste and
cause serious environmental problems [54].

The human nail is an important organ of the human body and primarily composed of a highly
cross-linked keratin network, a scleroprotein containing large amounts of sulfur (3.8%) with
several disulfide linkages. This unique structure results in a highly effective permeability bar-
rier [55]. The beak of the birds has an external shell of hard keratin which consists almost
entirely of proteins [56]. Structurally, hoof keratin contains a-helical conformation with an
admixture of B-sheet and possesses high thermal stability [57].

The horn is the tough animal tissue and has inflexible configuration due to the sulfur cross-
linkages [58, 59]. Fundamental components of any horns are keratin, free amino acids, peptides,
lipids, remain microelements: calcium, aluminum, chromium, copper, iron, manganese, and zinc
[60]. Keratin protein in the animal horn is the tough-fiber, and its treatment is very difficult [61].

4. Impact of keratin waste on environmental pollution and human
health

Industry has become an essential part of modern society, and waste production is an inevi-
table outcome of the developmental activities. Keratin wastes are produced in huge quantities
from commercial poultry processing plants, leather industries, wool industry, textile indus-
try, and slaughterhouses (Figure 2). These wastes may pose a potential hazard to the human
health or the environment (soil, air, water) [1].

4.1. Keratin waste from the poultry industry

Feathers from the chicken generated in large quantity as a waste by-product of the poultry
processing plant. Worldwide, around 8.5 billion tons of poultry feather is generated annually,
of which India’s contribution alone is 350 million tons. Accumulation of chicken feathers will
lead to environmental contamination [12, 62, 63]. Chicken feather causes environmental pol-
lution as well as adversely affects the people’s life living in nearby localities [64].

4.2. Keratin waste from slaughterhouses

Keratin waste is generated from the meat industry (slaughterhouses) in the form of chicken
feathers, beaks, mixture of bones, organs and hard tissues in very large quantity. Keratinous
wastes are degraded very slowly in nature, and considered as hazardous wastes according to
EU directives [65]. The contaminated waste water generated from such industries caused the
problems of acidification of soils, eutrophication and decreased species diversity. The conven-
tional methods employed for the disposal of keratin waste are not only costly, but also very
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Figure 2. Major keratin waste producing industries.

difficult. Decomposition methods like incineration are employed [20], but these procedures
are environment-polluting and pose risk to the environment [66].

4.3. Keratin waste from leather industry

Leather industries are the most polluting industries globally. The leather processing is
responsible for unfavorable impact on the environment [67, 68]. Keratin wastes generated
from leather industries in very large amounts include both solid and liquid waste, which is
mostly of animal origin [69]. A considerable amount of keratin protein waste such as hair,
horns and hoofs are thrown away by leather industries [20]. Tannery industries discharge
the wastes and causing serious health problems as well as pollute the air, soil, and water [70].

4.4. Keratin waste from barber shops

Barber and hair stylist shops are also the most important keratin pollution sources. Human hair
is considered as environment pollutant and found as the municipal waste in the world [71].
In the city area, it often accumulates in large amounts as solid waste and chokes the drainage
systems. In rural areas, hair is thrown away in nature where it slowly decomposes over several
years. Open dumps of hair generate hair-dust which causes discomfort to people residing in
these areas and, if inhaled in large amounts, can result in several respiratory problems [50].

5. Traditional disposal strategies of keratin waste and their
disadvantages

Each year, approximately 24 billion chickens are killed across the world and huge amount
of poultry feathers produces globally [72, 73], in addition to the accumulation of human
hair in waste treatment facilities worldwide [51]. Keratin solid waste generated from meat,
poultry processing, fish industries, wool industries considered as harmful environmental
pollutants [74, 75].
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Due to pathogenic microbes on the keratin waste, efficient and immediate treatment of keratin
waste has become necessary [76]. The tremendous volume of keratin waste creates a serious solid
waste problem in many countries [77]. The keratin waste is linked with the evolution of odors
and pathogens into the soil and water [78]. Disposal of keratin waste is quite challenging [79].

Considering the huge quantity generated, there are four methods for dealing with keratin
waste: incineration, landfilling, composting, and mechanical grinding (Figure 3) [20].

5.1. Incineration

Incineration involves combustion of keratin waste and destroying potential infectious agents
[80]. Incineration plant’s temperatures are above 850°C and mostly waste is converted to CO,
and water [81]. Due to the requirement of high temperature, the operating costs are not only
expensive but also difficult to maintain [6]. Incineration leads to the release of pollutants into
the atmosphere, causing foul odors and contribute to harmful runoff, which negatively impacts
the surrounding and downstream areas including livestock and nearby ecosystems [50].

5.2. Landfilling

The traditional method for disposal of keratin wastes is land filling [20, 79]. Historically,
landfills have been the most popular methods of organized waste disposal and continue to
remain in several places around the world [82]. The improper disposal of keratin wastes by
landfilling contributes to environmental damage and transmission of diseases [83]. Land fill-
ing also poses problems like landfill leachate and greenhouse gases [84]. Leachate increases
the nitrogen concentration in surrounding areas, leading to algal blooms and harming the
ecosystem [50]. So, landfilling is the less expensive way for discarding of keratins waste, but
it is not an efficient method.

5.3. Composting

Composting is the additional economical method for recycling feather waste. Ninety per-
cent of the feather-weight consists of crude keratin protein, and also contain 15% N [85, 86].
Composting is an aerobic biological process degrading organic material of poultry, slaughter-
house wastes, manure, and litter. This process reduces the pathogens, and compost product
can be used as the soil fertilizer [87-89].

5.4. Mechanical grinding

The method to dispose of keratin waste is mechanically breaking it down into useful prod-
ucts. In this process, the poultry feathers are hydrolyzing under heat and pressure and then
grinding and drying. The dried waste ground into a powder and later processed into useful
products [90]. The ground powder can be used as a nitrogen source for animal feed (mostly
ruminants) or as an organic soil enhancer [91]. There are certain disadvantages of the mechan-
ical grinding method. Extremely high temperature and grinding result in the loss of several
valuable amino acids [69, 92].
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Figure 3. Traditional disposal methods of chicken feather waste.

Disposal of keratin waste from incineration, landfilling, composting, and mechanical grind-
ing is restricted because of enormous production of harmful gases and poses the risk to the
environment [66]. Considering the disadvantages of the above all methods, the management
of keratin waste using microorganisms appears to be a viable option and it is therefore,
attracting scientists for research in this field.

6. Techniques for hydrolysis of keratin waste

The management of keratin waste generated in the poultry industries, leather industries, and
slaughterhouses is a major concern of many nations across the globe [93, 94]. Numbers of
methods, including hydrothermal, chemical, enzymatic or biological treatments have been
therefore investigated in the past few years to improve the digestibility of feathers (Figure 4)
[20, 95, 96].

6.1. Hydrothermal method

The hydrothermal process usually employs high temperature (80-140°C) and high steam
pressure (10-15 psi) with the addition of acids or bases for the degradation of keratin wastes
[97, 98]. This method consumes the high quantity of energy and addition of acids (HCI) or
bases (NaOH), which break peptide bonds of keratin [99, 100]. Hydrothermal hydrolysis of
degradation also required a longer time (16 hours) for feather degradation [20].

Keratin protein is not degraded by trypsin, pepsin, and papain in its native state, because
of multiple disulfide bonds [4]. Keratin waste is disposed of through thermal processing
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according to health regulations. The ash product that is obtained from this process is
rich in macronutrients as well as micronutrients. These components have high fertilizing
value [97]. The recent processes of hydrothermal treatment are costly as well as destroy
amino acids and contain non-nutritive amino acids such as lanthionine and lysinoalanine
[70, 101, 102].

6.2. Chemical method

The chemical hydrolysis process of keratin wastes is based on the chemicals (acid, base,
catalyst). Chemical hydrolysis requires more aggressive conditions of the reaction (high
temperature and pressure) and carries a greater risk to the environment [103]. The chemical
hydrolysis reaction is slower and highly efficient, but causes the loss of some amino acids, e.g.
tryptophan [76]. The chemical methods require more time, chemicals and energy with expen-
sive industrial equipment for processing. The product has low nutritional value because it
contains small amounts of the essential amino acids. The solubility and stability of the hydro-
lysates depend on the degree of protein degradation [99].

The chemical hydrolysis process increases the emission of certain gases like CO, SO, into
the environment and causes respiratory diseases, cardiovascular diseases, and cancer, among
other illnesses [16]. Hence, there is an urgent need to develop biotechnological and eco-
friendly alternatives for recycling of keratin waste.

6.3. Biological method

Considering the potent polluting implications and thermo-energetic cost of the above
approaches for the treatment of keratin waste, microbial degradation/ biological method is
an alternative, cost-effective and ecologically safe method [104, 105]. Keratinase enzymes
produced by microorganisms are the possible alternative to convert keratin waste into the
nutrient-rich animal feed [106, 107]. Very few microorganisms utilize keratin by enzymatic
digestion as a source of nutrient substrate for growth. These microorganisms are called kera-
tinophilic microflora.

Keratinophilic microflora represents a significant component of soil and an important group
of fungi, bacteria and insects that degrade the highly stable animal proteins on earth due to
the release of keratinases [14, 34, 108, 109]. Microbial keratinase is a proteolytic enzyme that

KERATIN WASTE HYDROLYSIS
TECHHNIQUES
HYDROTHERMAL CHEMICAL BioLoGicAL

Figure 4. Keratin waste hydrolysis techniques.
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posses the capability to degrade the insoluble keratin protein [110-112]. The enzymatic ability
of keratin degrading microorganism to decompose keratin has long been interpreted as a key
innovation [113]. Keratinase enzymes have molecular weights ranging from 18 to 240 kDa
[114, 115].

Biological degradation of keratin waste is more efficient than hydrothermal and chemical
degradation, resulting in more useful and toxin-free product. Thus, on employing this ability
of keratinophilic microorganisms on an industrial scale, the environmental impacts of incin-
eration and landfilling can be reduced to a great extent.

Microbial keratin degradation follows the sequence of adhesion, colonization, amplifica-
tion of keratinase pursued by the breakdown and deprivation of the substrate [116]. In the
process of microbial keratin degradation, microorganisms’ preliminary consumes the lipids
(non-keratinous elements) and then begin to degrade keratin [117]. Keratin degradation
comprises two major actions, i.e., sulfitolysis (breakdown of disulfide bonds) and prote-
olysis (proteolytic attack) by keratinolytic proteases (keratinases) based on the complexity
nature of keratin [16, 106, 109]. Sulfitolysis is the main process of keratinolysis [118]. In this
process, microorganisms discharge sulfide, which is accountable for the breakdown of kera-
tin’s disulfide bonds [14]. In proteolysis, bacteria and fungi are able to degrade keratinous
substrates proficiently due to their ability to secrete extracellular keratinase enzyme into the
medium [22, 105].

Keratinophilic microbes attack keratin substrates in or on soil; therefore, biodegradation takes
place [27, 119]. Several microbial strains could be valuable as they possess very significant
degradation ability [94]. The keratin-degrading fungi are an environmentally important
group of fungi and considered as soil saprophytes [120, 121]. The soil is rich in the kera-
tin protein so the keratinophilic fungi easily occur and grow [122, 123]. Keratin degrading
fungi colonize keratin waste and degrade them into low molecular weight [124, 125]. Most
of the keratinophilic fungi belong to the families of Arthodermataceae and Onygenaceae in
Ascomycetes. The keratinophilic species belong to the genera Chrysosporium, Microsporum,
Trichophyton, Aspergillus, Fusarium, and Uncinocarpus [126]. These fungi are active produc-
ers of extracellular keratinase, they can be used in bioremediation of such waste and waste
contaminated sites [14, 127].

A number of bacterial strains are capable of degrading keratins have been reported. Bacteria
can grow faster than fungal species and therefore have potential in industrial applica-
tions. The degradation of keratin is predominantly confined by Bacillus, Microbacterium,
Lysobacter, Nesternokia and Kocuria (Gram-positive bacteria) and Vibrio, and Xanthomonas
and Chryseobacterium (Gram-negative bacteria) [128, 129]. The maximum feather-degrading
abilities are observed mostly in the strains of Bacillus licheniformis [31, 130] and less fre-
quently in populations of Bacillus pumilus, Bacillus cereus and Bacillus subtilis [131]. Keratin-
degrading bacteria are Burkholderia, Chryseobacterium, Pseudomonas, Microbacterium sp., Vibrio,
Flavobacterium, and Thermoanaerobacter [132, 133].

Studies on keratinophilic fungi started in 1952 with the discovery of hair baiting technique. This
technique facilitated researchers for isolation of fungi from soil throughout the world [134].
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Otcenasek [135] reported worldwide distribution of keratinophilic mycobiota in soil. Most
keratin degrading fungi belong to Arthodermataceae and Onygenaceae families of the order
Onygenales in Ascomycetes. The growth of fungi on temperature ranging from 15-35°C and
some require a range of high temperature for optimum growth [29, 136]. Fungi grow at pH neu-
tral to the weak acidic environment, with the highest production mycelial. Optimum pH 5.0-8.0
is suitable for conidial production and sporulation in liquid media [137, 138]. The screening
of keratinolytic activity of fungi was tested through chicken feather degradation in Basal Salt
Medium (BSM) [139].

Similar to isolates of fungi, lists of bacterial strains capable of degrading keratins have been
reported [140]. Williams [141] isolated feather degrading Gram variable, endospore form-
ing, motile, rod shaped bacterium and identified as Bacillus licheniformis PWD-1. This isolate
demonstrated facultative growth at thermophilic temperatures with optimum at 45-50°C and
pH 7.5. Deivasigamani and Alagappan [9] isolated keratinolytic Bacillus sp. from slaughter-
house and poultry farm and observed maximum keratinase activity (122.5 KU/ml) at pH 8.0.
Cao [142] isolated a father degrading bacterium (Stenotrophomonas maltophilia) from decom-
posing poultry feathers, which showed the highest feather degrading activity at 40°C and
pH 7.5-8.0. The keratin degrading microbes are widespread among the soil microbial popu-
lation. These microbes have the ability to colonize and breakdown the complex keratinous
waste.

The keratinophilic microorganisms effectively degrade the keratin waste and recycle them
into valuable products [143]. The possible use of keratinase is in various applications such as
in the poultry industries, waste bioconversion, leather industries, pharmaceutical industries,
textile processing, detergent formulation, animal feed and fertilizers [144-146].

7. Conclusions

The keratinophilic microflora degrades the various keratinous waste effectively and
showed the keratinolytic activity. The keratinous waste degradation by biological way
is not only economical but also a possible process for better management of keratinous
wastes. Keratin degrading microorganisms could be used for biotechnological application
in recycling of poultry waste for environmental protection (production of nitrogenous fer-
tilizer and animal feed) and its fermentation broth could be useful in leather industry and
textile industry, etc.
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