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Kynurenine Pathway in Skin Cells:
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Abstract: The kynurenine pathway (KP) is the principle route of catabolism of the essential amino acid tryptophan, leading to
the production of several neuroactive and immunoregulatory metabolites. Alterations in the KP have been implicated in various
neuropsychiatric and neurodegenerative diseases, immunological disorders, and many other diseased states. Although the role of the KP
in the skin has been evaluated in small niche fields, limited studies are available regarding the effect of acute ultra violet exposure and
the induction of the KP in human skin-derived fibroblasts and keratinocytes. Since UV exposure can illicit an inflammatory component
in skin cells, it is highly likely that the KP may be induced in these cells in response to UV exposure. It is also possible that some KP
metabolites may act as pro-inflammatory and anti-inflammatory mediators, since the KP is important in immunomodulation.
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Introduction
Representing a shield against harsh external envi-
ronmental effects, the skin is the largest organ in the
human body and serves an array of vital purposes.'-
Apart from providing an integration of one’s physi-
cal aesthetics, the skin also represents the first line
immune defence, temperature regulation, and pro-
vides a protective barrier from external insults such
as mechanical stress and ultra violet (UV) radiation.
Chronic exposure to UV rays has been implicated in
skin aging and carcinogenesis.** While most of the
UV energy reaching the human skin is in the UVA
range (>95% from 320 to 400 nm), most of the dele-
terious effects are due to UV radiation (290-320 nm).
UV can induce numerous degenerative processes
including inflammation, and oxidative stress leading
to epidermal photodamage, and erythema.>* DNA-
base dimerisation which can consequently occur as
a consequence is considered a leading cause of skin
cancers.’

The KP is the major route of catabolism of the
essential amino acid tryptophan (TRYP), leading to
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the production of several neuroactive and immuno-
regulatory metabolites.”® Alterations in the KP have
been implicated in various neuropsychiatric and neu-
rodegenerative diseases, immunological disorders,
and many other diseased states.’!” A number of recent
studies have indicated that the KP may also be involved
in acute and chronic UV damage.>'® This review criti-
cally analyses our current understanding of KP in the
regulation of skin physiology. It also discusses the
importance of understanding KP metabolism in skin
cells in response to UV damage, and highlights the
lack of literature available in this increasingly grow-
ing field of research. Since UV exposure can generate
an inflammatory response in skin cells, it is highly
likely that the kynurenine pathway (KP) may also be
subsequently induced in these cells.

Human Skin Physiology

The human skin can be very generally divided into
three sections: the epidermis, the outermost layer;
dermis in the middle, and the hypodermis (or sub-
cutaneous tissue)' (Fig. 1 and Table 1). In humans
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Figure 1. Simplified three-dimensional diagram of the human skin.

16

International Journal of Tryptophan Research 2012:5


http://www.la-press.com

¢

Kynurenine pathway in human skin

Table 1. Main layers of human skin including their compo-
sition and function.

Skin layer Composition Function
Epidermis  — Stratified squamous — Immune defense
epithelium — Filter out UV
— Keratinocytes damage
— Melanocytes — Produce
— Langerhan cells pigmentation
— Merkel cells — Defense against
pathogens
— Moderate
temperature
Dermis — Collagen fibrils — Pliability
— Fibroblasts — Tensile strength
— Phagocytes — Elasticity
— Lymphocytes
— Langerhan cells
— Mast cells
Hypodermis — Subcutaneous fat — Insulation
— Calorie reserve
— Cushioning
and shock
absorption

UVA can penetrate deeper into the skin than UVB.
Since UVA is the major component of UV energy, the
basal layers of the epidermis are more susceptible to
UV exposure where skin keratinocytic stem cells and
melanocytes are present.

Epidermis

Containing no blood vessels, the epidermis is a strati-
fied squamous epithelium. It is made up of many
layers of closely packed cells, most of which are kera-
tinocytes, but also contains melanocytes, Langerhan
and Merkel cells.?® The epidermis can be divided into
four sections, the horny layer, granular layer, prickle
cell layer and the basal layer. These sections are char-
acterised by their keratinocyte properties and their
degree of differentiation as the cells move from the
basal layer to the horny layer.?**!

In the time span of thirty to sixty days, dividing
cells of the epidermis in the basal layer are mitotically
migrated to the horny layer where they eventually die
and shed, maintaining a constant thickness of skin
through this cycle. The epidermis downwardly proj-
ects ridges to interlock with the upwardly projecting
dermal papillae of the dermis, forming the dermal-
epidermal junction which primarily acts to join these
two layers and provide protection against external
shearing forces.?

Dermis

The dermis makes up much of the bulk of the skin and
gives it its pliability, tensile strength and elasticity.
It is primarily composed of interwoven fibres, made
up mainly of collagen. The main cells present in the
dermis are fibroblasts, although phagocytes, lympho-
cytes, Langerhan, and mast cells are also present.?*?!
Much of the skins nociceptors, mechanoreceptors,
lymphatics, and smooth and striated muscle are pres-
ent in the dermis. The dermis and the hypodermis are
separated by a very abrupt transition from a fibrous
connective tissue to an environment which is abun-
dant in adipose tissue.?

Hypodermis

As well as working as an energy reserve, the hypo-
dermis acts as an insulation barrier, protecting the
skin and moulding the contours of the body. Loss of
this subcutaneous fat would result in poorly balanced
glucose, triglyceride and cholesterol regulation, as
well as other cosmetic dysfunctions.?

The three layers of the skin work interdependently
to serve as a barrier from external damage, to prevent
loss of important body constituents, and ultimately to
maintain normal physiological functions.?” Of the many
cell types that are present in the skin, keratinocytes and
fibroblasts are becoming increasingly important as we
discover more about their implications in immune reg-
ulation and in various disease states? (Fig. 2).

Functional correlations

Keratinocytes primarily make up the outermost horny
layer, although, they play a very important role in
immunological function.*® They are composed of
keratin filaments and have a predominantly struc-
tural role. When activated in an immune response
caused by injury, or stimulated by exogenous factors
such as UV radiation, they can secrete anti-microbial
peptides.” They also release inflammatory cytokines
which are constitutively active in small amounts and
are upregulated in injury. Keratinocytes also play a
large role in the healing process after injury to the
epidermis, since the cells self-regulate their differen-
tiation and proliferation.?*?!

On the other hand, fibroblasts are not fixed cells
confined to a specific area, but migrate through
the tissue, synthesising and degrading fibrous and
non-fibrous material. They continuously secrete
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Figure 2. Damaged keratinocytes (following exposure to UV or IFN-y) release numerous cytokines including interleukin 1 (IL-1), which then in turn activate
endothelial cells that express selectins, slowing down the migration of lymphocytes to the site of injury, IL-1 acts as a chemotactic factor to draw lympho-

cytes into the epidermis.

Notes: IL-1 simultaneously activates keratinocytes by binding to the IL-1 receptor, leading to increased production of other cytokines, including tumour
necrosis factor o (TNF-a). TNF-o both activates keratinocytes, and keeps them in an activated state. Activated keratinocytes proliferate, migrate and

release more cytokines.

precursors to extracellular matrices, hence maintain-
ing integrity of connective tissue. These cells play a
crucial role in wound healing and scarring as they
increase their proliferative activity in these times of
stress.?! Keratinocytes and fibroblasts work in con-
junction with other skin cells to maintain regular
immune function (Table 2).

There is a high degree of immune regulation within
the papillary dermis, with macrophages, monocytes
and dermal dendrocytes accounting for a phagocytic
system within the skin. Macrophages, which ulti-
mately differentiate into monocytes in the dermis, act
through various mechanisms such as cytokine secre-
tions to prevent infections.!”* Unlike these cells, the
dermal dendrocytes are fixed cells but they are anti-
gen presenting phagocytic cells. These mechanisms
cannot be overstated, as the integumentary system is
the bodies’ first line of defense against disease."

With immune regulation being such an important
aspect of physiological maintenance, it seems impor-
tant to examine the potential effect that the KP has in
this physiological system, as it too has been impli-
cated in immune function.?2°

The Role of Tryptophan Catabolism
via the Kynurenine Pathway

in Mammalian Cells

Although a lot of emphasis has been placed on
its role as a precursor to the neurotransmitter
5-hydroxytryptophan (5-HT), most of the TRYP in
the body is metabolized through the KP?! (Fig. 3).
The KP represents the major route of TRYP catabo-
lism, leading to the formation of the essential pyri-
dine nucleotide, nicotinamide adenine dinucleotide
(NAD").* This is achieved through an uncapped diver-
sion in the KP to produce more NAD" in the liver.*
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Table 2. Main cells in the skin and their functional role in
the maintenance of skin physiology.

Skin cell

Keratinocyte

Function

— Produce cytokines

— Release IL-1 to initiate immune
inflammatory cascades

— Produce (immunosuppressive)
a-melanocyte stimulating hormone

— Secrete extracellular matrix

— Antigen presenting to T lymphocytes

— Immunosurveillance for viral and
tumour antigens

Differentiate into subpopulations

— CD4 (helper): induce inflammation,
produce IL-2,4,5,9,13, produce IFN-y

— CD4 (regulatory): suppress/maintain
immune tolerance

— Cytotoxic: destroy allogeneic tumour
and virally infected cells

— Natural killer: destroy targets
sensitised with antibody

Mast — Granules containing inflammatory

mediators (histamine, heparin)

important in modulating an allergic

response

Fibroblast
Langerhan

T-lymphocyte

As more than 95% of tryptophan in the CNS
is metabolized through the KP,'* the role it plays
in maintaining physiological homeostasis is very
significant especially with regard to immune
regulation. It has been shown very clearly that the
KP and its metabolites are very important in immune
modulation,** and are associated with the patho-
genesis of a variety of disease states.**** The acti-
vation of the KP pathway can be brought about by
indoleamine-2,3-dioxygenase (IDO-1) which is the
first rate limiting enzyme in this pathway.* IDO is
extremely important in immune suppression, partic-
ularly in the non-rejection of allogeneic foetuses.*
It has been found that cells which express IDO can
suppress T-cell responses and hence induce immune
tolerance.® This theory has been supported by many
studies and is the basis of Moffett and Namboodiri’s*?
hypothesis that TRYP depletion suppresses T cell
proliferation through a huge restriction in the avail-
ability of this amino acid. Conversely, TRYP load-
ing has been shown to induce oxidative stress in
healthy volunteers.***’ Similarly, supplementation
with TRYP in patients with depression in hopes of
increasing serotonin availability has led to severe
and debilitating immune disorders.*

Of the many metabolites expressed in the KP,
the most important to consider are quinolinic acid
(QUIN), a potent neurotoxin and agonist at gluta-
mate receptors,” and two generally neuroprotective
metabolites, kynurenic acid (KYNA) and picolinic
acid (PIC) (Guillemin et al'*). These compounds are
all able to affect oxidative stress, however in different
capacities, as the various KP metabolites have either
cytotoxic or protective effects. Interestingly, these
metabolites can occasionally possess both of these
properties depending on their concentration. In terms
of their toxicity, several of the KP metabolites have
been thoroughly investigated, using both in vitro and
in vivo animal neurodegeneration models.?**’

Quinolinic acid

QUIN is a selective, but weak agonist of the
N-methyl-D-aspartate (NMDA) receptor.*>* QUIN
is an extremely important metabolite. Recently,
Braidy et al®* performed a study which supports
the well accepted idea that the neurotoxic effects of
QUIN is attributed to an increase in intracellular Ca®*
influx through NMDA glutamatergic receptor activa-
tion.>*>* This calcium influx induces the activation of
a cascade of downstream intracellular enzymes such
as nitric oxide synthase and xanthine oxidase which
then produce reactive oxygen species (ROS), lead-
ing to oxidative stress and macromolecular damage
and consequently cell death. Under normal condi-
tions, QUIN is a necessary precursor for the produc-
tion of NAD* at concentrations below 300 Nm.»
The neurotoxic capabilities of increased quinolinic
acid levels (>300 nM) has been observed in many
disease states, such as Alzheimer’s disease,’® Hun-
tington’s disease,’” and Acquired Immunodeficiency
Syndrome (AIDS).%®

Kynurenic acid and picolinic acid
As opposed to QUIN, KYNA has been shown to be
generally neuroprotective (Guillemin et al'?). It is a
non-selective antagonist at NMDA receptors, with
high affinity for the glycine co-agonist site, and hav-
ing the ability to antagonize the neurotoxic effects of
QUIN.>*%® Despite its neuroprotective role in disease,
KYNA is produced in too little amounts to attain any
clinical significance.®'

The effects of altered levels of KYNA have been
studied in a variety of disease states, predominantly
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Figure 3. Simplified diagram of the kynurenine pathway.

those of a neurodegenerative nature. In contrast to
QUIN, KYNA appears to behave differently in dif-
ferent concentrations.***> Elevated levels have been
associated with schizophrenia, and bipolar disorder*’
and decreased levels have been associated with mul-
tiple sclerosis,”> and Amyotropic Lateral Sclerosis
(ALS).®

Another endogenous neuroprotective metabolite in
the KP, PIC is three times weaker than KYNA when
blocking the effects of QUIN.%¢ Without affecting the
excitatory effects of QUIN, it can block its neurotoxic
effects through an unknown mechanism, as it does
not seem to compete for the same agonist binding site
on the NMDA receptor. Picolinic acid also increases
chemokine release, and stimulates the releases of anti-
microbial, anti-viral and anti-tumoral agents.5¢"!

Other kynurenines (3-HK, 3-HAA

and 5-HAA)
Additional metabolites produced in the KP also
show significant ability to cause toxic effects.

2-amino-3-carboxymuconate-
semialdehyde decarboxylase

N

Picolinic acid

3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic
acid (3-HAA) and 5-hydroxyanthranilic acid (5-HAA)
produce highly reactive free radicals that play an
important role in the pathogenesis of neurodegenera-
tive disorders.”” Okuda et al” found that the toxicity
induced by 3-HK was mainly related to the intracel-
lular accumulation of peroxide, which was able to be
attenuated greatly by the use of catalase.””’* Similarly,
Smith et al”> demonstrated the same principle for all
three metabolites as well as showing p38 signalling
activated cell death as a result of 3-HK and 5-HAA.
3-HK also represents a natural UV filter in the human
lens, and other metabolites of tryptophan act as UV
filters in some organisms.”’® KP metabolites includ-
ing 3-HK are of great interest when investigating the
effects of UV in human skin.

Kynurenine pathway and human skin

A vast majority of the studies investigating the break-
down of tryptophan via the KP have focused on the
pathogenesis of neurological disorders,>6282.31.32.77-82
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Studies examining the KP in the skin are extremely
limited, and so it is with the association of the NMDA
receptor in the skin with which the implications of the
KP pathway should be considered.

NMDA receptors have been recently found to be
present in non-neuronal tissue, and have been demon-
strated to have functional roles in both keratinocytes®
and fibroblasts.®* These studies suggest that Ca?*
influx through the NMDA receptors in keratinocytes
inhibits the re-epithelialisation process, affecting cel-
lular proliferation, differentiation and migration in
the cell cycle. Albina et al® found that glutamate is
present in keratinocytes, and is upregulated during
inflammation or wounding, implying that NMDA
receptor activation is linked intrinsically to epidermal
maintenance.®

Expression of Components
of the Kynurenine Pathway

in Fibroblasts and Macrophages

The KP is understandably differentially expressed in
all cells, making the characterization of its expres-
sion in various important cell types very important,
especially those which are known to be involved in
immune responses. Having an understanding of how
the KP is expressed in the cell types of interest is a
crucial starting point for investigating the implica-
tions of alterations in this significant pathway.

Fibroblasts

The KP has recently been shown to be fully expressed
in human dermal fibroblasts, with a considerable
difference in the basal levels of expression across
genes and individuals.'® These differences have been
explained by variations across different cultural
backgrounds. As with many other cells expressing the
KP components, IDO1 expression is inducible with
IFN-y treatment leading to a significant increase in
the production of KYN and its metabolite, KYNA.'

Macrophages

The KP has been shown to be fully expressed in
macrophages. These inflammatory cells possess the
ability to produce about 20 to 30 times more QUIN
than microglial cells in the brain.*® This difference in
excitotoxic producing ability is associated with lower
expression of three key enzymes in microglia: IDO,
KYNase and KYN-OHase."’

Effect of Pro-inflammatory Cytokines
and Ultraviolet Exposure

on Kynurenine Pathway Expression

As discussed earlier, IFN-y is a pro-inflammatory
cytokine that is released by activated T-cells during
an immune response. The sustained catabolism of
TRYP is a very well reproduced effect that occurs
as a response to IFN- y exposure. This is the crux of
Moffett and Namboodiri’s* hypothesis that TRYP
depletion suppresses T-cell proliferation by drasti-
cally depleting the supply of this limited amino acid.

A recent study performed by Asp et al'® found that
human skin fibroblasts showed a massive increase in
transcripts encoding IDO1 when stimulated by IFN-y.
They also found that fibroblasts can release KYNA,
which was greatly increased following the IFN-y
stimulation. This further supports the idea that IFN-y
treatment can stimulate cells to increase the rate of
TRYP degradation, and that IDO1 is the major deter-
minant of this response.

UV exposure can have similar effects on cellu-
lar functioning as IFN-y exposure, as it can trigger
the release of many endogenous cytokines. TNF-o
expression has been shown to be increased in acute
UV exposure, and this has potential to affect the KP
in the skin as TNF-o is a potent inducer of IDO1. As
IDOL is the first and rate-limiting enzyme in the KP,
this potential connection between UV exposure and
the KP could potentially be the defining connection
between these two pathways. Although, Asp et al'®
showed that there was no significant change in levels
of KYNA in response to TNF-a, there was a marked
and very selective increase in the levels of transcripts
encoding kynureninase, suggesting that different
cytokines display selectivity for expression of certain
genes in the KP in human skin cells.

Programmed cell death is also implicated in both
acute UV irradiation and oxidative damage as p53
has an invaluable role in DNA repair, from the pro-
motion of repair to the induction of apoptosis to pre-
vent tumor colonization. Acute UV irradiation for
example results in the immediate upregulation of
p53 transcription.®® Cell-cycle arrest can be attrib-
uted to p21, also known as CIP1 and WAFI, which
inhibits cyclin-dependent kinase (CDK) by binding
to it to form a dysfunctional complex causing the
cell cycle arrest.®” If DNA repair mechanisms are
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unable to rectify the damage, p53 as a transcriptional
transactivator, then initiates apoptotic pathways to
prevent the proliferation of damaged cells.®® It either
upregulates pro-apoptotic factors such as Apo-1 and
Bax, or down regulates apoptosis suppressing genes
such as Bcl-2.°° p53 maintains physiological integrity
through several other mechanisms including angio-
genesis inhibition through BAIl and TSP1 genes, and
via promoting correct replication through the use of
the GADDA45 gene.”!

Within this biochemical microcosm we can see
another potential role for the KP. NAD*, the end
metabolite of the KP, could have a paramount role in
cellular repair.”*® Sirtuins (in this case Sir2), a class
of cellular conservationist proteins, are responsible
for the NAD" dependant deacetylation of a variety of
protein substrates.” In this case, p53 is deacetylated
which attenuates its apoptotic cellular response and
Sir2, along with other DNA repair genes are able to
resume repair.”’ As such, there is a potential role for
the KP and its metabolites in maintaining anabolism
of NAD" within the skin.

Lack of Literature on the Kynurenine
Pathway in Skin Cells

A clear majority of the work performed on the
metabolic routes of the KP have focused on its
implications in neurodegenerative disease. Much
interest has been placed on determining the role of the
KP in many different neuronal cells, and determining
the intricate details of their expression pathways.
There is however, very little work in the area of TRYP
breakdown in human skin. Studies in the skin appear
to have originated, like many other KP studies, in
understanding TRYP metabolism and its connection to
common dermatological pathologies.****'® This lead
to detailed studies into the presence and functionality of
both TDO and IDOV1 in skin cells, however these studies
have all been relatively restricted to their subsequent
effects on immune regulation. For example, the study
recently performed by Asp et al'® provided the very first
insight into the effect of inflammatory cytokines on KP
transcripts and their downstream metabolites in human
dermal fibroblasts. Moreover, Li et al” extensively
studied IDO1 in human keratinocytes and its role in
MHC class I antigen suppression. This form of research
has been developed further into studies regarding IDO1
as a potential pharmacological target for skin grafting.

This relatively uncharted area of study is becom-
ing exponentially important as we aware of skin can-
cer incidences rising at an alarming rate, especially
in Australia and New Zealand where the highest
incidence rates of melanoma have been observed."
A plethora of research has been undertaken in UV
related immune suppression due to its frightening
implications in carcinogenesis.>* KP metabolites have
already been shown to play a major role in UV protec-
tion in the human eye and also in other organisms.'*"-'*?
Despite these widely accepted biochemical physiolo-
gies, there is little published research regarding any
potential for an amplified synergistic immunosup-
pressive response between the kynurenine pathway
and acute UV exposure.

Furthermore, it has been shown that proteomic
analysis of skin fibroblasts from living patients
displays significant differences in cellular
proliferation and growth pathways between
schizophrenic compared to control patients.'®
Aberrant cell growth has been described in
patients with bi-polar disorder,'™ autism,'”® and
schizophrenia.'® Peripheral methods of diagnosing
neurodegenerative disorders provide favourable
non-invasive and un-biased judgements of their
conditions. This can solve many issues for clinicians
as diagnosis of neurodegenerative disorders can
often be intimidating as a critically confirming
biochemical tests are not available. With this
understanding, further investigations into the role
of TRYP degradation in the skin along with the
implications of the KP in immune regulation means
that metabolites of the KP in human fibroblasts and
keratinocytes can be very useful in diagnosis of
KP-related degenerative disorders.
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