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This special issue is dedicated to those lipid mediators
playing roles in skin inflammation, a topic in continuous
evolution, due to relevant findings connecting the alterations
of lipid metabolism occurring systemically and at the skin
level. Currently, one of the main hopes is to find clinically
relevant biomarkers of disease susceptibility and progression.
It is also important to identify molecules with therapeutic
potential for the main inflammatory pathologies with signif-
icant socioeconomic impact involving the skin. Among these
psoriasis, atopic dermatitis, or diabetic skin ulcer, as well as
less severe dermatologic conditions like acne or premature
aging, seriously affect patient quality of life and psychological
scores.

The skin is indeed a very peculiar organ, displaying
biochemical and immunological features specific for a com-
partment continuously exposed to external and endogenous
stimuli. Skin lipids, with their unique biochemical com-
position, provide protection from environmental stressors
although the formation of bioactive compounds such as
4-hydroxynonenal, oxysterols, and oxidized phospholipids
can be a consequence of exposure to these stressors. These
compounds derived mainly from the oxidation of the skin
lipids are essential in the regulation of skin and mucosal
tissue inflammation, since they are able to trigger, sustain, or
terminate cutaneous inflammatory processes. Their function
in the modulation of ROS, RNS, cytokine, and chemokine
production and release, in DNA and protein oxidation,
in gene expression, in the regulation of antioxidant and
detoxifying enzymes, is under extensive investigation. Their

control may therefore well represent a feasible tool for
clinical interventions aiming at the correct modulation of
skin physiological functions for possible disease prevention.

In line with these concepts, the articles contributing to
this issue provide new information or review current status
of research on the etiological role of lipid molecules and
their metabolites in acute or chronic inflammatory states of
the skin compartment, induced by endogenous diseases or
environmental factors.

Innovative approaches like postgenomics and lipidomics
are presented in the work of D. Braconi et al., as powerful
tools waiting for more extensive application in a deeper
investigation on skin pathophysiological processes. Systemic
and topical lipid oxidation is a key mechanism involved in
chronic inflammatory skin diseases, among which psoriasis,
acne, atopic, and seborrheic dermatitis are the most com-
pelling examples, as presented by S. Pastore et al. and A.
Pietrzak et al. More extensively, the dysregulation of the strict
homeostatic systems active in the skin to maintain the redox
balance and counteract abnormal oxidative stress in chronic
inflammatory skin diseases is widely analysed, with special
attention to how this highly controlled mechanism is affected
by therapeutic intervention.

Among skin lipids, the surface hydrolipidic film has
been studied for a long time, due to the very peculiar
composition of the sebaceous lipids and their specific
contribution to skin protection and isolation. The work by C.
De Luca et al. presents an overview of the current literature
on the oxidation of squalene and of other degradable
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components of human sebum and the functions that these
compounds play in mediating the effects of UV light and
other environmental physical, chemical, and microbiological
stressors on the skin layers. In addition, the role of oxidative
stress in dermatological diseases such as psoriasis and atopic
dermatitis as a trigger for such pathologies and a possible
therapeutic tool is discussed in the work by S. Pastore et al.
and A. Pietrzak et al. The specific role of sebum-derived lipid
mediators in the aetiology of acne is updated by E. Camera
et al., focussing on the latest advances concerning their
possible interference with biochemical patterns of sebocyte
differentiation and sebogenesis.

Lipid modifications induced by resident and pathogenic
microbial flora, affecting inflammatory status of the skin,
also receive proper attention in the issue. Locally, a deficit of
immune response possibly due to loss of specific subsets of
dendritic cells may result in sustained inflammatory events,
secondary to repeated skin infections, as in the case of
Darier’s Disease as reported by C. Miracco et al.

Finally, extensive space is devoted to possible clinical
intervention tools, based on chemical or physical principles
directed at the prevention and suppression of excessive lipid
oxidation. The toxicity of skin lipid reactive mediators is
addressed with particular attention to the active principles
for systemic and topical application (C. De Luca et al.),
aimed at the prevention not only of sunburn but also of
local and systemic immunological impairment, resulting
in increased risk of photo-carcinogenesis. On the other
side, skin lipid oxidation products seem to bear promising
implications as effective agents for the phototherapy of skin
hyperproliferative states.

Genomic approaches are proposed by J. V. Gruber et
al. for the individuation of specific effects of active natural
plant phenolics on genes implicated in the main skin
pathophysiological processes, in view of the recent appraisal
of plant extracts as inhibitors of skin lipoperoxidation
and proinflammatory cytokines release. Alternative physical
treatments are reviewed, including the use of therapeutically
active ozonated derivatives (V. Travagli et al.), delivered
through an unsaturated lipid vehicle generating reactive
mediators in situ, for more efficient treatment of recurrent
skin infections resistant to topical antibiotics. The feasibility
of dietary supplementation in the control of skin inflam-
matory processes is well exemplified in the work by N.-Y.
Park et al. where SKH1 mice fed with conjugated linoleic
acid showed an enhancement of the early stage of cutaneous
wound healing, as a result of the modulation of oxidative
stress and inflammatory response.

In addition, the possible deleterious effects of nons-
teroidal anti-inflammatory drugs or selective cyclooxygen-
ase-2 inhibitors on the fragile balance of proinflammatory
mediators in the course of wound healing are summarized
by W.-H. Su et al., contributing to the search for new
therapeutic tools possibly proving less harmful to the local
skin cytokine environment.

Giuseppe Valacchi
Chiara De Luca
Philip W. Wertz
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Atopic dermatitis and psoriasis are two chronic skin inflammatory diseases that have so far received a greater attention within the
scientific community through different post-genomic approaches; on the contrary, acne, which is undoubtedly one of the most
common skin disorders involving inflammatory processes, seems to be still quite neglected under the post-genomic point of view.
In this paper, we will review how post-genomic technologies have provided new fundamental tools for the analysis of these three
conditions and we will cast light on their potential in addressing future research challenges.

1. Skin, Oxidative Stress, and Lipid Peroxidation

Skin represents the major interface between the body and
the environment; consequently, it is chronically exposed
to the harmful action of many chemical/physical toxicants.
Besides forming a biological barrier to protect internal
organs and systems from the external environment, skin
can also symptomatically reflect internal diseases [1]. Both
exogenously and endogenously generated compounds or
their metabolites can directly or indirectly lead to the
generation of a wide variety of reactive oxygen species
(ROS), short-lived compounds that are normal by-products
of aerobic metabolism. If generated in excess, ROS can
quickly overwhelm the skin antioxidant defence systems.
Such an imbalance in the production/inactivation of ROS
is generally known as “oxidative stress” and is one of the
causes for the damage of biological molecules (such as
DNA, carbohydrates, lipids, and proteins) and the release of
inflammatory cytokines [2, 3].

Lipid peroxidation (LPO) is basically deleterious because
it leads to a diffuse spread of free radical reactions [4].
Membrane lipids, and mainly phospholipids containing
polyunsaturated fatty acids (PUFAs) [5], are particularly
prone to peroxidation because of their association within the
cell membrane with nonenzymatic and enzymatic systems
generating pro-oxidative free radical species. As a conse-
quence, under various conditions and pathological states,

an oxidative cascade may be generated that can, in turn,
induce cytotoxicity and apoptosis and may have a significant
role in inflammation enhancing the release of cytokines and
modifying lipoproteins to proinflammatory forms [5, 6].

LPO products readily react with proteins, sugars, and
DNA [7]. There are numerous reports indicating that end
products of LPO, such as malondialdehyde (MDA), 4-
hydroxy-2-nonenal (4-HNE), and 4-hydroxy-2-hexanal (4-
HEE) can damage proteins by reacting with various amino
acids both in vivo and in vitro [4]. At the same time,
it has been shown over recent years that LPO products
at low concentrations activate the cellular cytoprotective
signaling pathways and increase antioxidant capacity [8].
The understanding of the effects of oxidative stress and LPO
products in signal transduction represents the paradigm shift
in the concept of oxidative stress, for which now different
definitions exist. One of them is a notion that stress is a
signal and oxidative stress is a signal which induces oxidative
reaction and/or affects redox balance, resulting in either
stimulation of defence capacity or induction of deleterious
damage. As Selye, a pioneer in the field of biological stress,
observed for diverse agents and coined the term [9], oxidative
stress and LPO may turn to either positive stimulus, eustress,
or deleterious insult, distress [7].

Oxidative stress has been already indicated as the
underlying mechanism of various diseases, and compelling
evidences have been produced to demonstrate a link between
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oxidative stress, especially LPO, and various inflammatory
dermatologic conditions such as atopic dermatitis (AD)
[10] and psoriasis [11]. Consistent with this notion, several
groups have shown increased levels of LPO products in
biological fluids and tissues from different pathological
conditions. Nonetheless, whether LPO is the cause or the
consequence of a disease condition is still an open question
that needs to be addressed [7]. The fact that ROS, at
moderate concentrations, can act as second messengers in
the induction of biological responses and are specifically
required as mediators/transduction molecules for signalling
provides support to a correlation between oxidative stress
and inflammation. On the other hand, an overproduction of
ROS may completely imbalance the redox-homeostasis and
irreversibly damage cell components, eventually leading to
apoptosis. Oxidative stress, driving the production of lipid
peroxides and their oxidation products, may thus be critical
for the development of skin inflammatory diseases because
an increased LPO may evoke immune responses, cause an
excessive cytokine release, activate gene expression, affect
cell proliferation, and induce apoptosis. Strengthening this
hypothesis, it has recently been shown that the peroxisome
proliferator-activated receptors (PPARs, whose natural lig-
ands are PUFAs and their oxidation metabolites) may drive
the development of psoriasis and acne [12].

2. Post-Genomics

The comprehension of skin diseases has advanced rapidly in
the last several years, as dermatologic science is beginning to
unravel the pathophysiology behind such diverse conditions.
Though in vitro markers of LPO have been made available,
their value can be limited by the fact that assays may lack
sensitivity or require invasive methods to collect samples.
Additionally, the choice among in vivo generated LPO
products may pose relevant limits to the analysis, making
the identification and quantification of these products more
difficult. This is because such a determination in biological
fluids and tissues takes into account and reflects the balance
among formation, metabolism, clearance, and excretion of
various compounds [4, 7].

The usefulness of biomarkers for the characterization of
skin diseases is undoubted; nonetheless, their contribution
could be read only in a very specific fashion. In fact, as seen,
oxidative imbalances might affect many cellular functions,
producing a complex scenario whose evaluation could be
of greater interest and lead to a more detailed picture of a
disease. As tools for systems biology are becoming increas-
ingly available, it will be possible to analyse the generation,
metabolism, and partitioning of LPO products together with
their associated effects on cell molecular targets as well as to
establish a correlation between alterations of specific proteins
and a specific inflammatory skin disease. Efforts are already
being made to apply post-genomic technologies aiming
at a comprehensive characterization of skin inflammatory
diseases through extensive mapping of cell components at
the levels of the transcriptome and the proteome. This will
likely ultimately lead to a picture of the signalling networks
that mediate the biological effects of LPO [5].

In February 2001, the entire sequence of the human
genome was first published [13, 14]. Once identified, the
complete coding region of a gene is readily obtained. DNA
microarrays, generating a high-throughput transcriptional
profile of cells, can quantitatively analyze thousands of genes
simultaneously and allow a global characterization of a
specific molecular process. A growing body of evidences
indicates that protein expression changes are important in
skin diseases, and several large-scale expression profilings
describing differential gene expression in skin diseases have
been published. Nonetheless, they cannot provide informa-
tion concerning the translational regulation of expression
or posttranslational modifications (PTMs) of proteins, or
qualitative and quantitative changes in the steady-state
levels of proteins in biological systems. Investigators should
then focus their attention on proteins, the results of gene
expression, to determine how proteins might be responsible
for the normal functioning cells. Only then the true role of a
gene in the disease process can be understood. Proteomics
is indeed the answer to these questions, as it can profile
in a biological system the entire repertoire of proteins,
including their isoforms and molecular species generated
by PTMs (such as phosphorylation, glycosylation, oxidation,
cleavage, and many others). The proteomic approach has
been widely and extensively applied to the study of many
human conditions whereas it is still in its infancy in
cutaneous biology. However, the use of proteomics has the
potential to elucidate which role specific proteins play in
inflammatory skin manifestations and possibly speed up the
identification of therapeutically relevant targets.

Being proteins involved in complex protein networks,
significant challenges must be faced in the study of protein
functions and interaction maps. Functional proteomics
and systems biology may hence provide new insights to
gain a deeper understanding of cell systems and pathway
properties also in skin diseases [15, 16]. Typically, proteins
seek out other proteins, interaction partners, to complete
their function(s). These partners may serve simply to
hold proteins in particular orientation or involve structural
modifications conferring new activities. By delineating these
networks, scientists can gain an understanding of the role
each individual protein plays in biochemical pathways, and
thus a disease process. This knowledge can then be used
for a focused approach to discover chemicals that might be
effective in a disease state [17] (Figure 1).

Proteomics and transcriptomics have been applied to
the study of several skin conditions, such as scleroderma,
eczema, burn wounds, irritation induced by sodium lauryl
sulphate, or cell responses to inflammatory interleukins.
Several post-genomic studies have been dedicated so far to
the study of two skin inflammatory diseases, that is, AD
and psoriasis whereas acne, which is undoubtedly one of
the most common skin conditions involving inflammatory
processes, seems to be still quite neglected under the post-
genomic point of view. In the present work, we will review
how post-genomic technologies have been used and which is
their potential in addressing future challenges able to provide
vital insights on the pathogenic mechanisms of these three
conditions.
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Figure 1: The integration of different post-genomic technologies
for the study of skin inflammatory diseases.

3. Psoriasis

Psoriasis vulgaris is among the most prevalent chronic
inflammatory skin diseases. Typically, the disease manifests
as inflamed plaques prevalently in scalp, elbows, and knees.
The plaques are characterized by erythema, induration,
and silvery scaling. Hyperproliferative keratinocytes lack
terminal differentiation, as seen by the formation of hyper-
parakeratotic stratum corneum [18]. In the typical picture
of psoriatic skin, disregulated fatty acid metabolism, ROS
generation, cytokine release, and LPO have all been reported
[2].

A combination of genes is undoubtedly required to reveal
the psoriasis phenotype after exposure to an environmental
trigger, such as streptococcal pharyngitis or tonsillitis [19].
The elucidation of genes and gene products in psoriasis is
of vital importance if targeted therapies are to be designed
that may cure or possibly prevent the disease. Perhaps the
most important consequence of identifying psoriasis genes is
the ability to develop a transgenic animal model for psoriasis
that will allow rapid and economic screening of potential
therapeutic agents [20]. No such model exists, the nearest
being an immunodeficient mouse xenografted with biopsies
of human psoriasis [21].

Global comprehensive studies on gene expression in
psoriasis have been carried out to elucidate the mechanisms
of the disease. Particularly, the transcriptome (analysis
of RNA expression profiling) has been investigated using
different technological platforms: Gene Chips microarray
[22–24], cDNA array [25], and Serial Analysis of Gene
Expression (SAGE) [26]. These studies consistently found
differential expression of genes related to cell regeneration,
hyperkeratosis, metabolic functions, immune responses, and

inflammation in lesional psoriatic skin and, altogether,
provided a large number of novel gene markers. However, a
detailed correlation between gene expression profiles of pso-
riatic skin and local and overall clinical parameters, as well as
an analysis of the influence of the biopsy location on the gene
expression profile in psoriatic skin, was not reported until the
work by Quekenborn-Trinquet et al. [25]. In this work, using
gene expression profiles of involved psoriatic skin through
cDNA array and kinetically monitored reverse transcriptase-
initiated polymerase chain reaction (kRT-PCR), authors
compared gene expression profiles of plaque psoriasis at
different anatomical sites for both symmetrical and asym-
metrical diseases. Gene clustering failed to highlight any
correlation with family history of psoriasis, age at onset,
association with arthritis, and plaque location and type.
Nonetheless, expression profile analysis highlighted distinct
patterns according to both global (Psoriasis Area and Severity
Index) and local (erythema, desquamation, and plaque
elevation) clinical severity. Three novel psoriasis markers
were identified in the work, namely SPRR2C (marker of
abnormal keratinocyte differentiation), MX2 (transcription
factor involved in mediating the proinflammatory effects
of IFN-γ), and CYC1 (belonging to cytochrome-c family,
indicates the high energetic request of highly proliferating
epidermis of psoriatic lesions, also pointing out a transcrip-
tional deregulation of proapoptotic factors) [25].

To identify differentially expressed genes which play
causal roles in pathogenesis and maintenance of psoriasis,
the BodyMap database combined with an RT-PCR-based
amplified fragment length polymorphism (iAFLP) analysis
was used by Itoh et al. 241 genes were found to be
differentially expressed only in involved psoriatic skin, and
seven genes showed high expression levels only in uninvolved
psoriatic lesions. These seven genes, which were reported to
be related to apoptosis or antiproliferation, might have causal
roles in the pathophysiology of psoriasis [27].

A genomic approach was also undertaken by Lew et al.
in order to discriminate the genomic signature of large
plaque (Western) and small plaque (Asian) psoriasis [28].
However, authors led to the conclusions that these two
manifestations share a similar genomic signature though a
potential difference in IL-18 exists. Additionally, in the paper
by Dezso et al. a computational methodology capable of
predicting key regulatory genes and proteins in psoriasis is
described. Using a dedicated algorithm and a global database
of protein interactions, many biological targets of psoriasis
were confirmed while several new ones were suggested
[29].

Functional proteomics and systems biology are two
emerging concepts that highlight the functional analysis
of proteins and the networks they belong to. Applied to
dermatological sciences, they can help researchers to get a
better and clearer understanding of many skin diseases [15].

A pioneer proteomic approach to study psoriasis was
carried out by Celis et al., who first established a 2D reference
map for normal noncultured epidermal keratinocytes [30]
and then revealed six low-molecular-weight proteins strongly
upregulated in psoriatic skin that were proven to be partially
released by cells [31]. These proteins included calgranulin A
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and B and cystatin A, while two of them were cloned, sub-
sequently sequenced, and identified as “psoriasin” [32] and
psoriasis-associated fatty acid-binding protein (PA-FABP)
[33], pointing out a disregulated fatty acid metabolism in
psoriatic cells. This observation was also in line with reports
showing that the skin of psoriatic patients contains increased
total lipids, phospholipids as well as free arachidonic acid and
derived products.

The genetic background of psoriasis appears to be
complex and whether different psoriasis phenotypes are
associated with distinct genotypes is still unclear. Current
research suggests that there is both clinical and genetic
evidence for heterogeneity in psoriasis, but whether pso-
riasis actually consists of different diseases with distinct
etiologic backgrounds has yet to be resolved. There is
considerable overlap in phenotype expression and a single
individual can display different psoriasis manifestations over
time. Carlén et al. tried to identify differences between
acute guttate and chronic plaque psoriasis at the protein
level [34] using classical 2-DE plus Matrix-Assisted Laser
Desorption/Ionization-Time Of Flight (MALDI-TOF) or
Liquid Chromatography coupled with Mass Spectrometry
(LC-MS/MS) for protein identification. The two phenotypes
were clearly distinguishable and, interestingly, authors found
a trend in which guttate psoriasis lesions clustered closer to
eczema than to chronic plaque psoriasis lesions, indicating
that the duration of the inflammatory reaction may affect
clustering. This observation underscored the dynamic nature
of skin inflammation in line with reports from AD, where
the inflammatory and cytokine networks undergo significant
changes over time [35, 36].

Intrinsic limitations characterize 2-DE analysis. First, 2-
DE is not sensitive enough to detect proteins at pico-femto-
molar levels, highly acidic or basic proteins, some membrane
hydrophobic proteins, or very large (>250 kDa) and very
small (<8 kDa) proteins. For all of these reasons, alternative
approaches have been developed based on affinity-based
protein purification strategies, variants of 2D-LC, LC cou-
pled with capillary electrophoresis, and multidimensional
LC in combination with MS [15]. For instance, Cowen
et al. [37] undertook as MS analysis of serum samples
from psoriatic patients (serum proteomics) to determine
the proteomic signature of the disease. The rationale of
the study relied on the fact that proteins associated with
inflammatory processes in the skin are likely released into
the extracellular space, entering the lymphatic vessels and,
ultimately, the blood. Endothelial cells in skin also produce a
variety of cytokines chemokines and adhesion molecules that
are released directly into the circulation during inflammatory
skin reactions. Both these processes may be expected to lead
to quantitative as well as qualitative changes in the serum
protein profile. Although facing the complexity of the serum
proteome and the limitations of current protein technology,
the work by Cowen et al. was an interesting pilot ‘proof
of concept’ study. This also because, due to the visibility
and relatively easy access to affected tissues in cutaneous
diseases, the combination of serum and tissue proteomic
techniques might allow for potential correlation, validation,
and reproducibility studies.

A similar approach, based on a combination of abundant
protein depletion and multilectin affinity chromatography
(M-LAC) combined with nanoflow liquid chromatogra-
phy coupled with mass spectrometry (nano-LC-MS/MS),
allowed Plavina et al. [38] to indicate galectin-3 binding
protein (G3BP) as a protein marker for psoriasis.

Although the need for biomarker discovery for psoriasis
is not pressing, because it is easily diagnosed from patients’
symptoms, a better understanding of the disease pathogene-
sis is certainly needed to predict its severity, to identify new
therapeutic agents, and for prognostic purposes. To address
some of these issues, Plavina et al. [39] furthered their
investigations on plasma from psoriatic patients using the
approach described above to enrich glycoproteins together
with a second method, based on ultracentrifugation and
analysis of peptides by nano-LC-MS/MS with high accuracy
Fourier transform, to analyze the low-molecular-weight
(LMW) peptidome. The fruitful combination of proteomics
and peptidomics allowed authors to detect increased concen-
trations of cytoskeletal proteins and their fragments in pso-
riatic plasma, suggesting disease-related cell leakage of these
proteins and their increased proteolysis. Moreover, authors
found increased concentrations of two proteins known to
play a role in a genetic predisposition to psoriasis and in
the differentiation of keratinocytes: calgranulins A and B.
On this basis, it was hypothesized that the overproduction of
calgranulins may alter calcium homeostasis in the epidermis
and lead to altered relocalization of cytoskeleton components
and their abnormal proteolysis, as well as to immune
responses against circulating cytoskeletal proteins. Another
striking finding was a decrease in fibrinogen fragments,
suggesting a possible involvement in autoimmunity and
inflammation and letting authors hypothesize a link between
altered proteolysis of fibrinogen due to changes in its PTM
and the development of psoriatic arthritis.

4. Atopic Dermatitis

AD is a chronic relapsing inflammatory skin disease fre-
quently associated with skin infections and impaired skin
barrier function [40]. The disease can seriously compromise
the quality of life as it is characterized by the distribution of
eczematous skin lesions. AD typically reveals lichenification,
pruritic excoriations, and dry skin with a variety of patho-
physiologic manifestations. The extrinsic type of AD (ADe)
is associated with IgE-mediated sensitization and accounts
for 70%–80% AD cases, while the intrinsic type (ADi) does
not involve IgE and accounts for 20%–30% of AD cases. It
is generally recognized that a combination of environmental
factors such as allergens and bacterial infection, as well as
genetic factors, is the principal inducers of the multiple
immunologic and inflammatory responses seen in AD
patients [41]. An impaired oxidative status has been already
associated to AD, and systemic alterations in antioxidant
patterns have been found in involved skin of AD patients
as well as in uninvolved nonlesioned skin as an adaptive
response to chronic inflammation of the epidermis [2].

Filament aggregating protein (filaggrin, FLG) is a key
protein that plays an important role in the formation of



Mediators of Inflammation 5

the cornified cell envelope (CCE), which is critical for an
effective skin barrier [42]. Genetic studies have shown that
loss-of-function (null) mutations in the gene encoding FLG
result in impaired skin barrier in AD [43–45]. Howell et al.
demonstrated that FLG gene expression and FLG protein
are decreased in the skin of patients with AD and indicated
that this deficiency is caused, in part, by the overexpression
of TH2 cytokines IL-4 and IL-13 that downregulate FLG
expression during keratinocyte differentiation. This implies
that many patients with AD acquire the FLG deficiency
with subsequent barrier disruption as the result of the
local inflammatory immune response [46]. However, FLG
mutations alone do not provoke AD because the mutations
can be observed only in a group of patients from certain
ethnic groups (as many as 20% in all patients with AD and
50% in patients with severe AD) [47]. Similar mutations
were also reported in approximately 9% of the European
population without concomitant inflammation [43].

In 2009, Guttman-Yassky et al. [47] reported a com-
prehensive gene (mRNA) expression profile of AD and
psoriasis by using normal skin as a reference. Although both
the diseases share epidermal hyperplasia and regenerative
epidermal growth, terminal differentiation was found to be
accelerated in psoriasis but broadly suppressed or defective
in AD. Authors found that psoriasis and AD can be correctly
discriminated on the basis of differences in expression of
terminal differentiation genes, much like disease distinc-
tions made on the basis of immune-response phenotypes
(“immune-signature” based on a set of 10 immune related
genes).

Though the incidence of AD is rapidly increasing, a
treatment offering quick relief of symptoms still remains
to be developed. Various methodological approaches along
with the new technologies can be fruitfully combined to this
aim, especially DNA microarray and interactomic tools [41].
With DNA microarray, although obtaining a great number
of disregulated genes in a disease, it is very difficult to choose
the most important genes and it is hard to explain the
meaning of encoded proteins. In this regard, interactomic
tools may help find the core proteins among the detected
candidate genes. Since the next step of functional studies is
a time- and cost-consuming process, the number of target
proteins must be limited; hence, to make the right choice,
computational prediction on the basis of microarray results
could be critical to piece together such a complete puzzle
[48]. In light of this, Lü et al. [48] attempted to profile gene
alterations of AD keratinocytes and corroborated microarray
results with protein-protein interaction (PPI) mapping to
predict the genes related with AD functioning as interaction
hubs. In punch biopsies from ADi patients, they identified 25
predicted hub genes and two important candidate biomarker
genes (MMP1 and MMP10) significantly upregulated, both
at the cellular (keratinocyte) level and in serum. In a large
scale DNA chip array, the same group focused on ADe and
used 205 candidate genes to carry out PPI prediction through
bioinformatic analysis. The identified hub genes were mainly
involved in five functional classes: ECM and cell adhesion,
ATP/GTP binding, immune response, proteolytic enzymes,
and structural genes [48].

Gene chip arrays were used in AD with various purposes,
including:

(i) the identification of gene expression specific to active
atopic skin lesions [49] such as the abnormal epider-
mal differentiation and defective defences found by
Sugiura et al. as key abnormalities in AD [50];

(ii) the identification of gene transcription changes
associated with early AD inflammation as potential
disease control targets [51];

(iii) the pattern comparison between gene expression in
AD versus psoriasis in an effort to identify potentially
new gene targets that may be useful in the diagnosis
and treatment of skin diseases [52];

(iv) the understanding of why patients with AD, but
not psoriasis, frequently suffer from serious skin
infections [53].

Both proteomic and gene expression profilings of AD
fibroblasts were carried out by Park et al. They investigated
alterations in protein expression in primary cultured AD cells
from ADe and ADi biopsy samples by classical 2-DE and
MALDI-TOF [54] and additionally extended their analysis
with the use of different pH gradients [55] to increase the
possibility to detect protein markers. They also reported,
notably, that PTMs of candidate proteins may be relevant in
the development of the disease [54].

Then, Park et al. investigated the protein repertoire
of primary cultured keratinocytes from AD samples and
reported alteration of lipid metabolism-associated proteins
within these cells, providing important clues to explain the
presence of dry skin and pruritus in AD patients, as well as
new insights into the identity of metabolic enzymes involved
in AD pathogenesis [56]. In further works, Park et al. carried
out a cDNA microarray analysis of fibroblasts from ADe and
ADi where they suggested that human dermal fibroblasts
may actively participate in AD disease [57] and proposed
acetaldehyde dehydrogenase 1 (ALDH1) as a biomarker for
AD disease using proteomic profiling of fibroblasts from ADi
and ADe samples [58].

Howell et al. undertook a Differential In Gel Elec-
trophoresis (DIGE) proteomic approach to investigate the
global effects of IL-4 and IL-13 (which are well known to
play a role in AD) on protein expression in keratinocytes.
Notably, authors identified factors contributing to the sig-
nificant barrier disruption and antimicrobial peptide (AMP)
deficiency observed in the skin of AD patients and identified
novel targets to enhance keratinocyte differentiation and
skin innate immune responses in this common skin disease
[59].

Glycoproteome is a major subproteome, since many
clinical biomarkers and therapeutic targets are glycoproteins.
In particular, the glycosylation patterns are influenced
considerably by the physiological status [60, 61]. In their
work, Kim et al. carried out a differential glycoprotein
profiling of plasma from healthy donors and AD patients and
identified several differentially expressed proteins suggested
as potential biomarkers in the diagnosis of AD or in tracking
its progress [62].
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The goal of the recent pilot study by Broccardo et al.
[63] was to develop an MS-based, noninvasive skin taping
technique to study AD in infants and young children. In
fact, though the disease affects mainly this age group, there
are no skin-based studies on such a population because of
the invasiveness of sampling biopsies. Besides confirming
previous reports on unique proteins identified in AD
samples, this proof-of-principle pilot study revealed also
new potential biomarkers to investigate AD development and
persistence.

5. Acne

Affecting millions of people worldwide, acne is the most
common skin inflammatory condition. Although an incom-
pletely understood pathogenesis, acne has been linked
to multiple factors such as increased sebum production,
inflammation of hair follicles and sebaceous glands, fol-
licular hyperkeratinisation, and colonization by Propioni-
bacterium acnes [78]. Nonetheless, only a minor number
of works based on post-genomic technologies could be
found on acne, highlighting the quite neglected nature of
this disease.

The first comparative gene array expression profiling
between inflammatory acne lesions and normal skin was
carried out by Trivedi et al. in 2006 [79] and showed that
many of the genes whose expression is increased in acne
lesions are involved in inflammatory processes, the major
genes including the matrix metalloproteinases MMP-1 and
MMP-3, as well as the pro-inflammatory cytokine IL-8
and CXCL-2. This finding, together with the induction of
several AMPs (e.g., granulysin) and proapoptotic enzymes
(e.g., granzyme B), supported the correlation between
inflammatory mediators and the extent to which P. acnes
induce the expression of the AMP β-defensin (now known as
DEFB-4) and IL-8 [80]. Critical questions remain, however,
about the nature of the initiating events in the development
of acne lesions. It is likely that gene expression profiles
of inflammatory process in the skin are quite similar and
that many of the changes observed in inflammatory lesions
are secondary to as yet unidentified primary pathogenic
events. The challenge lies ahead in identifying these primary
events in acne as well as in other inflammatory diseases
[79].

Unlike humans, most animals produce little or no
triglycerides in hair follicles to harbour P. acnes, a fact
that has encumbered the development of in vivo models.
Although genetic mutant mice with acne-like skins have been
used for screening antiacne drugs, the mice generally have
deficits in immune system making them inappropriate to
generate antibodies for developing acne vaccines. Nakatsuji
et al. undertook a bioengineering approach to create a
humanized acne microenvironment where proteomics using
isotope-coded protein label (ICPL) coupled to nano-LC-MS
analysis was carried out to investigate in vivo interactions
among P. acnes, human sebocytes, and host immune cells.
Thirteen proteins were identified, including secreted proteins
and cell matrix proteins derived from mouse, human cells,

Proteomics

gel-free and gel-
based approaches

Whole cell protein
repertoires

Secretomics

Comparative
proteomics

Immunoproteomics

Study of selective
subproteomes

Redox proteomics

Figure 2: Approaches and strategy for the analysis of protein
repertoires.

or P. acnes, indicating the coexistence of protein repertoires
from different origins. Altogether, these results may provide
new pharmacological targets for the treatment of acne and a
valuable model for drug screening and vaccine development
[81].

6. Challenges and Future Directions:
Redox-Proteomics and Immunoproteomics

Proteomics of skin inflammatory diseases is still in its infancy
and much remains to be done. For instance, the combined
use of 2-DE and Western Blot (immunoproteomics), the
investigation of cell secretomes (secretomics), and the discov-
ery of oxidative PTMs of proteins have so far received little
attention in this field of research (Figure 2).

PTMs play key roles in many important cellular functions
by influencing protein subcellular localization, protein-
protein interactions, and cellular biological activities. Alto-
gether, PTMs finely orchestrate regulatory processes as
well as cellular responses upon specific stress conditions.
If irreversible, PTMs might be associated with permanent
protein loss of function and may lead to the elimina-
tion or to the accumulation of the damaged proteins. If
reversible, particularly at the cysteine residues, PTMs may
have the dual role of protection from irreversible oxidation
and modulation of protein function (redox regulation)
[82].

Relying on both gel-based and gel-free approaches,
several techniques are available and offer tremendous oppor-
tunities to analyze PTMs, helping in the elucidation of patho-
physiological mechanisms in diseased or stressed cells. Since
oxidative stress may induce several modification on proteins,
the term “redox-proteomics” was coined to describe the
multiple applications of proteomics for the discovery of
oxidative PTMs. Nonetheless, an accurate identification of
protein PTMs in relation to skin inflammatory diseases is still
lacking.
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Table 1: Oxidative PTMs of proteins and techniques for their study.

oxidative PTM
description

gel-based approaches + MS protein
identification

gel-free approaches

3-nitroTyrosine
WB detection with α-nitroTyr antibodies
[64–68]

4-HNE-adducts
WB detection with α-4-HNE antibodies
[64, 69]

LC-ESI-MS/MS, as well as tryptic
digestion, avidin column
enrichment and MS/MS analysis
following
N′-aminooxymethylcarbonylhydro-
D-biotin labeling
[70, 71]

Carbonylation

derivatization of protein carbonyls with
2,4-dinitrophenylhydrazine (DNPH) and
WB detection of the resulting
2,4-dinitrophenylhydrazones (DNP) with
α-DNP antibodies; alternatively,
biotin-hydrazide tagging and avidin-FITC
staining [64, 66, 68, 69, 72, 73]

enrichment strategies with the
hydrazide biotin-streptavidin
methodology or Girard’s P reagent,
coupled with LC-MS/MS and
MALDI-MS/MS [66, 69–71]

Glycosylation

(i) lectin chemistry (due to a different
specificity for certain carbohydrates, the
identification of subclasses is allowed) [65]

(i) lectin affinity chromatography to
isolate glycosylated proteins from
complex mixtures prior to MS/MS
[74]

(ii) periodate/Schiff ’s base chemistry to
generate a general stain toward
glycoproteins (Pro-Q Emerald staining) [65]

(ii) chemical trapping of
N-glycosylated peptide prior to
LC-MS/MS [74]

(iii) chemoenzymatic or tagging via
substrate strategies for
O-glycolsylated peptided [74]

(iv) COFRADIC [74]

Oxidation of -SH groups

various techniques to reveal specific -SH
PTMs [66, 68, 73, 75]

(i) oxidation, lack of labelling with specific
reagents, such as biotinylated
iodoacetamide, and WB detection with
streptavidin

(i) isolation of cysteinyl peptides by
biotinylation of Cys residues and
affinity isolation (ICAT) [74]

(ii) S-glutathionylation, metabolic labelling
of the intracellular glutathione pool with
35S-cysteine while inhibiting protein
synthesis plus nonreducing electrophoresis,
and autoradiography

(ii) S-nytrosilation, modified biotin
switch method coupled with affinity
isolation [74]

(iii) S-nytrosilation, biotin switch method (iii) COFRADIC [74]

(iv) formation of disulphide bridges,
diagonal 2-DE

(v) sulfinic/sulfonic acid: detection through
MS after standard trypsin digestion

Phosphorylation

(i) in gel protein staining with specific dies
(Pro-Q Diamond) [65, 76]

(i) isolation of phosphopeptides by
immobilized ion chromatography
(IMAC) [74]

(ii) WB with antibodies towards specific
phosphorylated amino acids

(ii) segregation of phosphopeptides
by strong cation exchange
chromatography or titanium
dioxide [74]
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Table 1: Continued.

oxidative PTM
description

gel-based approaches + MS protein
identification

gel-free approaches

(iii) various chemical reactions
aiming at modifying the
phopshorylated peptides prior to
MS/MS [74]

(iv) COFRADIC [74]

multiple PTMs SEMSA during LC-ESI-MS/MS [77]

In Table 1, some of the most commonly investigated
oxidatively induced protein PTMs are reported, together
with the reagents and techniques for their detection. Among
these PTMs, the introduction of carbonyl groups has
probably received the greatest attention within the scientific
community. Carbonylation of proteins is an irreversible,
easy detectable, and nonenzymatic PTM often accompa-
nied by protein loss of function. For these reasons, it
has been investigated widely in human diseases and it
is universally accepted as a reliable indicator of oxida-
tive stress [83–85]. The levels of protein carbonyls in a
sample and especially the identification of target proteins
through 1-DE or 2-DE and WB have been reported in
several organisms and under many pathological conditions,
providing evidences for evolutionarily conserved carbony-
lation patterns [86] and suggesting a role for the regu-
lation of fundamental cellular events, including apoptosis
[87–89].

Despite the insights provided by these studies, only
recently the identification of the exact amino acid site and
type of carbonyl modification has emerged. This information
is necessary for a deeper understanding of the oxidative
mechanisms leading to the protein modification as well
as for providing information for the assessment of the
functional effects that modification of specific amino acid
sites may have on proteins. Therefore, the continuous
evolution of MS techniques might drive researchers towards
this important goal [90]. As an example, gel-free methods
using enrichment of carbonylated peptides followed by direct
LC-MS/MS analysis have been developed [72]. Interest has
also been dedicated to the identification of modifications
induced by 4-HNE relying on LC-ESI-MS/MS [70], as
well as tryptic digestion, avidin column enrichment of
the modified peptides, and MS/MS analysis following N′-
aminooxymethylcarbonylhydro-D-biotin labeling [71]

Sulfur-containing amino acids are among the best
susceptible targets of PTMs during oxidative stress [91].
Proteins thiol groups play a fundamental role in numerous
cell processes, and their redox state is involved in both
structure and function of many receptors, enzymes, and
transcription factors. Thiol oxidation often leads to alter-
ations in conformation and catalytic activity of proteins [92];
nonetheless, these events do not necessarily have to be seen
as damaging. If, on the one hand, thiol oxidation could be a

“random” event, on the other, it can be part of finely tuned
processes that protect proteins from irreversible oxidation
or activate specific functions related to stress response. The
availability of different labelling reagents and electrophoretic
techniques offers researchers important tools to unravel
the importance of thiol oxidation in skin inflammatory
diseases.

ROS may also be involved in skin immune manifestations
[2, 3] and LPO has been already linked to autoimmune
diseases. Reaction between MDA and endogenous proteins
might lead to their covalent modifications, resulting in struc-
tural changes in the proteins, which might act as neoantigens
inducing an autoimmune response. In fact, significantly
increased anti-MDA epitope(s) autoantibodies were found
in patients with systemic diseases, such as scleroderma, sup-
porting the hypothesis that aldehydic degradation products
of LPO may contribute to the autoimmune pathogenesis
[93]. Additionally, some aldehyde modifications have been
demonstrated to evoke strong antibody reactivity also against
nonmodified proteins [94]. More generally, free radicals and
aldehydes produced by chronic inflammation can induce
a number of alterations, including gene mutations and
PTMs of key proteins, eventually leading to disruption of
cellular processes. Driving the production of α,β-unsaturated
fatty aldehydes including MDA and 4-HNE, LPO can
ultimately result in the production of protein adducts
and in the elicitation of specific autoantibody formation
[95, 96].

For all of these reasons, understanding how proteins
are actually affected by oxidative stress and inflammation
is vital. Proteomics and immunoproteomics, in particular,
might help the elucidation of disease aetiology. In the case of
skin idiopathic diseases for which an immune response may
be hypothesized, the role of this methodological approach
can be two-fold. On the one hand, if the immune response is
elicited by a specific pathogen, the relationship between the
pathogen and the disease may be obtained and the antigens
(molecular mimicry) concurring to the disease manifestation
may be identified if WB analysis is carried out using patients’
serum probed against the pathogen protein repertoire [97].
On the other hand, proteomics and immunoproteomics
may help the identification of protein PTMs inducing
conformational alterations evoking immune/autoimmune
responses.
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List of Abbreviations

2-DE: Two Dimensional Electrophoresis
4-HEE: 4-hydroxy-2-hexanal
4-HNE: 4-hydroxy-2-nonenal
AD: Atopic Dermatitis
AMP: AntiMicrobial Peptide
COFRADIC: COmbined FRActional DIagonal

Chromatography
DIGE: Differential In Gel Electrophoresis
ESI: ElectroSpray Ionization
ICAT: Iisotope-Coded Affinity Technology
LC: Liquid Chromatography
LPO: Lipid PerOxidation
MALDI-TOF: Matrix-Assisted Laser

Desorption/Ionization-Time Of Flight
MDA: MalonDiAldehyde
MS: Mass Spectrometry
PTMs: PostTranslational Modifications
PUFA: PolyUnsaturated Fatty Acids
ROS: Reactive Oxygen Species
SEMSA: Selectively Excluded Mass Spectrometry

Analysis
WB: Western Blot.
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The skin is permanently exposed to physical, chemical, and biological aggression by the environment. In addition, acute and
chronic inflammatory events taking place in the skin are accompanied by abnormal release of pro-oxidative mediators. In this
paper, we will briefly overview the homeostatic systems active in the skin to maintain the redox balance and also to counteract
abnormal oxidative stress. We will concentrate on the evidence that a local and/or systemic redox dysregulation accompanies the
chronic inflammatory disorder events associated to psoriasis, contact dermatitis, and atopic dermatitis. We will also discuss the
fact that several well-established treatments for the therapy of chronic inflammatory skin disorders are based on the application
of strong physical or chemical oxidants onto the skin, indicating that, in selected conditions, a further increase of the oxidative
imbalance may lead to a beneficial outcome.

1. Introduction

Epithelial cells are the outermost viable components of the
skin and mucous membranes, and are the fundamental
generators of highly specialized physicochemical barriers,
that is, organized tissues that exist primarily to define and
separate distinct compartments of the body with the aim
to protect the host in its entirety and preserve single organ
functions homeostatically. These protective functions are
obviously maximal in the skin, the conjunctiva and the
respiratory mucosa, since they define boundaries with direct
contact with the environment. Normally, environmental
microorganisms, toxins, and allergens are efficiently blocked
from entry by the defence wall organized by layers of
epithelial cells. In the viable portion of the epidermis, lipid
plasma membranes, and highly specific membrane transport
systems pose a formidable obstacle to transepithelial passages
of most undesired molecules. In addition, intercellular
junctional barrier connections (or tight junctions) create
a continuum with the epithelial cell cytoskeleton, and are
conserved even when epithelial cells divide or apoptose [1].
However, much of the physicochemical barrier function of
human epidermis against the environment is provided by the

cornified cell envelope (CE), a unique, highly lipophilic two-
compartment system of corneocytes embedded in a lipid-
enriched intercellular matrix [2]. Moving upward from the
deepest layers of the epidermis, keratinocytes progressively
differentiate and eventually become anucleated corneocytes,
formed of cross-linked keratins enclosed within an insoluble
matrix of proteins and surrounded by a ceramide-rich lipid
envelope. Both protein and lipid components of CE are
essential for an optimal barrier function, as demonstrated
by genetic defects underlying several human diseases and a
number of mouse models [3, 4].

2. Mechanisms of Redox Balance in the Skin

In the healthy skin, practically all types of skin cells
produce reactive oxygen (ROS) and reactive nitrogen (RNS)
species [5]. For example, both melanocytes and keratinocytes
produce hydrogen peroxide (H2O2) and superoxide radicals
in the reaction of pheomelanin with UV light [6]. All cells
also produce small amounts of superoxide anion as by-
product of electron transfer in the mitochondrial respiratory
chain. By reacting with lipid molecules directly, or affecting
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redox-sensitive lipid-metabolizing enzymes (phospholipases,
lipoxygenases, and cyclooxygenases), ROS induce produc-
tion of reactive lipid species (lipid radicals, peroxides,
hydroperoxides, aldehydes, etc.). Although dismutation of
superoxide anion probably accounts for much of the H2O2

produced by eukaryotic cells, it can also be formed by direct
two-electron reduction of oxygen, a mechanism shared by
a number of flavoprotein oxidases [7]. Importantly, nitric
oxide (NO) and peroxynitrite are major RNS in biological
systems. In the skin, NO is produced by two constitutive
nitric oxide synthase (cNOS) isoforms, identified as endothe-
lial (eNOS) and neuronal (nNOS), and one inducible (iNOS)
isoform. Both fibroblasts and keratinocytes constitutively
express eNOS. NO easily reacts with oxidative species,
including ROS, transition metals and thiols to yield various
RNS. In particular, NO reacts with superoxide anion at
near diffusion-limited rates, leading to the extremely rapid
production of the peroxynitrite ion. When generated at
high concentrations, peroxynitrite can diffuse and undergo
transformation into other powerful oxidants, including the
hydroxyl radical (OH·) and other RNS (NO2, NO2

+) [8]. It
is important to emphasize that low levels of highly reactive
ROS and RNS are indispensable effectors in the homeo-
static pathways leading to cell proliferation, differentiation,
senescence, and death, and a vast body of evidence confirms
that this is true also for the distinct cell populations of the
human skin, as extensively commented elsewhere [5]. Due
to its direct contact with environmental physicochemical
challenges, the skin is peculiarly rich of effective antioxidant
systems (Figure 1). In the viable layers of the epidermis, lipid-
soluble antioxidants, mainly alphatocopherol, and antiox-
idant enzymes like catalase (CAT), superoxide dismutases
(SOD), glutathione peroxidases (GPx), and peroxiredoxins
are abundantly expressed [9]. The extracellular space of skin
epidermis and dermis, contains large amounts of water-
soluble antioxidants such as ascorbic acid, uric acid, and
glutathione. In addition to effectively counteract insults
coming from the environment, the CE of normal human skin
contains high levels of water and lipid-soluble antioxidants
such as glutathione, thioredoxin, vitamin C, uric acid, α-
tocopherol, squalene, and coenzyme Q10, distributed in
a gradient with the highest concentration on the deepest
CE layers [10]. As part of an adaptive response, abnormal
levels of ROS also induce the expression of ROS-detoxifying
enzymes. In order to protect the structural and functional
integrity of the skin, a wide spectrum of phase I enzymes,
active both in oxidation and reduction, and phase II
enzymes, active in conjugation reactions, can be found
upregulated in the skin, or can be rapidly induced in response
to different physical and chemical agents. The transcriptional
response to these agents is typically mediated by the cis-
acting antioxidant response element (ARE), found in the
promoter of the encoding genes for diverse products such
as several glutathione S-transferases, metalloproteinases,
NADPH:quinone oxidoreductase 1, UDP glucuronotrans-
ferase, γ-glutamate cysteine ligase, heme oxygenase 1, and
peroxiredoxin VI. The major ARE-binding transcription
factor is nuclear factor-erythroid 2-related factor 2 (Nrf2),
which, through heteromeric interaction with the small

Maf proteins, binds the ARE and initiates the de novo
expression of detoxifying enzymes [11]. In the skin, although
several Nrf2-dependent ROS-detoxifying enzymes are found
upregulated in wound healing, abrogation of Nrf2 expression
in transgenic mice is substantially irrelevant for the healing
process, whereas it is essential for the effective detoxification
of chemical carcinogens [12]. These observations emphasize
the special chemopreventive role of Nrf2-controlled genes in
the skin. The transcriptional activation of Nrf2-dependent
genes can be induced by various chemicals, including
redox-active compounds such as quinones, isothiocyanates,
peroxides, mercaptans, transition metals, trivalent arsenicals,
and also by chemopreventive antioxidants such as dietary
polyphenols [11]. By contrast, chemopreventive polyphenols
may oppose inflammation and cancer by enhancing cellular
antioxidant and detoxifying enzymes via activation of Nrf2.
They also suppress the induction of proinflammatory and
growth-promoting genes by downregulating the activation
of the crucial transcription factors Nuclear Factor κB (NFκB)
and activator protein 1 (AP-1) [13]. In response to a variety
of oxidant reactants, the skin upregulates transactivating
AP-1 components such as Fos and Jun, whereas it down-
regulates its negative, anti-inflammatory components Fra-
1 and Fra-2. The shift of redox balance towards oxidative
conditions facilitates phosphorylation and activation of c-
Jun N-terminal kinase (JNK), a kinase that promotes Jun
translocation into the nucleus. As a result, transcription
of AP-1-dependent genes takes place and, if this process
persists, cells will eventually die by apoptosis. Ascorbic
acid is an antiapoptotic antioxidant, which provides redox-
dependent inhibition of JNK and activation of Fra-1 and Fra-
2. A detailed analysis of the redox modulation of the signal
transduction pathways and transcription factors involved in
the inflammatory response of the skin has been recently
published [14].

3. Redox Imbalance in T Cell-Mediated
Skin Inflammation

T cell-mediated diseases of the skin are chronic disorders
with a high-social impact and an increasing prevalence
in the western countries. These diseases include psoriasis,
contact dermatitis, and atopic dermatitis. In the last decades,
relevant advances have been achieved in the understanding
of the cellular and molecular mechanisms underlying these
disorders [15]. Similar to the inflammatory events taking
place in other organs, also chronic skin inflammation
associates with overproduction of ROS, RNS, and high levels
of products of lipid peroxidation. Here, we will briefly review
recent acquisitions on the pathogenesis of T cell-mediated
skin disorders, and the evidence of disease-specific redox
imbalance.

3.1. Pathogenesis of Psoriasis. Psoriasis is characterized by an
intrinsically dysregulated interrelation between keratinocytes
and cells of both the innate and acquired immune response
[16]. As a result, psoriatic keratinocytes aberrantly proliferate
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Figure 1: Sources and responses to reactive oxygen and nitrogen species (ROS and RNS) in the skin. These highly reactive entities are
generated as a result of normal intracellular metabolism in mitochondria and peroxisomes, and by a variety of cytosolic enzyme systems.
The skin is peculiarly rich of enzymatic and nonenzymatic systems for the regulation of overall ROS and RNS levels and hence for the
maintenance of physiological homeostasis, due to its direct contact with strong pro-oxidative physical and chemical insults from the
environment. These include UV and ionizing radiations, and a variety of pollutants. During chronic inflammatory events, the persistent
release of potent cytokines by infiltrating leukocytes contribute to perturb the redox balance, essentially through the upregulated expression
of numerous enzymes involved in the regulation of this balance. Lower-than-normal levels of ROS and RNS leads to impaired cell
proliferation and reduced host defence. Also an increase in their levels is detrimental for the skin, leading to damage to cell components
and eventually acceleration of ageing and age-related diseases.

and become a reservoir of inflammatory mediators that,
directly and indirectly, induce the psoriatic phenotype. In
the last years, a number of studies have highlighted the
central involvement of dermal dendritic cells (DCs) in the
pathogenesis of psoriasis. In particular, dermal myeloid
DCs are increased in psoriatic lesions and induce T cell
proliferation and the massive production of the type 1
cytokine interferon (IFN)- γ [17]. A specialized subgroup
of these cells is named tumor necrosis factor (TNF)-α and
iNOS-producing DC (TIP-DC), due to their high expression
of these inflammation markers [18]. The evidence that
targeted immunotherapy reduces the quantity of these cells
in psoriatic patients supports the concept that these cells
are associated to the disease and have a pathogenetic role
[18, 19]. Importantly, TIP-DC can also produce IL-20 and
IL-23, and stimulate the differentiation and activation of
IL-17-producing helper T cells (Th17) [20]. Th17 cell type
is specialized in the immunosurveillance of the epithelium,
and also secretes high levels of IL-22, a key cytokine linking
adaptive immune effectors and epithelial dysregulation in
psoriasis. Indeed, IL-22, rather than IL-17A, from which
Th17 cells are named, is emerging as the prototypic Th17
cytokine [21], by inducing proliferation of keratinocytes
and synergizing with IL-17 in the enhanced expression of
antimicrobial peptides and chemokines by skin keratinocytes
[21, 22]. Hence, IL-22 could be centrally involved in the
pathogenesis of psoriasis, a disease characterized by very high

levels of numerous chemokines and antimicrobial peptides
[16]. A first functional role of Th17 cells in psoriasis was
suggested by reduction of their number during successful
anti-TNF treatment [23, 24]. In addition, a population of
plasmacytoid DC (pDC) is now thought to be crucially
implicated in the early phases of the psoriatic plaque
formation. These cells release IFN-α in the skin, and this
event is currently believed to trigger the expansion of
autoimmune T cells. In humans, infiltration of pDC and
expression of IFN-α can be detected early and transiently
during the development of the psoriatic plaque whereas
its effect persists in time until lesion chronicization [25].
In contrast, pDC are almost absent in chronic psoriatic
lesions. Also the expression of chemerin, a chemotactic factor
active specifically on pDC recruitment through its binding
to the Chemerin R23 receptor on their surface [26], can be
observed only in association with early pDC infiltration in
psoriatic skin [25].

3.2. Evidence of Oxidative Stress in Psoriasis. There are many
systemic and lesion-restricted signs of severe oxidative stress
in the patients with active psoriasis [27]. In the plasma and
red blood cells of patients with active psoriasis, increased
levels of malonyl dialdehyde (MDA) were interpreted as
the fingerprint of the exhaustion of natural enzymatic
and nonenzymatic antioxidant defenses and consequently
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the prevalence of deleterious peroxidative processes in the
cell membranes and plasma lipids of circulating cells [28,
29]. In another study, erythrocytes from psoriatic patients
presented a statistically significant decrease in erythrocyte
SOD and GPx [30]. In this report, exaggerated levels of
MDA were measured in the lesional tissues but not in
the serum of psoriatic patients. Other authors described a
decreased antioxidant potential of the plasma, along with
higher-than-normal expression of SOD, and elevated MDA
levels but no correlation between these parameters and the
disease severity [31]. Taken together, these results support
the notion that an imbalance in the oxidant-antioxidant
system can be observed in psoriatic patients [32]. In the
skin lesion, the massive infiltration of the various leukocyte
populations in an activated state certainly leads to local
release of a number of pro-oxidative species, in their
turn implicated in the proinflammatory activation of the
resident cells of the skin, in particular, keratinocytes and
fibroblasts [14].

Interestingly, several proinflammatory mediators re-
markably upregulated in the psoriatic lesions, in particular
TNF-α, IFN-γ, and IL-8, are strong inducers of iNOS expres-
sion and NO release from the epidermal keratinocytes [33,
34]. In addition, psoriatic lesions are peculiarly infiltrated
by TIP-DC, characterized by abundant levels of iNOS, as
previously described in [18, 19]. Being a potent regulator
of keratinocyte growth and differentiation, NO has been
recently considered a key player in the pathogenesis of
psoriasis. Indeed, a large body of work suggests that NO
is proinflammatory in the skin. Application of an NO-
releasing cream on the skin of healthy subjects elicits an
inflammatory response, and a loss of Langerhans cells that
was correlated to upregulated iNOS activity during the UVB-
induced erythematous response [35, 36]. However, other
investigators found that application of an NO-releasing oint-
ment on active psoriatic lesions leads to disease regression,
possibly due to prominent NO-dependent downregulation
of chemokine expression and hence to inhibition of T cell
and macrophage attraction into the skin [37]. This last report
emphasizes a possible beneficial effect of NO on this chronic
disorder, and suggests that the actual levels of NO are lower
than normal in psoriatic lesions. Accordingly, the evidence
that arginase 1 is aberrantly overexpressed in the lesional skin
of psoriasis patients suggests the possibility that arginine,
which is the substrate for NO generation by iNOS, might
not be adequately available for iNOS activity [38]. Also an
abnormal generation of the superoxide anion could limit NO
concentration in the psoriatic lesion, since this species may
rapidly react with NO and generate peroxynitrite, a cytotoxic
agent that nitrosylates thiolic groups and also leads to DNA
break [39]. Of relevance, exogenous NO was shown to
exhibit a biphasic action on HaCaT keratinocytes, providing
a proliferative signal at lower concentrations (below 100
micromolar), and inducing cell cycle arrest at higher doses
[40].

In spite of the evidence that an oxidative stress is sys-
temically and locally present during this disease, a variety of
effective treatments currently used for the therapy of psoria-
sis rely on a boost of the oxidative stress itself. For example,

psoralen-UVA (PUVA) combined therapy is widely used in
the treatment of psoriasis, and it leads to massive generation
of singlet oxygen in the skin [41]. Solar irradiation is also
known to improve the clinical conditions in a considerable
proportion of patients with psoriasis [16]. In the whole
human skin in vivo, the sun light induces production of
IL-6 accompanied by increased levels of 8-isoprostane, a
marker of oxidative damage to skin lipids [42]. Also broad-
band UVB phototherapy was successfully introduced into
therapeutic protocols for psoriasis. UVB phototherapy leads
to a sharp increase in the levels of thiobarbituric acid (TBA)
products and nitrite/nitrate concentration in the plasma of
patients subjected to a 1 to 2-month-long treatments [43].
In patients affected by severe forms of psoriasis, systemic
treatments include methotrexate, an inducer of elevated
nitrite/nitrate levels in the serum [44]. Fumaric acid esters
are also used for the systemic therapy of psoriasis with good
clinical efficacy. Elevation of superoxide anion production
by circulating blood monocytes in patients treated with
this drug was documented [45]. Finally, anthralin is a
well-established topical treatment for psoriasis. Its positive
clinical effect seems to associate to hydrogen peroxide-
induced activation of EGF receptor in keratinocytes [46].
Pro- and antioxidant properties of anthralin and some of
its derivatives have been characterized [47]. In their whole,
these observations suggest that a further increase of the
local levels of oxidative imbalance can play a beneficial, anti-
inflammatory effect in the skin of psoriatic patients, possibly
due to activation of antiproliferative, proapoptotic pathways
in both resident and infiltrating cell populations.

3.3. Pathogenesis of Allergic Contact Dermatitis. Allergic con-
tact dermatitis (ACD) is a common inflammatory skin dis-
ease, induced by repeated contact with low molecular weight,
highly reactive chemicals called haptens [48]. This disease
affects about 5% of men and 11% of women in industrialized
countries and has a chronic evolution. While the irritant
contact dermatitis (ICD) is a nonspecific inflammatory
dermatosis mainly due to severe damage to the epidermal
barrier and/or direct toxicity of the xenobiotics or chemicals
on the skin cells, ACD is a delayed-type hypersensitivity
response, with skin damage eventually due to activation of
the acquired immunity and infiltration of the tissues by a rich
population of lymphocytes including hapten-specific T cells.
Indeed, haptens irreversibly change the chemical nature of
endogenous proteins, and hence trigger an antigen-specific
response in the course of a second re-exposure. The cellular
mechanism behind this adaptive response has been deeply
investigated in the last decades [15]. Hapten interaction
with extracellular or membrane-bound proteins is followed
by internalization into skin antigen presenting cells, mostly
Langerhans cells and dermal DCs, and processed into major
histocompatibility complex (MHC) class II compartments
to generate appropriate hapten-peptide complexes fitting in
the groove of MHC molecules. Skin DCs reside in the skin
in an immature state, characterized by their high capacity
to capture antigens penetrated through the CE, but very
low-antigen presenting capacity [49, 50]. Both Langerhans
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cells and dermal DCs are susceptible to environmental
stimuli such as irritants, toxic stimuli, and bacterial and viral
products, which promote their migration to regional lymph
nodes and the acquisition of antigen presenting capacity for
naı̈ve T-cell priming and differentiation. Cytokines released
by skin resident cells, in particular IL-1, TNF-α, and IL-
18, critically regulate both DC migration and functional
maturation [51]. Once migrated into the paracortical zone of
draining lymph nodes, skin DCs prime hapten-specific naı̈ve
T lymphocytes, which differentiate into memory/effector T
cells and acquire defined migratory behavior towards the
skin, so that they will specifically migrate into the skin upon
a further contact with the same hapten. Similar to what can
be found in the psoriatic lesion, high levels of TNF-α and
IFN-γ are released by activated leukocytes also in ACD, and
contribute to stimulate a strong proinflammatory program
in the resident cells of the skin.

3.4. Evidence of Oxidative Stress in ACD. Oxidative stress is
regarded as widely implicated in the molecular mechanisms
leading to both ICD and ACD [52]. Examples of irritants
or antigens with overt oxidizing behavior are numerous,
and include hydroperoxides and peroxides, metal salts such
as nickel (II) or chromium (VI), quinines, and primary
amines [53]. All these substances may determine oxidative
stress in the cell and dysregulate its molecular mechanisms,
or may themselves require redox metabolism to become
antigenic. The proinflammatory activity of ROS-generating
chemicals in the skin is exemplified by the induction of
ICD through intradermal injection of hydrogen peroxide-
producing enzymes including glucose oxidase, a reaction
that can be neutralized by simultaneous administration
of CAT or SOD [54]. Systemic or topical treatment with
N-acetylcysteine prior to epicutaneous application of the
strong sensitizer and frankly oxidant compound 2,4,6-
trinitro-1-chlorobenzene, reduces all the inflammation-
correlated parameters, including expression of proinflamma-
tory cytokines, edema, and extent of leukocyte infiltration
[55]. The group of strong sensitizers with a dinitrohaloben-
zene structure, namely, 2,4-dinitro-1-fluorobenze and 2,4-
dinitro-1-chlorobenzene, were shown to irreversibly inhibit
mammalian thioredoxin reductase [56], hence eliminating
thioredoxin contribution to the maintenance of intracellular
redox balance. In the positive patch test for ACD to
nickel (II), an abnormal elevation of the oxidized/reduced
glutathione ratio and an increase in the levels of iron can
be detected in the skin lesion [57]. In contrast, induction of
ACD to polyaromatic hydrocarbons requires the biosynthesis
of a reactive oxidative intermediate by cytochrome P450-
dependent enzymes [58]. Also paraphenylenediamine, a very
diffuse agent of ACD in the industrialized world, requires a
cytochrome P450-dependent enzyme to become reactive and
elicit the disease [59]. Finally, the depletion of the enzymatic
and/or nonenzymatic antioxidant defenses precipitates the
cells in a condition of oxidative stress, which represents
a robust trigger for the activation of a proinflammatory
response. In particular, activation of the redox-sensitive
NFκB pathway leads to the de novo expression of a plethora

of cytokines and chemokines by resident cells [53, 60]
and eventually to tissue damage, due to massive leukocyte
infiltration.

An increase of iNOS was found immunohistochemically
both in ICD and ACD [61], and hence NO can reasonably
play a role in the distinct processes going on in contact
with dermatitis, including enhanced proliferation of epider-
mal cells, neutrophil accumulation and local vasodilatation
[62]. Indeed, iNOS blockade by aminoguanidine prior to
immune challenge was shown to reduce the inflammatory
response to the sensitizers picryl chloride and 2,4-dinitro-
1-fluorobenze [63, 64]. In humans, topical application of
an NO-releasing cream provides a sufficient stimulus to
induce ICD, as previously discussed in [36], although an
independent investigation suggests that NO exerts a more
complex regulation of the inflammatory skin reactions, with
potentiation of immune-specific cell-mediated mechanisms,
but limited role during ICD [65].

3.5. Pathogenesis of Atopic Dermatitis. Atopic dermatitis
(AD) is a chronic inflammatory disease that results from
complex interactions between genetic and environmental
factors [66]. A defect of total lipids of the CE, including
sterol esters and phospholipids as well as an increase in
free fatty acids and sterols compared to normal controls,
is responsible of the xerotic aspect of the atopic skin, and
may determine a higher permeability to allergens and irri-
tants, including environmental toxins. Recent findings have
provided evidence that a disturbed protease-antiprotease
balance is also implicated in a faulty differentiation process
of keratinocytes and accelerated desquamation in this dis-
ease [66]. However, the strongest evidence for a primary
structural abnormality of CE underlying the pathogenesis
of AD derives from the recent link between loss-of-function
mutations in the gene encoding filaggrin and AD [67, 68].
Up to 50% of European children with AD reveal single
or double allele, or compound mutations in the filaggrin
gene on chromosome 1q21. Although 15 distinct mutations
have been reported, the 2 most common account for
the majority of cases [69], and because of their proximal
location on the filaggrin gene, they also predict more severe
loss of function. Filaggrin deficiency in the epidermis of
AD patients is reasonably implicated in different, not yet
clearly defined, aspects of CE malfunction in these subjects,
including poor CE hydration and decreased generation of
filaggrin acidic metabolites such as transurocanic acid, with
consequent uncontrolled activation of serine proteases [70].
Any perturbation of the epidermal permeability barrier
represents per se an effective mechanism leading to cutaneous
inflammation, since numerous cytokines, chemokines, and
some of the growth factors released by keratinocytes as
autocrine regulators of barrier homeostasis can also favor
the development of inflammatory reactions [71]. Of note,
keratinocytes of AD patients exhibit propensity to an exag-
gerated production of distinct cytokines and chemokines;
a phenomenon that can be relevant in further promoting
and maintaining local inflammation [66]. As a consequence,
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specific immune responses against a variety of environmental
allergens are often present, with a bias towards T helper
2 (Th2) immune responses. Atopic diseases are indeed
characterized by IgE hyperresponsiveness to environmental
allergens and a peculiar hyperreactivity of the target tissues
toward irritative/inflammatory stimuli.

3.6. Evidence of Oxidative Stress in AD. Factors predisposing
susceptible individuals to atopic diseases include chronic
exposure to oxidative toxins, such as tobacco smoke and
air pollution [72]. Also the relevance of the psychological
stress as a risk factor for the precipitation of the atopic
syndrome is widely accepted, although the mechanisms of
this immunoregulation are poorly understood [72]. Impor-
tantly, there is intriguing experimental evidence that chronic
psychological stress augments oxidative tissue damage, as
demonstrated by the increase of 8-hydroxy-deoxyguanosine
(8-OH-dG), a parameter of oxidative DNA damage, in the
plasma of animals undergoing permanent painful stim-
uli [73]. In children with acute exacerbation of atopic
dermatitis, urine concentrations of 8-OH-dG, of acrolein-
lysine adducts (markers of lipid peroxidation), and of biliru-
bin oxidative metabolites (markers of bilirubin oxidative
metabolism) were higher than those of control subjects,
and returned to normal levels during disease remission.
In contrast, nitrite/nitrate levels (markers of endogenous
nitric oxide production) were not significantly affected
in these patients [74]. Upregulation of urinary 8-OH-dG
was reported in adult patients undergoing exacerbation of
the disease [75]. These findings suggest that AD patients
experience an oxidative stress, and that altered antioxidant
defences are possibly involved in the pathophysiology of the
acute form [28, 32]. Evidence of enhanced protein and lipid-
oxidative damage was found in the CE of atopic patients,
as demonstrated by the increase of carbonyl moieties both
in lesional and nonlesional skin, along with an elevation in
the activity of SOD, an effective scavenger of ROS, possibly
as part of a mechanism that tends to buffer the persistence
of oxidative stress [76]. Recent animal data support a role
for oxidative/antioxidative imbalance in the shift toward a
Th2-skewed immune response [77]. Accordingly, a previous
report demonstrated that administration of the antioxidant
thiol N-acetyl-L-cysteine or glutathione to human T cells in
culture downregulated the Th2 polarization, with decrease in
the expression of IL-4 and IL-5 and simultaneous skewing
towards a Th1-type phenotype [78]. These observations
indicate that antioxidant supplementation could represent
a good therapeutic approach for the treatment of AD. Also
the topical use of a proper antioxidant onto the lesional skin
could reasonably help to dampen the aberrant keratinocyte
expression of cytokines and chemokines in response to
proinflammatory stimuli [79]. However, the potential benefit
of topical antioxidant treatments in preventing relapses of
the disease or in accelerating its remission, has not been
clinically assessed. By contrast, similar to psoriasis, severe AD
can benefit of exposure to UV light and treatment with PUVA
[80], due to a system of responses that lead to effective local
immunosuppression.

4. Conclusions

In this paper, we have briefly overviewed our current knowl-
edge of the systemic and local redox imbalance in chronic
skin inflammation. The experimental evidence collected so
far suggests that the pattern of redox perturbation is disease-
specific, and that several well-established, effective pharma-
cological treatments display a frank pro-oxidant behaviour.
In particular, a number of drugs and physical approaches
used in the therapy of psoriasis behave as strong sys-
temic and/or local oxidants. In this case, oxidation-induced
damage to the cell cycle machinery of hyperproliferating
keratinocytes, and of massive numbers of infiltrating leuko-
cytes might eventually perform a valid immunosuppression
that helps reduction and/or remission of the plaques. Of
note, UV-based therapy is also effective in the therapy of
severe AD. Nonetheless, the anti-inflammatory behaviour
of numerous natural polyphenols on a variety of cell
populations including skin cells, could be ideally employed
to protect the skin from abnormal response to environmental
triggers and prolong the disease-free periods [81]. To reach
this goal, a further step forward in the investigation of
the complex, molecule-specific mechanisms of action of
natural antioxidant compounds is necessary, along with
double-blind placebo-controlled clinical trials to establish
parameters of efficacy and safety of these compounds.
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Skin surface lipid (SSL) film is a mixture of sebum and keratinocyte membrane lipids, protecting skin from environment. Its
composition is unique for the high percentage of long chain fatty acids, and of the polyterpenoid squalene, absent in other
human tissues, and in non-human Primates sebum. Here, the still incomplete body of information on SSL as mediators of
external chemical, physical, and microbial signals and stressors is revised, focusing on the central event of the continuous
oxidative modification induced by the metabolic activity of residential and pathological microbial flora, natural or iatrogenic
UV irradiation, exposure to chemicals and cosmetics. Once alpha-tocopherol and ubiquinol-10 antioxidant defences of SSL
are overcome, oxidation of squalene and cholesterol gives rise to reactive by-products penetrating deeper into skin layers, to
mediate local defensive inflammatory, photo-protective, immune reactions or, at higher concentrations, inducing local but also
systemic immune depression, ultimately implicating skin cancerogenesis. Qualitative modifications of SSL represent a pathogenetic
sign of diagnostic value in dermatological disorders involving altered sebum production, like pytiriasis versicolor, acne, atopic
or seborrheic dermatitis, as well as photo-aging. Achievements of nutriceutical interventions aimed at restoring normal SSL
composition and homeostasis are discussed, as feasible therapeutic goals and major means of photo-protection.

1. Sources and Composition of
Skin Surface Lipids

A continuous hydrolipidic film, representing the actual
interface between the epidermal viable layers and outer
environment, covers human skin. Skin surface lipids (SSLs)
are a mixture of sebaceous and epidermal lipids, displaying a
very peculiar composition as compared to lipid fractions of
serum or internal tissues. This peculiarity is originated by the
unique contribution of sebum secreted from the sebaceous
glands, unevenly distributed in all areas of the body with
the exception of the palms and foot soles, and becoming
extremely specialized in local districts, like the eye, where the
meibomian glands exert highly efficient protective functions
[1].

SSL composition in the skin areas with the highest
concentration of sebaceous glands (forehead, upper chest,
and dorsum) mainly reflects sebaceous secretion, flowing
from those sites also to areas with lower concentration, where
the contribution of cellular lipid components, rich in oleic
and linoleic acid, becomes more relevant [2, 3]. The ker-
atinocyte membrane lipid contribution and the continuous
metabolic action of resident microbial flora hosted at skin
surface in healthy conditions are key determinants of the
uniqueness of this complex mixture. Major lipid components
in human sebum include squalene (SQ—(2,6,10,15,19,23,-
hexamethyl-2,6,10,14,18,22-tetracosahexaene), wax esters,
and triglycerides. As a whole, the SSL fatty acids fraction
is relatively poor in polyunsaturated fatty acids (PUFAs).
Typically, sebum is rich in long-chain fatty acids (up to
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26 carbon atoms), linear or branched, mainly saturated
or monounsaturated [4, 5]. These are partly present in
the free form, secondary to the microbial and epithelial
lipase activity on sebum triglycerides, and are responsible
for antimycotic and antibacterial properties of the skin
[5–7]. For the most part, these specialized fatty acids are
esterified with cholesterol, or with fatty alcohols, to form
the fraction of wax mono- and diesters, crucial for skin
insulation [8–10], available uniquely on the skin and hair
shaft. This fraction has been extensively investigated by
analytical lipidomic approach in recent years, allowing, for
example, the identification of more than 160 different wax
esters ranging from 24 to 42 total carbons, and 73 species of
ceramides, in the human proximal hair [11, 12].

A most peculiar component of SSL is SQ [2], a key
biosynthetic precursor of cholesterol. In humans, about 60
percent of dietary SQ is absorbed, transported in serum by
very low-density lipoproteins, and distributed ubiquitously
in human tissues, with the greatest accumulation in the
skin through sebocyte concentration [13]. SQ levels, being
negligible in other organs, normally range about 12% of
total SSL in adult life and can reach up to 20% [14, 15].
In the liver and in other tissues, this linear 30-carbon
triterpenoid compound is entirely metabolised to SQ 2,3-
epoxide to be subsequently converted to lanosterol. SQ
overproduction in sebocytes may be due to altered expression
and activity of two key oxygen-regulated enzymes involved
in SQ metabolism, squalene synthase, and squalene oxido-
cyclase, in response to the anaerobic environment occurring
locally inside the sebaceous gland [16]. This biochemical
peculiarity bears important biological implications, in that
the peroxidable SQ molecule has been extensively proven
to be a key mediator of skin reactions to environmental
stressors [17].

In defence towards oxidative events occurring on the
skin, vitamin E of nutritional origin, actively secreted from
sebaceous glands and probably cosecreted with SQ [18]
and coenzyme Q10 of endogenous origin and partly co-
synthesized with SQ by the sebaceous gland [19], provide
necessary antioxidant protection to the skin lipid film.

The cellular-derived component of skin surface lipids
consists of phospholipids derived from the plasma mem-
brane of corneocytes, also contributing as the unique
component of ceramides characterizing cell envelope [7, 20].
Lipids from keratinizing cells account for the rather limited
contribution of polyunsaturated fatty acids, namely linoleic
acid [21], available in the surface hydrophobic film. More
deeply into the cornified envelope, ceramides and proteins
concur to form the unique intercellular matrix determining
most of the functions of the skin barrier [22].

The overall composition of SSL differs therefore sen-
sibly from lipids of the viable skin epithelial layers, and
from systemic lipids, both in the relative percentage and
type of lipid fractions, and in the relative amount of the
PUFA oxidable fraction [16]. Following the rather extensive
studies on the composition and role of SSL started by
the pioneer observations of Nicolaides [10], the research
on epidermal surface lipids and their prevalent sebaceous
component has been thereafter almost entirely dropped,

in favour of the studies on lipids of keratinocyte origin,
thus unravelling the essential functions of ceramides in cell
signalling and skin disease [23, 24]. Nevertheless, the role
of SSL in mediating the biologic effects of UV irradiation
and other environmental stimuli/stressors has been at least
partly identified [25], and, most importantly, alterations
in sebum secretion have been recognised as a common
feature of several inflammatory chronic skin diseases, finding
their main localization in cutaneous areas where sebaceous
glands are more concentrated. In addition, SSL chemical
composition can be severely altered in different skin diseases.
This is the case of acne [26–28], atopic [29] and seborrheic
dermatitis [30], pityriasis versicolor [31, 32], and androgenic
alopecia [33]. Sebum must in fact also be regarded as
vehicle transporting and transmitting several endogenous
and exogenous molecules to the skin, including potential
regulatory factors of hair follicles [34].

All the above-mentioned dermatoses are so far lacking
satisfactory aetiopathogenic elucidation and consequently
established and effective therapies. Interestingly, all of them
benefit from therapeutic UV irradiation protocols [35].

2. Effects on SSL of Natural UV Irradiation and
Phototherapy

Among the different categories of environmental stressors
affecting the skin, UV irradiation is the field of most intense
research targeting the increased risk of tumor development
connected with overexposure and the effects on cutaneous
pigmentation of medical/aesthetic concern. Based on the
capability of UV rays to penetrate at different depths in
the epidermal and dermal layers [36], most of the studies
have been so far focused on the photoreceptors localised
in the skin viable compartments beneath corneum, such
as DNA, urocanic acid [37], and endogenous [38] or
bacterial porphyrins [39]. These molecules are able to
selectively absorb in the UV wavelenght range and thus
catalyse oxidative cytostatic, cytotoxic, or imunomodulating
photoreactions, widely employed for medical applications in
skin phototherapy.

Indeed, the very first target of UV and other environ-
mental radiations during natural, professional, or thera-
peutic exposure is represented by skin surface lipids [40].
Nevertheless, their possible role as mediators of cutaneous
and systemic biological effects has been so far not ade-
quately highlighted. The UV-R absorbance spectrum for
SSL has been assessed spectrometrically, showing significant
absorption, with a maximum at 215 nm. The hydrolipid
layer present on forehead skin in healthy conditions is
likely to reduce transmission at 300 nm by about 10%
[41]. Apart from representing a first line of defence by
direct UV absorption, SSL constitutes a suitable target and
scavenger for all reactive species generated at skin level
by different molecular mechanisms, in the course of UV
irradiation. This indirect photo-oxidation is definitely the
most relevant biological effect of UV on the SSL mantel and
is the main mechanism operating in ultraviolet A- (UVA-)
and visible light-induced photodynamic stress induced on



Mediators of Inflammation 3

skin for therapeutical purposes [42]. Due to the scavenging
action of SSL under atmospheric oxidative chemical stress,
photoirradiation, or microbial oxidative metabolism, the
hydrolipid superficial mantel becomes a relevant source of
peroxidated intermediates on the skin, certain molecules of
the resulting composition being clearly cytotoxic, irritant, or
immunogenic [34].

Among cutaneous SSL components, squalene is a
most intriguing component. It represents indeed the most
abundant peroxidable fraction in SSL. It was previously
demonstrated that when human sebum is subjected to
high-dosage UVB irradiation in vitro, SQ is markedly
degraded as compared to cholesterol, sebum triglycerides,
or mono-/diunsaturated free fatty acids (FFAs) [43, 44].
UVR, alone or in combination with photosensitizers or other
physicochemical stimuli including microbial peroxidizing
metabolism, induces oxidative degradation of SQ with the
generation of a wide range of by-products of varying polarity
and reactivity, that have been clearly characterised by ion
mass spectrometry. These include SQ monohydroperoxide
[43], different isomers of squalene epoxide, and shorter
chain reactive aldehydes [45], in particular formaldehyde
and malonyl dialdehyde (MDA) [46–48] ] (Figure 1). More
recent studies have demonstrated that SQ is oxidized at a
much higher rate in physiological conditions by UVA either
than UVB, and that probably most previous results obtained
with experimental UVB irradiation must be ascribed to the
effects of minimal doses of UVA, always contaminating UVB
emission sources [49].

Following the initial studies concentrated on SQ oxi-
dation dynamic, conclusive works have indicated that the
very first molecules undergoing oxidation in vivo under UV
irradiation of skin are alpha-tocopherol and ubiquinol-10,
both in sebum and viable keratinocyte membranes [17, 19,
50–52]. These redox-cycling phenols have been undoubtedly
recognised as the first targets of UV oxidation in both
three-dimensional skin experimental models [50, 51] or
cell-free sets of sebum ex vivo irradiation [53, 54]. Only
once these borderline lipophilic antioxidant defences of
SSL are overcome, there occurs accelerated SQ oxidation;
this leaves unchanged the remaining lipid fractions and
protects other unsaturated lipids such as cholesterol and,
most importantly, the minimal amount of PUFA contributed
by pure sebum, namely sebaleic acid (5,8-octadecadienoic
acid). This special di-unsaturated fatty acid has been recently
proven in vitro to be a feasible source of oxidized, biologically
active chemoattractant and proinflammatory species, when
metabolized by neutrophils and keratinocytes in the skin
[55]. In vivo instead, the protective effect of SQ on PUFA
and the major physiological relevance of SQ peroxides
as compared to sebaleic acid oxometabolites were already
indirectly proven by the early observations of Morello et al.
[56], documenting the absence of significant sebaleic acid
depletion in sebum of patients with severe acne, as compared
to healthy controls.

Based on the elevated proneness of SQ to photodecom-
position, and the many biological effects of UV-induced SQ
peroxides it has been recently reproposed that these reac-
tive by-products may be principal physiological molecular

mediators of the biological effects of UV irradiation and
other pro-oxidants targeting skin [39].

As described above, the protective effects of SQ are
counterbalanced by the generation, by the same peroxidative
mode, of low-molecular weight and relatively hydrosolu-
ble reactive species [57, 58], chemically derived from the
antioxidant action of the triterpene. These by-products
are able to diffuse from the skin outer corneum mantel
into viable layers and hence target keratinocyte plasma
membrane PUFA, thereby causing arachidonic acid decrease
and a sequel of consequent biological effects, including
the production of a cascade of lipid oxidation reactive
nucleophiles, such as 4-hydroxy-2 nonenal (4-HNE). SQ
peroxides display the typical bimodal biological behavior
of reactive species, exerting in vitro a paradoxical effect on
keratinocyte cells. At low concentrations and short times of
incubation, they stimulate DNA and protein synthesis, whilst
inducing cellular damage and inhibiting mitotic activity at
higher exposure times and dosages [44]. SQ peroxides also
stimulate keratinocytes to release increased amounts of pro-
inflammatory cytokines in vitro [59] whereas they induce
UV-like immunologic effects on the guinea pig ear model in
vivo. Topical application in concentrations likely produced
under physiological UV irradiation of the skin is in fact
able to suppress contact hypersensitivity to topically applied
haptens like dinitrofluorobenzene (DNFB), as demonstrated
by the reduction of lymphocyte infiltrate and the depletion
of ATPase positive immunocompetent cells [53].

Among SSL fractions, SQ is the most efficient quencher
of singlet oxygen [60], produced under UV irradiation
of cutaneous photo-sensitizers or under conditions of
phagocyte-driven oxidative burst at skin inflammation sites
[39]. SQ peroxide by-products generated by this scavenging
action are able to upregulate the release of PGE and cytokines
from keratinocytes [59], and through this mechanism
they possibly activate melanocyte dendricity and stimulate
melanin synthesis in the lower skin layers, as demonstrated
on the guinea pig ear model [39]. In this direction, SQ
peroxide effects on melanogenesis can in part explain also
changes in skin pigmentation in vivo.

Taken together, all these results confirm earlier classifi-
cation of SQ as a sacrificial antioxidant, being extensively
degraded under different types of peroxidant stimuli and
very prone to photodecomposition [61]. This way, this
unique molecule is able to afford protection of human skin
surface from further damage to the lipid mantel and to
cellular peroxidable targets of the viable layers, induced by
the exposure to UV and other sources of ionizing radiation,
both natural and iatrogenic. In view of the many ascertained
biological effects of UV-induced SQ peroxides, it has been
recently re-proposed that these reactive by-products may be
principal physiological molecular mediators of the biological
effects of UV irradiation and other pro-oxidants targeting
skin [39, 62].

The recognition of SQ as a principle target for oxidative
stressors on the hydrolipid mantle has been acknowledged
in the last decade also for applicative purposes, in that the
quantification of SQ oxidative rate, or of SQ hydroperoxide
formation, has become a commonly used method to test



4 Mediators of Inflammation

Squalene

UV

Squalene epoxides

H3C

H3C

H3C

CH3

CH3
CH3

CH3

O

O

O

O O

OH

Malonyl dialdehyde

H

H H

Other by-products

Squalene 2, 3-epoxide

Transfarnesal

Figure 1: Chemical structures of squalene and of its main photo-oxidation labile or stable by-products, generated in vitro under UV
irradiation.

the protective/antioxidant efficacy of natural or artificial
ingredients of formulations directed towards skin protection
or sunscreening [48, 57, 61, 63].

In conclusion, though, from the biological point of view,
the reason why SQ molecule occurs in high concentration
in human, SSL is still considered an enigma. On the basis
of all described biochemical properties, it can be sensibly
hypothesized that the natural deficiency of squalene oxido-
cyclase activity in human sebaceous glands represents an
evolutionary advantage, in that SQ is capable of neutralizing
reactive oxygen species induced by UV irradiation on the
skin, thus behaving as an antioxidant and, indirectly (SQ
does not absorb in the UV range), as a natural sunscreen
[64]. The skin of monkeys, unlike that of humans, is covered
by a large quantity of hair, protecting from UV rays. In the
far less hairy human skin, the shield function is reasonably
carried out by SQ, in association with the physical defences
of stratum corneum and melanin. In contrast to human
sebum in fact, SSL of other hominidae contains higher levels
of cholesterol, and surprisingly no SQ at all. Our group has
performed a so far unique study on surface lipid composition
in the primate superfamily, proving that SQ is unique to
human sebum, and completely missing in the main genera
of non-human primates, including those closer to man, the
hominoidea [65, 66]. Human sebum also contains higher
levels of triglycerides and their hydrolysis products and far
lower levels of cholesterol. A synthesis of most relevant data
is illustrated in Figure 2 and Table 1. In addition, SQ terpene
typical of human sebum is also a principal surface lipid of

different aquatic mammals, namely otter, beaver, kinkajou,
and at least one species of mole [67–70]. In these species,
SQ accounts for the essential properties of water repellence
and thermal insulation. Other nonaquatic mammals or birds
have evolved different cutaneous fats, such as wax esters and
wax di-esters, ensuring the same vital properties.

The relevant distance of human sebum in composition
and function from the nearest primates, and the close
similarity with semiaquatic mammals, bears interesting
evolutionary implications and may offer some support to the
discussed hypothesis of the origin of man from some semi-
aquatic hominids, feeding on fish. Marine food, especially
microalgae and seaweeds, as well edible seeds of plants
dwelling in Mangrovian habitats, like the genus Amarantus
[71], display in fact an unusual rich SQ content. In the light
of the so-called Aquatic Ape Theory, that evidences features
of convergence among different semi-aquatic species, such
as proboscis monkeys, beavers, sea-otters, hippopotamuses,
seals, sea lions, and walruses [72], these new biochemical
data on human sebum squalene offer indeed new space for
speculation.

3. Microbial Impact on SSL Composition and
Function

As previously mentioned, the epidermal surface hydrolipid
layer can also be viewed as the growing medium for
residential saprophytic microbial skin flora. The distribution
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primates (from 1 to 5 pooled individuals in each sample) performed by Thin Layer Chromatography (TLC) with double-solvent system
resolution. The effective chemical characterization of each lipid fraction was checked by Gas Chromatography—Mass Spectrometry (GC-
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Table 1: The skin surface lipid (SSL) composition (%) of Homosapiens adults and non-human primates (according to [65, 66]).

Lipid Fraction Homo sapiens
(n = 30)

Gorilla gorilla
(n = 3)

Pongo pygmaeus
(n = 3)

Pan troglodytes
(n = 4)

Hylobates sp.
(n = 1)

Macaca sp.
(n = 5)

Squalene (SQ) 11.8 ± 0.6 n.d. n.d. n.d. n.d. n.d.

Cholesterol esters (CE) 1.4 ± 0.2 3.5 4.6 9.8 32.6 40.6

Cholesterol (CH) 1.4 ± 0.1 1.7 1.8 1.8 1.9 3.0

Triglycerides (TG) 34.1 ± 6.5 2.3 0.9 5.1 2.0 4.9

Diglycerides (DG) 1.3 ± 0.2 0.8 0.4 1.0 0.2 0.1

Monoglycerides (MG) 0.4 ± 0.1 0.1 tr tr 0.2 0.2

Wax mono-esters (WE) 24.5 ± 2.1 37.4 25.0 31.3 2.0 15.2

Wax di-esters (WDE) n.d. tr 2.0 tr 1.5 2.3

Free fatty acids (FFA) 24.6 ± 6.1 3.4 2.5 7.4 5.0 8.3

Others (paraffins, etc.) 0.5 50.8 62.8 43.6 54.6 26.4

SSLs were sampled from the forehead and upper chest, with diethyl ether cup extraction method [30]. Results for human skin (30 subjects) are expressed as
mean ± S.D.; for primates they are the results of the varying number of samples. Macaca sp. sample is a pooled extract of 5 samples, consisting in 1 single
individual from each of the following species: Macaca sp., M. mulatta, M. nemestrina, M. assemensis, and M. fascicularis. tr: traces.
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and density of bacterial and yeast population at cutaneous
surface is dependent on host age and on environmental
factors such as sebum secretion, occlusion, temperature,
and humidity [73, 74]. Sebum produced in the pilo-
sebaceous gland is composed purely of squalene, waxes, and
triglycerides [34]. Once secreted, this rich medium is imme-
diately colonized by various lipotrophic biologic agents, the
development of which is controlled by several defensive
humoral mechanisms and by the contact with ambient
oxygen. Bacterial/yeast lipase activity is the main responsible
of FFA presence on the skin. Oxygen and micro-organisms
transform sebaceous moiety and hydrolyse triglycerides to
FFA, with consequent relevant alterations of the SSL pattern
in cases of pathological microbial colonization of the skin.

This is the case of acne, where a role for Propionibac-
terium infection is claimed among the main aetiopathogenic
triggers [75]. Here, FFAs metabolically generated by this
lipophilic bacterium account for the chronic inflammatory
reaction and the fibrogenetic action on infundibulum epithe-
lium, thus sustaining comedones, pustules, and nodules
formation [27]. Similar mechanisms have been claimed to
explain at least partially the chronic inflammatory process
characterizing atopic (AD) and seborrheic dermatitis (SD)
[76, 77]. Pityrosporum ovale is a lipophilic saprophyte
belonging to the normal skin flora, mainly localizing in the
horny layers, and in the upper tract of the sebaceous follicle.
In the scalp, for instance, P. ovale constitutes up to 46%
of the cutaneous flora in the healthy subject, while it may
increase up to 82% in SD patients. The evidences of defective
cell-mediated response to P. ovale and to Candida albicans
in SD patients [78], and the elevated incidence of SD in
HIV+ and AIDS patients [79], support the hypothesis that
a deficit of cell-mediated immunity may play an aetiological
role in the disease. A long-lasting pro-inflammatory action
of P. ovale is to be taken into account, the yeast being
highly immunogenic, able to activate complement and to
produce pro-inflammatory reactive oxidized metabolites of
selected polyunsaturated SSL, including SQ [34]. Alterations
of SSL composition, along with oxidative by-products of SSL
irradiation during antitumor PUVA or narrow-band UV-
B phototherapy, induce similar immunologic impairment
locally on skin. This causes an increased incidence of
parasite skin colonization, like, for example, the infection
caused by the Demodex mite [80], an intrafollicular parasite
feeding on sebum, and also frequently causing blepharitis
[34].

Antimicrobials may reduce the density of the resident
pathogenic or saprophytic skin flora, but they do not com-
pletely eliminate it. While antimicrobials may cause irritant
and allergic contact dermatitis, no evidence exists that their
use may change the ecology of resident bacteria on the skin,
thereby leading to the overgrowth of pathogenic bacteria
[74]. As a consequence, antibiotic/antimycotic treatment is
not the elective approach to most of these skin diseases.
The antimicrobial function of FFA generated on sebum is
an essential factor for the homeostasis of skin microbial
colonies, and changes in sebum fatty acid composition are
a main cause of microbial alterations on the pathological
skin [81, 82]. In this respect, skin lipidomics are definitely

expected to offer important diagnostic and therapeutic
solutions in the near future.

Due to its high levels of unsaturation, SQ in particular
has been proposed as the precursor of highly toxic pro-
inflammatory mediators, produced by bacterial or yeast
lipoperoxidase activity [45]. A further well-characterized
example of an aetiologic involvement of SSL in skin pathol-
ogy is offered by pityriasis versicolor, a pigmentation disease
featured by large achromial spots occurring on skin areas
with highest concentration of sebum lipids, where Pityrospo-
rum orbiculare finds optimal dwelling conditions. This skin
saprophyte in some individuals becomes pathogenic, due
to still unknown factors. In vitro cultures of P. orbiculare
have documented a markedly increased peroxisomal lipid
oxidation activity induced by the same unsaturated fatty
acids present on the skin, namely linoleic acid [83], giving
rise to hydrogen peroxide through a Fenton mechanism and
the subsequent generation of hydroxyl radicals. SQ, which
is not a substrate for lipoxygenase and is not metabolized
by Pityrosporum, may reasonably be peroxidized in vivo due
to the metabolic activities of yeast peroxisomes. In yeast
cultures supplemented with linoleic acid plus SQ, a marked
increase in lipoperoxide formation was observed [83], with
the generation of the same toxic and unstable oxidation
products (trans-trans farnesal and SQ epoxides) formed
under experimental high-dosage UV irradiation of sebum
and also identified on skin in vivo [45].

This equivalence substantiates the role of SQ peroxides
in the development of the clinical features of pityriasis,
possibly accounting for melanotoxicity and cutaneous depig-
mentation [84]. In this connection, the early demonstration
that vitamin E supplementation suppresses the induction
of peroxisomal beta-oxidation and catalase activity induced
by linoleic acid offers promising clues for new treatment
approaches [85].

4. Skin Surface Lipids as Biomarkers of Skin
Disease and Aging

All surface lipids examined so far play a role in the complex
signaling network originating at the epidermal level, so that
skin can no more be viewed as a specialized wrapping
material protecting internal organs from environment and
guaranteeing the main function of permeability barrier
homeostasis, but more extensively as a complex organ
actively communicating with the external world [86]. As
a consequence, thorough revision has been made of the
traditional concept that only mere quantitative alterations
of sebum, without any concern for sebum quality and
composition, accounted for skin diseases associated with
seborrhea or sebostasis. The multifaceted functions of the
sebaceous gland are hence gaining momentum [25, 87], as
the dysfunction of enzymes synthesizing or metabolizing
SSL has been found in different disease states, along with
altered sebum antioxidant levels. As widely discussed above,
SSLs are subjected to hydrolysis and oxidative processes,
giving rise to biologically active by-products, which are
critically modulated by local lipid soluble antioxidant levels,
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Table 2: The skin surface lipid (SSL) composition (%) and total lipid content in adult healthy subjects and in adult patients suffering from
seborrheic dermatitis (HIV-negative and HIV-positive) and atopic dermatitis (according to [29, 30]).

Lipid Fraction
Groups

Healty subjects
(n = 30)

Seborrheic dermatitis
(n = 30)

Seborrheic dermatitis (HIV positive)
(n = 30)

Atopic dermatitis
(n = 20)

Squalene (SQ) 12.8 ± 0.6 11.7 ± 0.9∗ 11.5 ± 1.0∗ 10.8 ± 1.1∗

Cholesterol esters (CE) 1.3 ± 0.2 1.0 ± 0.4 1.8 ± 0.5∗ 2.4 ± 0.6∗

Wax esters (WE) 25.6 ± 3.2 23.9 ± 5.1 23.8 ± 4.5 21.7 ± 1.8∗

Triglycerides (TG) 36.1 ± 8.4 40.7 ± 10.3 42.3 ± 10.2 32.6 ± 10.6

Free fatty acids (FFA) 21.6 ± 8.8 18.9 ± 9.6 17.4 ± 10.5 28.8 ± 11.4

Cholesterol (CH) 1.2 ± 0.2 1.7 ± 0.5∗ 1.7 ± 0.5∗ 2.4 ± 0.4∗

Diglycerides (DG) 1.4 ± 0.2 1.2 ± 0.2 1.5 ± 0.2 1.3 ± 0.2

TOTAL LIPIDS (µg/cm2) 195.4 ± 20.6 171.2 ± 29.7∗ 167.2 ± 30.4∗ 172.6 ± 17.4∗

SSL sampled from the forehead, with diethyl ether cup extraction method [30]. Results are expressed as mean ± S.D.
∗Significance level versus healthy subjects at P < .05.

actively transported to the skin surface at the level of the
pilosebaceous unit. Indeed, SSL composition has been found
significantly altered in amount and quality in different skin
diseases as well as in the aged skin.

In both atopic and seborrheic dermatitis, we and other
authors reported a marked reduction of skin total surface
lipids [29, 30]. It was shown that SSL of children and adults
with atopic dermatitis present depleted levels of the lipid
fractions of sebaceous origin, SQ, and wax esters and corre-
spondingly increased levels of free and esterified cholesterol.
Analogous alterations were found in seborrheic dermatitis,
in HIV-negative and HIV-positive patients, these latter
suffering from SD with increased frequency as compared to
healthy population. These alterations of SSL composition,
summarized in Table 2, were associated with significant
systemic depletion of the main lipophilic antioxidant levels
and detoxifying enzymatic activities, mainly vitamin E,
ubiquinol-10, and erythrocyte glutathione peroxidase [88,
89].

In the acne pathogenic process, SQ peroxides most likely
play a role [90], in that SQ monohydroperoxide has been
proven to be highly comedogenic when topically applied on
skin in the animal model [91]. Sebum SQ fraction was found
increased by 2.2-fold in a group of patients affected with
moderate to severe acne, as compared to controls, reaching
20% of the total sebaceous lipids [92]. The SSLs undergo
important qualitative and quantitative modifications due
to photo-aging, where SQ peroxides seem again to play a
major role, mimicking the effects of chronic UV irradiation
when applied experimentally on the skin [93, 94]. SSL may
hence represent a very efficient marker of the sun-protecting
efficacy of chemical sunscreens. Experimental UV irradiation
of a series of commercial chemical filters in the presence
of SQ in physiological concentrations led to the conclusion
that all most common UV filters protect SQ from UVB-
driven oxidation at different extents (Benzophenone-3 >
Octylsalicylate > Parsol MCX > Parsol5000 > Octyldimethyl
p-hydroxybenzoic acid (PABA) > Parsol 1789), depending

on filter dose and irradiation energy. Conversely, upon
UVA irradiation, filters like Parsol 1789 and 5000 and
octyl-dimethyl PABA exerted a marked pro-oxidant effect,
enhancing SQ peroxides formation possibly through the
action of their self-decomposition by-products induced by
UVA, deserving careful attention for safety concerns [64,
95].

The external lipid film hence represents a reliable in
vivo marker of skin disease, easy to monitor through
noninvasive analytical techniques [30, 96]. Being the first
target of environmental stressors, SSLs also represent a
suitable research tool for in vitro screening, to study drug
delivery through skin, as well as in vitro assessment of the
chemical reactions of jewellery, textiles, cosmetics, drugs,
industrial chemicals, and particles in direct and prolonged
contact with human skin [97]. To provide meaningful results,
the composition of artificial SSL should accurately mimic
human sweat and sebum, and the conditions of the in vitro
test system should accurately reflect in vivo skin conditions.
The wealth of results obtained employing artificial sebum
formulations is characterized by the poor physiological
value of most models, lacking essential components and
presenting unrealistic percent ratios of the single molecules.
Variables like sweat composition, pH, temperature, and so
forth need careful standardization, in order to guarantee
reliability of the in vitro test system. The combination of
tridimensional skin tissue models with SSL formulations
bears promising results for in vitro applications, providing
both corneum and sebum components to the skin barrier
functional model.

5. The Influence of Diet and
Cosmeceutical Intervention

In view of the physiological relevance of the surface lipid
composition for an optimal performance of the skin organ,
the modulation of skin surface lipids composition may
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represent a powerful approach to enhance skin photo-
protection, to prevent skin ageing, and to control microbial
symbiotic and pathogenic colonization and consequent
skin diseases. This goal is attempted traditionally through
local application of lipid and/or lipophilic antioxidant-
enriched cosmeceutical formulations, with immediate ben-
eficial effects, albeit in most cases not durable after treatment
discontinuation.

The possibility to control SSL composition and skin
function in general by diet or nutriceutical intervention
is far more intriguing and promising a perspective. The
administration of skin-tropic lipid-based oral supplements
has been claimed to be effective, though available reports
are sparse [98, 99]. The analysis of the existing literature
brings to the conclusion that nutritional factors provide
benefits to skin physiology, but information on the effects
of low-to-moderate doses of nutrients consumed in the
long term by healthy individuals is lacking, as well as are
the data on the direct effects on basal skin properties,
including hydration, sebum production, and elasticity, up-
to-date scant, and often contradictory. The largest part of
information refers to PUFA administration as a treatment
for scaly skin, the observation that the formation of PUFA
oxidation products on the skin can be suppressed by linoleic
acid supplementation through vegetable oil sources [21]
demonstrates that skin lipid film can be modulated through
the diet more efficiently that through topical application.
A low-glycaemic diet regimen also proved effective in the
normalization of sebum production and composition in acne
patients, confirming the feasibility of the control of disease
concurrent factors influencing sebaceous gland physiology
through the systemic approach [100].

Concerning antioxidant supplementation, Passi et al.
[54] reported no significant alteration of SSL after a daily oral
dosage 200 mg of CoQ10 for 10 days. Oral supplementation
of SQ to mice resulted in a marked dose-dependent upreg-
ulation of cellular and nonspecific immune functions [13].
In healthy volunteers, low- or high-dosage (13 or 27 g daily)
SQ per os, per 90 days resulted in significant improvement
of antiaging effects on photoaged skin, with facial wrinkle
decrease, as confirmed by molecular markers of UV-induced
skin damage. Facial erythema decrease and pigmentation
increase were observed though high dose oral administration
of fat induced some side effects [101].

6. Conclusions

Data discussed so far allow us to consider skin surface lipids,
and in particular its polyunsaturated component squalene,
as a main target for pro-oxidant agents on the skin. SQ
peroxides generated locally upon natural or therapeutic UV
irradiation are mediators of the immunological response and
the melanogenic process in the skin. The SSLs represent suit-
able markers for the diagnosis of skin disease or aging, and
for treatment efficacy monitoring, provided that the results
are combined with the analysis of the strictly interconnected
systemic biomarkers of oxidative damage and antioxidant
defences.
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Psoriasis is a common disease with the population prevalence ranging from 2% to 3%. Its prevalence in the population is affected
by genetic, environmental, viral, infectious, immunological, biochemical, endocrinological, and psychological factors, as well
as alcohol and drug abuse. In the recent years, psoriasis has been recognised as a systemic disease associated with numerous
multiorgan abnormalities and complications. Dyslipidemia is one of comorbidities in psoriatic patients. Lipid metabolism studies
in psoriasis have been started at the beginning of the 20th century and are concentrated on skin surface lipids, stratum corneum
lipids and epidermal phospholipids, serum lipids, dermal low-density lipoproteins in the psoriatic skin, lipid metabolism, oxidative
stress and correlations between inflammatory parameters, lipid parameters and clinical symptoms of the disease. On the basis of
the literature data, psoriasis can be described as an immunometabolic disease.

1. Introduction

Psoriasis is a common disease affecting, as presumed, ap-
proximately 120–180 million people worldwide [1]. Around
150,000 new cases of psoriasis are reported annually. There
are fewer reports on the incidence of psoriasis, but in recent
studies an increasing trend over the last 3 decades was
shown [1, 2]. The population prevalence of psoriasis has
been reported to range from 2% to 3%. However, in some
countries there is a higher prevalence rate for psoriasis,
for example in Kazakhstan, Trinidad and Tobago, Paraguay,
Kenya, Tanzania, Egypt, and Kuwait [3]. Four hundred
people die annually from psoriasis-related causes in the
Unites States [1]. Psoriasis prevalence in the population is af-
fected by genetic, environmental, viral, infectious, immuno-
logical, biochemical, endocrinological, and psychological
(trauma, stress) factors as well as alcohol and drug abuse
[4, 5].

In the recent years, psoriasis has been recognised as
a systemic disease associated with numerous multiorgan
abnormalities and complications. In psoriatic patients an

increased risk of cardiovascular abnormalities, hypertension,
dyslipidemia, atherosclerosis, diabetes mellitus type 2, obe-
sity, chronic obturative pulmonary disease, cerebral stroke,
osteoporosis, cancer, and depression was noticed [6–8].

Lipid metabolism research studies in psoriasis have been
started at the beginning of the 20th century from the quan-
titative analysis of serum cholesterol in psoriatic patients
[9]. The abnormal fat metabolism was considered to be an
important factor in the etiopathogenesis of psoriasis. Grütz
and Burger examined the development of psoriatic skin
manifestations as a symptom comparable to xanthomatosis
[9, 10]. Melczer found changes in the composition of
phospholipids in psoriatic foci and suggested that inflam-
mation, congestion, and parakeratosis resulted from lipid
deposition in the reticular-endothelial system [11]. It was
also suggested that continuous separation of psoriatic scales
caused the permanent loss of lipids which might affect serum
lipid abnormalities [11, 12]. Lipid metabolism is a complex
process which takes place in different human organs and
peripheral blood (Figure 1) [13]. Its disturbances in psoriasis
need further studies to be fully elucidated. There are some
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new methods for diagnosis of cholesterol in the healthy skin
available; however its exact usefulness should be carefully
recognised [14, 15].

Nowadays the studies are concentrated on the skin sur-
face lipids, epidermal lipids (including stratum corneum
lipids, and epidermal phospholipids), serum lipids, der-
mal low-density lipoproteins in the psoriatic skin, lipid
metabolism, oxidative stress and correlations between in-
flammatory parameters, lipid parameters, and clinical symp-
toms of the disease (Figure 2) [10–12, 16–19]. The aim of this
study is to present an update of the lipid studies in psoriasis
on the basis of the literature review.

2. Skin Surface and Epidermal Lipids

The stratum corneum consists of corneocytes and intra-
cellular lipids, mainly ceramides, sterols, and free fatty
acids which form the barrier for diffusion of substances
into the skin [20–23]. The lipids are organised into
multilamellar intercellular membranes derived from glyc-
erophospholipids, glucocerebrosides, sphingomyelin of the
stratum granulosum-stratum corneum interface [23, 24].
Then the precursors are converted to ceramides and free
fatty acids by the hydrolytic enzymes [25, 26]. In psoriasis,
alterations in ceramide content have been demonstrated [27]
and abnormal lipid structures reported [28]. Total lipids,
phospholipids, triacylglycerols, and cholesterol were found
to increase both in blood and in epidermis of psoriatic
patients [29, 30]. The proportion of an esterified fraction
decreased mainly in the normally appearing epidermis
areas, especially in severe psoriasis [31]. In the gas liquid
chromatography, significantly lower spectrum of short-chain
fatty acids (SCFAs) levels were detected in both psoriatic and
uninvolved areas [32]. The correlation was found between
increased levels of free and total cholesterol as well as
phospholipids in the epidermis and the severity of psoriasis
[31, 32].

The main features of the corneous layer observed under
the scanning electron microscope include widened intracel-
lular spaces, lack of resistant intercellular junctions, impaired
intracellular adhesion, which may result in markedly abnor-
mal cholesterol homeostasis [33, 34]. In the lipid thin-layer
chromatography, an increased amount of total phospholipids
was found in the involved psoriatic epidermis whereas
the decrease of phosphatidylserine and the increase of
phosphatidylinositol were observed in psoriatic lesions and
in the lesion-free epidermis [35].

Lacroix demonstrated significant amount of cholesterol
in scaly plagues and in serum. He suggested that psoriasis
might be the form of cholesterol elimination through the
skin [9]. The regulation of cellular cholesterol metabolism is
already fully developed in the foetal life. The maintenance of
its steady cellular levels is an important element of cellular
and systemic homeostasis. It is already known that this
homeostasis is disturbed in psoriasis [10]. Every day about
85 mg of cholesterol is secreted through the healthy skin. In
psoriasis, the patients lost daily 12–23.5-fold more lipids with
the scales than healthy subjects [18, 36, 37].

3. Serum Lipids

Serum lipids levels were examined in many different groups
of psoriatic patients in comparison to relevant healthy
controls [9–11, 16, 18, 38–48]. The blood lipid results are
considerably dependent on group matching (age, gender,
and ethnic and cultural factors). In most of the studies,
a statistically significant elevated level of total cholesterol
(TC), low-density lipoprotein (LDL) cholesterol and/or
triglycerides (TG) in psoriatic patients was demonstrated
comparing to a healthy control group [11, 16, 18, 39, 40, 43–
47, 49–52]. Moreover, there was a decrease of high density
lipoprotein (HDL) cholesterol in the serum of psoriatic
patients [43, 48, 50–53]. Only in a few studies no differences
in lipid serum levels between psoriatic patients and healthy
controls were observed [38, 42, 54].

Nowadays there is an increased interest in HDL choles-
terol, because clinical and epidemiological studies showed
an inverse relationship between the level of HDL and the
development of atherosclerosis [55]. HDL is a very important
factor in reverse cholesterol transport (RCT). It takes part in
the transport of cholesterol produced or accumulated in the
peripheral tissues to the liver or other steroidogenic tissues
and exerts the antioxidant, anti-inflammatory, antithrom-
botic and fibrinolytic action [55]. It should be underlined
that neither HDL nor LDL is “bad cholesterol,” because
both are essential for the proper transport of cholesterol
(Figure 3).

Results of the studies present a decrease of cholesterol and
phospholipids levels connected with HDL fraction indepen-
dently of psoriasis severity and duration [36]. In psoriasis,
a decrease of HDL synthesis and HDL structural changes
can be observed, due to various biochemical disturbances,
such as abnormalities of receptor function, changes of hep-
atic structure and function, activity changes of hepatocyte
membranes, impaired RCT, esterification, and lipases [36]. It
can be hypothesised that HDL structural changes are caused
by a decrease of cholesterol and phospholipids level as well
as an increase of apolipoprotein A (apoA) concentration
in the HDL coat. So far, all the studies were based on
the quantitative evaluation of lipids in the psoriatic patient
serum and epidermis. Further studies are needed to specify
the role of disturbances of HDL structure and composition
as well as connections between lipid abnormalities and the
immune response in psoriasis.

The studies concerning the concentration of serum phos-
pholipids in the psoriatic patients present different results. A
decrease of concentration of total phospholipids, as well as
phosphatidylethanolamine, lecithin, the lecithin : cholesterol
ratio and linolenic acid, docosatetraenoic acid, docosapen-
taenoic acid, and docosahexaenoic acid in the serum was
observed [57–61]. There was also an increased level of some
fractions of serum phospholipids (e.g., lysolecithin) and
palmitic acid, palmitoleic acid, and dihomo-γ-linolenic acid
(DHLA) [57, 58, 62–64]. Some reports, however, do not
present any differences in the level of serum phospholipids
between psoriatic patients and healthy control group [65].
Our results did not show any statistically significant differ-
ences in the level of total phospholipids, but the decreasing
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tendency of its level was seen in both normolipidemic and
hyperlipidemic patients [10].

4. Apolipoproteins

Apolipoproteins are the protein part of lipoproteins, and
their composition is specific for each lipoprotein. They have
a different molecular structure, amino acid composition,
and antiatherosclerotic properties. In psoriatic patients,
different results concerning apolipoproteins apoA1, apoB,
and apoE were presented [16, 41, 66, 67]. Apolipoprotein
A1 has been immunocytochemically detected at the psoriatic
skin dermoepidermal junction, vascular walls, and the
perivascular region of papillary dermis. Apolipoprotein B100
and apolipoprotein E were observed intracellularly both in
normal epidermis and psoriatic epidermis, and they were
also detected in parakeratotic regions in the horny layer [68].

ApoA1 plays the main part in the reverse cholesterol
transport from the peripheral cells to the liver. Its decreased
level has an influence on the higher risk of atherosclerosis
development [69]. ApoA2 stabilizes the HDL structure and
is considered as the lecithin : cholesterol acetyltransferase
(LCAT) inhibitor. Its role concerning atherosclerosis is
controversial, because it was shown that apoA1 impaired
the inflow of cholesterol from adipocytes to the extracellular
space [70]. Elevated levels of apolipoproteins A1 and A2
accompany the intake of alcohol. The level of apoA1 increases
also in familiar hyperproteinemia, in pregnancy, during
estrogen therapy, and during physical exercise.

Elevated levels of apolipoprotein B are associated with
the increased risk of atherosclerosis, due to its role in the
cholesterol accumulation in the endothelium, which initiates
the atheromatous process. Apo B elevated levels are observed
in the hyperlipidemia type IIa, IIb, IV, and V, in nephritic

syndrome, pregnancy, familiar hyperapo-ß-lipoproteinemia,
biliary obstruction, smokers, and dialyzed patients on treat-
ment with diuretics ß-blockers, cyclosporine, or glucocorti-
coids [71].

Apolipoprotein C3 (apoC3) is suggested to inhibit
lipoprotein lipase [72, 73] and hepatic triglyceride lipase
[74], enzymes responsible for the clearance of triglyceride
rich particles from the plasma. Furthermore, apoC3 was
shown to inhibit the hepatic uptake of triglyceride rich
particles [75]. Apo C3 also appears to interfere with HDL
receptor-mediated uptake of lipoproteins. It is known that
an increase in apoC3 levels induces the development of
hypertriglyceridemia.

In most studies, elevated levels of apoA1, apoB [16, 43],
apoC3, and apoE [41, 76–78] were detected in the serum
of psoriatic patients compared to the healthy control group.
However, there are also contrary results showing decreased
levels of apolipoproteins [79]. Many authors did not show
any differences in apoA1, apoA2, and apoB levels between
psoriatic patients and the control group [10, 76, 80]. It
was also reported that apoA1 sequestration in the inflamed
tissues might lead to reduced HDL-C serum levels and
thus increase the risk of cardiovascular disease in psoriatic
patients [81].

Apolipoprotein E (ApoE) is a glycoprotein involved in
the regulation of triglycerides and low-density lipoprotein
(LDL) levels [67]. ApoE can modulate mitogen-activated T-
lymphocyte proliferation in vitro and provides protection
against some infections [82, 83]. The role of the apoE
gene in psoriasis was suggested, because in psoriatic skin
there is the downregulation of ApoE expression and the
normalization of ApoE levels precedes clinical improvement
[67]. Furthermore, in a Japanese population the epsilon
2 allele was found to be significantly more frequent in
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Figure 2: Influence of the psoriasis associated dyslipidemia on human organs. This figure is based (after permission) on the figure from
[19].

psoriatic patients than in controls, suggesting that there
may be a relationship between these particular alleles and
development of psoriasis [84]. It is believed that the epsilon
4 allele could be a risk factor for developing a severe form of
psoriasis [85].

5. Oxidative Stress

Reactive oxygen species (ROSs) such as hydroxyl rad-
ical (HO•), peroxyl radicals (ROO•), superoxide anion

(O2
•−),hydrogen peroxide (H2O2), nitrogen oxide (NO•),

and hypochlorous acid (HOCl) are constantly produced
as a result of metabolic reactions in living systems [86].
Oxidative stress may be defined as an imbalance between
cellular production of ROS and antioxidant defence mech-
anisms. It leads to oxidative damage of lipids and proteins
contributing to barrier integrity, which is essential for
healthy skin conditions [18, 87, 88]. The skin antioxidant
system consists of a network of both enzymatic (glutathione
peroxidase (GSH-Px), catalase (CAT), superoxide dismu-
tase (SOD), and paraoxonase (PON1)) and nonenzymatic
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antioxidants. Nonenzymatic antioxidants (glutathione, β-
carotene, ascorbic acid, and tocopherols) present in cells are
regarded as protectors against the lipid peroxidation [88].

Increased production of oxygen metabolites, overwhelm-
ing the antioxidant capacity of the body, is an important
feature in psoriasis [87]. Early and active psoriatic lesions
are characterized by the intraepidermal penetration of
activated polymorphonuclear leucocytes which leads to ROS
production provided by NADPH oxidase and proteolytic
enzymes [88]. The production of ROS can be indirectly
assessed by the levels of lipid peroxidation products such as
lipid hydroperoxide (LHP), malondialdehyde (MDA), oxi-
dized low-density lipoprotein (ox-LDL), and thiobarbituric
acid (TBA) [87]. Patients with psoriasis exhibit increased
concentrations of MDA [51, 87, 89, 90] and ox-LDL [18] in
the tissues and higher levels of TBA [43, 52, 87] and anti-ox-
LDL autoantibody (AuAb-oxLDL) [50, 51, 87] in the blood.
The lipid peroxidation markers were found significantly
higher in the patients with severe or active psoriasis (PASI
> 3) than in the patients with mild or inactive psoriasis
(PASI < 3) [43]. The accumulation of ox-LDL was detected
in the upper epidermis of the involved skin from psoriatic
patients by direct immune-fluorescent method [18]. Ox-
LDLs are able to initiate inflammation and to influence the
adhesion of endothelial cells and on oxidant status of the
blood vessels cells, which is important in the development of
early atherogenesis [53]. They are also antigenic and can elicit
an immune response with a generation of circulating anti-
bodies AuAb-oxLDL and β2-GP1-dependent anticardiolipin
antibodies (aCL), as a consequence of structural similarity
between ox-LDL surface structure and β2-GP1-anionic
phospholipid complex, the antigenic target for aCL [91].

The level of AuAb-oxLDL has been suggested to reflect the in
vivo oxidation of LDL. The importance of AuAb-oxLDL in
diseases such as myocardial infarct, atherosclerosis, diabetes
mellitus, renal failure, systemic lupus erythematosus (SLE),
rheumatoid arthritis (RA), Behσet’s disease, and psoriasis was
suggested [51]. aCL level is increased in psoriatic patients.
It could be a useful marker in predicting atherosclerosis
risk, because it may promote atherosclerotic lesions [91].
In plasma and red blood cells (RBCs) of psoriatic patients,
increased levels of MDA were observed which indicates an
advanced peroxidative process in erythrocyte membranes.
The increased peroxidation of lipid bilayer caused by a
decrease of antioxidant enzyme activities may be the essential
mechanism of the membrane fluidity decrease observed in
association with the exacerbation of the disease [88, 89, 92].
The impaired antioxidant status is shown by decreased serum
levels of erythrocyte SOD [51, 90] and GSH-Px activities
[51, 90, 92, 93] of increased PON1 activity [54] and of
increased [90] or decreased [51] serum CAT activity in
patients with psoriasis. Nonenzymatic antioxidants were also
decreased [51, 92, 93]. Changes in the elastase neutrophil
ratio illustrating an increase in neutrophil function can be
a marker of psoriasis [43]. In general, total antioxidant
status (TAS) in psoriasis is reduced [43, 51], or there are no
significant differences between patients and healthy controls
[52, 54, 89].

A high serum total homocysteine (tHcy) level was
observed in patients with psoriasis. The main mechanisms
of hyperhomocysteinemia engaged in the development of
atherothrombosis are endothelial injury, platelet activa-
tion, oxidative modification of low-density lipoproteins,
and endothelial-leukocyte interactions [94, 95]. There was
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a positive relationship between an increased level of AuAb-
oxLDL and plasma tHcy levels which may play an important
role in development of atherothrombotic complications in
psoriatic patients [96].

Oxidative stress may have a pivotal role in both therapeu-
tic mechanisms and side effects induced by anthralin. Sys-
temic antioxidant administration may provide an opportu-
nity for therapeutic intervention against anthralin-associated
toxicities [88]. Lipid peroxidation is the earliest response
mediating activation of downstream signalling events in
peripheral blood mononuclear cells (PBMCs) and ker-
atinocytes by anthralin. It leads to the activation of c-jun-
N-terminal kinase (JNK), event relevant for the regulation of
cellular proliferation and apoptosis [97].

It is well known that phototherapy is recommended in
the psoriasis treatment. However, both ultraviolet A and
B radiation (UVA and UVB) apart from therapeutic and
immunomodulating action induce production of ROS and
increase lipid peroxidation [53]. There was a difference
between the effect of phototherapy on lipid parameters in
patients with mild or moderate psoriasis (PASI1 from 5.4 to
22.1; mean 15.2±4.9) and severe psoriasis (PASI 2, PASI 22.5
to 49.2; mean 30.3 ± 5.8). Exacerbated skin manifestations
of psoriasis are accompanied by an increase of dyslipidaemia
and oxidation processes. Therefore patients with severe
psoriasis are exposed to higher risk of atherosclerosis. PASI2
patients have higher level of AuAb-oxLDL than PASI1
patients. Phototherapy increased TC, LDL, and AuAb-oxLDL
level in PASI1 patients. Level of ox-LDL was decreased
after phototherapy in patients with severe psoriasis and
it was accompanied by increase of ferric reducing ability
of plasma (FRAP) and negative correlation with AuAb-
oxLDL level. It can be explained by therapeutic action
of phototherapy and reduction of inflammatory processes
[53].

6. Peroxisome Proliferator-Activated Receptors
(PPARs) and Liver X Receptors (LXRs)

The epidermis is a very active site of lipid metabolism, and all
peroxisome proliferator-activated receptor (PPAR) and liver
X receptor (LXR) isoforms are expressed in the epidermis. An
increased expression of PPARβ/δ and a decreased expression
of PPARα and PPARγ were observed in the lesional skin
of patients with psoriasis and atopic dermatitis [98–100].
Since the prevalence of metabolic syndrome is increased in
psoriasis [101], a combination of insulin resistance, obesity,
or chronic inflammation may trigger the expression of
PPARβ/δ, which in turn contributes to a nonterminated
regenerative skin phenotype. This disease mechanism would
be expected to be aggravated by acute inflammation, or stress
via the induction of PPARβ/δ by TNFα and stress-activated
kinase [102].

PPARs α, β/δ, γ, and LXRs α and β belong to the nuclear
steroid hormone receptor superfamily, which are regulated
by fatty acid derivatives capable of controlling lipid and
lipoprotein metabolism, cell proliferation, differentiation,
and apoptosis of various cell types, including keratinocytes

and sebaceous gland cells. These receptors play also a role in
cutaneous carcinogenesis [100].

An activation of PPARs and LXRs leads to stimulation
of epidermal lipid synthesis, formation and secretion of
lamellar bodies, and activation of enzymes required for the
extracellular processing of lipids in the stratum corneum,
resulting in the formation of lamellar membranes that
mediate permeability barrier function. PPARγ activation
appeared to have the least effect on epidermal lipid synthesis
among the PPAR and LXR activators tested. PPARβ/δ is the
key PPAR isoform involved in lamellar body formation and
secretion as well as in lipid storage [103, 104].

PPAR-α can also modulate the inflammatory response
by inhibiting cytokine secretion, maturation, and migration
and the T-cell-stimulatory activity of the epidermal antigen-
presenting cell, the Langerhans cell. This was associated with
decreased levels of phosphorylated nuclear factor-κB (NF-
κB) [105]. Moreover, PPAR-α activation induces antioxidant
enzymes, such as catalase or SOD, which would reduce the
oxidative stress and the activation of mediators of inflamma-
tory response [88]. The anti-inflammatory role of PPARβ/δ
and PPARγ in the skin is uncertain, but it is suggested
that they downregulate inflammation. LXR activators have
a potent anti-inflammatory activity in both the irritant
and allergic contact models of cutaneous inflammation
[106, 107]. These findings suggest the possibility of PPAR-α
activators as novel nonsteroidal anti-inflammatory drugs in
the topical treatment of common inflammatory diseases such
as atopic dermatitis, psoriasis, acne, and photodermatitis.
A great improvement of skin lesions and also of psoriatic
arthritis had been initially documented in patients with
psoriasis treated with the oral PPARγ activators troglitazone
[108, 109] or pioglitazone [110–112]. In contrast, topical
treatment of psoriatic skin with the PPAR activators tetrade-
cylthioacetic acid and rosiglitazone did not show a significant
effect [113, 114].

LXR and PPAR influence also the synthesis of cholesterol
sulfate, which is a potent regulator of epidermal differ-
entiation and corneocyte desquamation. The stimulation
of both the cellular and extracellular components of the
stratum corneum by PPARα and LXR activators results
in the generation of a mature, functionally competent
stratum corneum earlier in fetal development. Moreover, in
a mouse model of epidermal hyperproliferation induced by
repeated barrier disruption to the flank skin of hairless mice
[115], topical PPARα activation inhibited proliferation and
increased keratinocyte apoptosis. The activation of PPARα
in the epidermis decreases keratinocyte proliferation. The
absence of PPARβ/δ leads to increased keratinocyte prolif-
eration and under some experimental conditions PPARβ/δ
activators inhibit keratinocyte proliferation. It has been
demonstrated that activation of PPARβ/δ induces endothe-
lial cell proliferation and angiogenesis [116]. It was suggested
that in the hyperproliferative epidermis of psoriatic skin,
PPARβ/δ overexpression mediates keratinocyte proliferation
via NF-κB [98]. The proliferative state of the keratino-
cytes may determine the effect of PPARγ activation on
keratinocyte proliferation. A proapoptotic effect of PPARγ
in T cells has been observed [117], and activation of
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Figure 4: Psoriasis and cardiovascular abnormalities. This figure is a modified one (after permission) from [19].

PPARγ has an inhibitory effect on psoriasis, whereas this
is not the case with PPARβ/δ activation [118, 119]. In
LXRs deficient mice, thinning of the epidermis was observed
[120].

7. Cardiovascular Disease (CVD)

In patients with psoriasis one observes an increased risk
of cardiovascular disease which can be explained by several
possible biological factors [6, 121–125]. Psoriasis is associ-
ated with traditional risk factors of CVD such as increased
BMI, hyperlipidemia, hypertension, type 2 diabetes mellitus,
and cigarette smoking [124–126]. Obesity has been shown
to be an independent risk factor for the development of
psoriasis and is also associated with more severe psoriasis
and cardiovascular complications [125]. The persistent skin
inflammation may contribute to a dyslipidemia and pre-
mature atherosclerosis [126, 127]. The duration of disease
and its severity are related to the incidence of cardiovascular
diseases, such as myocardial infarction, coronary artery
disease and stroke [16, 38–40, 43–47, 54, 101, 121, 122, 127–
135]. In psoriatic patients, lipid abnormalities are correlated
with increased mortality due to myocardial infarction and
stroke [129, 134]. Elevated level of C-reactive protein (CRP)
is a risk factor for CVD and it can predict long-term risk
for cardiovascular events [136]. The treatment for psoriasis
such as retinoids and cyclosporine may be also respon-
sible for initiation of hyperlipidemia which can promote
future CVD [137–141]. Methotrexate use is associated with

hyperhomocysteinemia, also a risk factor for cardiovascular
disease [142].

There was a strong association observed between arterial
stiffness, which is endothelial dysfunction marker, and the
risk of cardiovascular events. Pulse wave velocity (PWV) is
the gold standard measurement of arterial stiffness and in
the patients with psoriasis and psoriatic arthritis an increased
femoral-carotid PWV was observed [127, 143]. There were
also functional and structural changes in the myocardium,
changes in electrocardiographic activity, such as increased P
wave dispersion, and structural changes in coronary vessels
in psoriatic patients (Figure 4) [7, 19, 144].

8. NTproBNP

In recent years, the probable usefulness of NTproBNP as a
biomarker of heart failure (HF) has been established. There
was a positive correlation observed between NT-pro BNP in
blood serum of psoriatic patients and heart diseases as well
as acceptation of the disease [145].

9. Lipid and Immunologic Abnormalities

In psoriasis, the association between lipid and immuno-
logic abnormalities was observed, that is why the disease
could be described as an immunometabolic syndrome
[128, 146]. Psoriasis is a chronic inflammation character-
ized by increased Th-1 and Th-17 T cell activity [128].
The significant role of cytokines, such as TNF-α, IL-6,
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IL-8, IFN-gamma, IL-1, and IL-17 in the generation of
proatheromatous abnormalities (dyslipidemia, insulin resis-
tance, endothelial dysfunction, clotting system activation,
and pro-oxidative stress) was reported [127, 128, 146,
147]. TNF-α is a potent activator of c-Jun amino-terminal
kinase,which stimulates the main regulator of proinflam-
matory activity protein-1 and is connected with obesity
[128]. TNF-α can also lead to insulin resistance by inhibiting
phosphorylation of insulin receptor tyrosine and of insulin
receptor substrate 1. Treatment with TNF-α inhibitors affects
the increase of HDL level [128]; in particular, TNF may affect
endothelium dysfunction by decreasing the levels of nitric
oxide synthase and cyclooxygenase 1 [127].

10. Effects of Antipsoriatics and
Hypolipemic Drugs on Psoriasis

Antipsoriatic drugs can be also responsible for the lipid
profile disturbances in psoriatic patients, because of their
action on the circulating lipids [148–156]. Retinoids have the
most potent activity on increasing the levels of triglycerides,
total cholesterol, LDL cholesterol, and VLDL cholesterol
and simultaneously decreasing the HDL fraction [137–140].
There are some reports that the diet enriched with fish oil
can reduce side effects of these drugs [157, 158]. Cyclosporin
has milder effects on the lipid profile, but it can also lead to
some abnormalities for example TG elevation [159]. TNF-α
inhibitors can cause an increase of serum triglyceride levels,
but they have beneficial effects on the increase of HDL level
and are able to decrease blood insulin levels [141, 160–162].

Hyperlipidemia is treated with statins which effectively
reduce CRP and TNF-α levels as well as decrease levels of
low-density lipoproteins and alleviate the arterial stiffness.
Statins also downregulate adhesion molecules such as LFA-
1 and ICAM-1 on leukocytes and endothelial cells which
are essential in leukocyte activation, leukocyte migration
to inflammatory sites, and immunologic cytotoxicity [163].
Statins have the inhibiting action on the expression of MHC
II molecules, chemokine receptors on Th-1 cell and the
production of NO [163]. These drugs are generally beneficial
for psoriatic patients and reduce the risk of cardiovascular
diseases. However, there was also a case of exacerbation
of psoriasis after the treatment with three different statins
and bezafibrate [164]. Fibrates, used to decrease cholesterol
levels, may also affect rapid and acute development of clinical
symptoms of psoriasis.

11. Summary

The lipid disturbances are recognised as a very important
part in the pathogenesis of psoriasis. The results of the major-
ity of the studies are coherent and indicate that the increased
total cholesterol, LDL cholesterol and/or triglycerides, and
decreased HDL cholesterol in psoriatic patients’ serum the
composition of apolipoproteins, and increased production of
oxygen metabolites are features of the metabolic syndrome.
These factors have also a great impact on some comorbidities
observed in psoriatic patients especially on cardiovascular

diseases. These lipid disturbances are also connected with
immunological abnormalities, that is why psoriasis could
be classified as an immunometabolic disease. In spite of
the intensive investigations, the explanation of the steps of
disease mechanisms in psoriasis have not been recognised
so far. On the basis the literature data, further studies
should be designed to connect the lipid and immunological
disturbances.

The review of the last years suggests an introduction
of some new therapeutic methods for psoriatic patients
as for example statins. Their immunomodulatory activities
like influence on T cells and antigen presenting cells func-
tion, influence on leukocyte adhesion and endothelial cell
function are discussed. In many papers the importance of
reduction of animal fat, introduction of fish and plant oil,
preparations with the omega-6 and omega-3 fatty acids as
well as BMI reduction, prevention of obesity and quitting
addictions were suggested.
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Multiple factors are involved in acne pathogenesis, and sebum secretion is one of the main ones. The role sebum plays in acne
development has not been completely elucidated yet; however, increasing amounts of data seem to confirm the presence of
alterations in sebum from acne patients. Altered ratio between saturated and unsaturated fatty acids has been indicated as an
important feature to be considered in addition to the altered amount of specific fatty acids such as linoleic acid. Furthermore,
particular attention has been focused on squalene peroxide that seems to be able to induce an inflammatory response beyond
cytotoxicity and comedones formation. Moreover, recent data suggest that lipid mediators are able to interfere with sebocytes
differentiation and sebogenesis through the activation of pathways related to peroxisome proliferators-activated receptors.
Understanding the factors and mechanisms that regulate sebum production is needed in order to identify novel therapeutic
strategies for acne treatment.

1. Introduction

Acne is a skin disorder with multifactorial pathogenesis. The
mechanisms underlying its onset and subsequent develop-
ment are not yet completely clarified. Among the factors
implicated in acne occurrence, sebum secretion can be
considered as the major one. Increased sebum secretion is
a characteristic of acne patients even if seborrhea per se
is not a sufficient condition for the development of the
pathology. Even if it is generally accepted that a correlation
exists between facial sebum outflow and acne severity [1–
4], it has been suggested more recently that seborrhoea does
not strictly correlate with the development of the lesions
but it affects their inflammatory changes [5]. Along with
the increased sebum secretion, several qualitative modifica-
tions have been described in acne patients, underlying the
pivotal role played by lipid mediators derived from sebum
alterations in acne pathogenesis.

2. Sebum

Human sebum is the holocrine secretion formed by the
complete disintegration of glandular cells into the follicular
duct of the pilosebaceous unit. Sebocytes are specialized cells

that synthesise lipids and accumulate them in cytoplasmic
lipid droplets. During the final stages of differentiation, when
they become fully mature, sebocytes undergo disintegration
and release their content, an oily and waxy material, into
the follicle [6–9]. Human sebum contains triglycerides, wax
esters, squalene, cholesterol esters, cholesterol, and free fatty
acids. Triglycerides and fatty acids, taken together, account
for the predominant proportion (57,5%), followed by wax
esters (26%) and squalene (12%). The least abundant lipid
in sebum is cholesterol, which with its esters, accounts for
the remaining 4,5% of total lipids (Table 1 and Figure 1)
[10]. Due to the complex composition, different hypotheses
have been formulated to explain the ultimate function
of sebum. Sebaceous lipids contribute to the integrity of
the skin barrier supplying the stratum corneum with the
hydration [11, 12], providing photo-protection, particularly
against UVB [13] and delivering lipophilic antioxidants to
the skin surface [14]. Moreover, sebaceous gland lipids have
been demonstrated to have pro- and anti-inflammatory
properties [15, 16], and some specific lipids, such as oleic
and palmitoleic acid, have been hypothesized to exert an
antibacterial effect [17]. However, the exact role of human
sebum as well as the metabolic pathways regulating its
composition and secretion has not been clarified so far.



2 Mediators of Inflammation

SQ

CE
WE

TG

FFA

CH

SQ + TG CH SEBO

Figure 1: Thin Layer Chromatography of forehead sebum. Triglyc-
erides (TG); Free fatty acids (FFA); Wax esters (WE); Squalene (SQ);
Cholesterol esters (CE); Cholesterol (CH).

Altogether, the roles played by sebum modifications and
alterations in the onset and development of acne remain to
be elucidated.

3. Sebum Alterations and Acne

Quantitative and qualitative variations have been detected in
sebum from acne patients. The production of sebum is an
indispensable condition for the occurrence of acne, however,
sebum hypersecretion per se is not sufficient to trigger the
disease. Experimental and clinical data seem to address some
compositional modification of sebum as causative factors of
clinical signs of acne.

3.1. Fatty Acids: Linoleic Acid. In the early studies concerning
acne, decreased amounts of linoleic acid in the skin surface
lipids were observed in affected patients. In particular, levels
of this essential fatty acid were found significantly lower in
wax esters making it reasonable to assume that linoleic acid
is directly involved in the sebaceous lipid synthesis [18].
Wax esters and squalene, in fact, are sebum-specific lipids.
The uptake of circulating lipids and the β-oxidation activity
are important steps for the production of the sebaceous
ones. Presumably, fatty acids are selectively utilized by the
sebaceous gland, and linoleic acid seems to be the only one
subjected to β-oxidation. It is preferentially transformed into
two carbon unit precursors leading to the generation of
acetyl-CoA that are incorporated into different metabolic
route such as the biosynthetic pathway leading to squalene
and wax esters synthesis. In experimental models, linoleic
acid β-oxidation seems to correlate with specific sebaceous
lipid production (wax esters) and thus with sebocytes
functions and differentiation [19].

A diminished amount of linoleic acid in the sebum has
been suggested to affect the composition of sphingolipids

Table 1: Components of skin surface lipids. Triglycerides (TG); Free
fatty acids (FFA); Wax esters (WE); Squalene (SQ); Cholesterol
Esters (CE); Cholesterol (CH).

Sebum (%) Epidermal lipids (%)

TG 30–50 30–35

FFA 15–30 8–16

WE 26–30 —

SQ 12–20 —

CE 3.0–6.0 15–20

CH 1.5–2.5 20–25

in the follicle. Acne patients show a lower percentage of
acyl-ceramides containing linoleic acid. Depletion of linoleic
acid in sphingolipids has been hypothesized to be involved in
the follicular hyperkeratosis, which is a crucial event involved
in the comedones formation [20]. Moreover, low levels of
linoleic acid also lead to impairment of the epidermal barrier
function and predispose to the increased permeability of
comedonal wall to inflammatory substances [21].

3.2. Fatty Acids: Saturated and Unsaturated Pattern. Recent
studies have reported a significantly different ratio between
saturated and unsaturated fatty acids in acne. In particular,
the C16 : 0/C16 : 1 ratio in the skin surface triglycerides and
wax esters is higher in acne [22, 23]. Increased sebum outflow
and severity of clinical manifestations were associated with
an alteration in the proportion of monounsaturated fatty
acids suggesting that desaturation of fatty acids may play a
major role in sebogenesis and acne onset. The desaturase that
yields unsaturated fatty acids of the type found in sebum
inserts a double bond at the position Δ6 of the carbon
backbone. This enzyme, known either as Δ6 desaturase or
fatty acid desaturase-2 (FADS-2), is detectable mainly in
differentiated sebocytes, which occupy the suprabasal layers
of the sebaceous gland and have reached a full lipid synthetic
capacity. Δ6 desaturase can be considered as a functional
marker of activity and differentiation of sebocytes [24], and
leads to the formation of fatty acids with a peculiar pattern
of unsaturation. In particular, Δ6 desaturase acts on palmitic
acid (C16 : 0) to produce sapienic acid (C16 : 1Δ6), the most
abundant fatty acid in human sebum. This unusual fatty
acid with a desaturation at the Δ6 position instead of the
Δ9 position has not been identified in any other human
tissue nor in sebum secretion of other animals. A fatty
acid unique to sebum, such as sebaleic acid (C18 : 2Δ5,8),
presents a sebaceous pattern of unsaturations consequent
to the elongation by two carbons of the precursor sapienic
acid and the additional insertion of a double bond (Figure 2)
[24]. The ratio between Δ6 and Δ9 unsaturated fatty acids
has been proposed as an index of maturation of sebaceous
cells and of metabolic process associated to it [25]. Incorrect
activity of specific desaturase enzymes and/or excessive
sebum secretion can result in an alteration of the relative
proportion of the different fatty acids, and consequently in
the within-class distribution of lipids constituting sebum,
leading to compositional changes that can drive towards acne
development.
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Figure 2: Characteristic components of sebaceous secretion. Squalene is a lipid exclusive of human sebaceous secretion. Among fatty acids,
there are some with a peculiar pattern of unsaturation (sapienic and sebaleic acid) and some with a particular chemical structure (branched
fatty acids).

3.3. Squalene and Squalene Peroxide. The modifications of
lipid composition illustrated so far in the acne sebum are
the result of an incorrect lipid synthesis in the sebaceous
gland. Post synthetic compositional changes can occur due
to different factors, which remain to be clarified. Among
the lipids proposed as having a role in the development of
comedones, particular attention has been focused on lipid
peroxidation products. A recent study has demonstrated that
the accumulation of lipid peroxides may be responsible for
the inflammatory changes in comedones. In particular, it has
been observed that the degree of lipoperoxidation as well
as interleukin-1-alpha and NF-kappaB content are higher
in inflammatory lesions than that in noninflammatory
ones [26]. These data further support previous findings
suggesting an association between sebum oxidation and acne
progression, strengthening the role of lipid peroxidation in
acne pathogenesis. Squalene peroxidation products continue
to receive particular attention considering that squalene,
together with wax esters, represents characteristic products
of sebaceous secretion. In fact, squalene and wax esters have
a particularly high concentration in sebum and are not
found among the epidermal surface lipids. Biosynthesis of
wax esters is important for the sebaceous gland survival.
DGAT are key enzymes involved in sebogenesis. The DGAT1
isoform catalyzes the sysnthesis of wax esters, unlike DGAT2
that leads to triacylglycerols [27]. Squalene is a linear inter-
mediate preceding cholesterol in its biosynthetic pathway. In
the sebaceous gland conversion of squalene to lanosterol and
then to cholesterol is negligible. The reason why squalene is
accumulated in sebocytes still awaits further investigations.
There are different possibilities that might explain the high
squalene content in sebum. On one side, in sebocytes there
might be an increased expression and/or activity of the
enzyme that produces squalene, namely squalene synthase;

on the other one the enzymes involved in the transformation
of squalene into cholesterol, which include squalene-2,3-
epoxidase and oxidosqualene cyclase, might be repressed.
Considering that sebaceous gland possesses a peculiar
environment characterized by an anaerobic condition, and
that squalene-2,3-epoxidase needs oxygen to proceed in
its reaction, it is reasonable to speculate that squalene
accumulation in sebocytes is due to the peculiar environment
of the sebaceous gland [8]. For all above mentioned, squalene
may be considered as a marker of sebocytes differentiation
and therefore of sebogenesis [15]. Following UV exposure,
squalene undergoes massive photodegradation due to its
highly unsaturated chemical structure. Irradiation of human
skin leads to a squalene decomposition of about 60% similar
to that observed in vitro on the purified compound [28].
Oxidative challenge generates, in human skin surface lipids,
squalene monohydroperoxide as the main product [29].
Several optional isomers of squalene monohydroperoxide
have been identified. Additional peroxidation of squalene
monohydroperoxide can also occur. Altogether, squalene
peroxidation byproducts exert harmful effects in vivo and
in skin cell cultures. In particular, keratinocytes cytotoxicity
[28], histological changes, and immunosuppressive effects
have been observed [30]. Comedogenicity of squalene per-
oxides has been demonstrated in animal experiments in
which comedones have been induced by exposing rabbit
ears to irradiated squalene. The degree of squalene per-
oxidation was found to correlate positively with the size
of the comedones elicited. In addition, the treatment of
ear skin with squalene peroxidation by-products caused
marked hyperplasia and hyperkeratosis of the epithelium
in follicular infundibulum, and increased the proliferation
of the sebaceous glands [31]. These effects were specifically
caused by squalene monohydroperoxide whereas the all
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Table 2: Harmful effects of squalene peroxidation. The adverse effects
of squalene peroxidation products and in particular of squalene
monohydroperoxide have been assessed both in vitro and in vivo.
Moreover, sebum from acne patients seems to have high level of
squalene peroxide.

Squalene peroxidation

Harmful effects Acne sebum

Comedogenicity

Increased amount of squalene
peroxidation products accompanied
by decreased level of vitamin E

Sebaceous gland
hyperplasia

Hyperkeratosis

Release of inflammatory
mediators from
keratinocytes

saturated squalene form (squalane), squalene itself and syn-
thetic peroxides with different backbone structures, exerted
a negligible comedogenic effect and did not lead to skin
roughness and wrinkling [32, 33]. In vitro experiments
have shown that squalene peroxides, beyond induction of
keratinocytes proliferation, led also to the upregulation and
release of inflammatory mediators, such as interleukine-
6. Overall, these effects clearly suggest a proinflammatory
activity of squalene oxidation products [34]. The onset of
inflammatory reactions appears to be an early event in the
development of acne lesions [35, 36]. The oxidative challenge
supplied with peroxidated squalene can be aggravated by its
potential glutathione-depleting activity which results in an
increased cytotoxicity and comedogenicity [37]. To limit the
harmful effects of peroxidated squalene, the skin is equipped
with endogenous defense system. Vitamin E is a lipophilic
antioxidant supplied to the skin surface through the sebum
outflow. In skin areas with elevated sebaceous glands density
a continuous secretion of vitamin E is observed, which is in
tight correlation with the levels of cosecreted squalene. This
positive correlation highlights a physiological antioxidant
strategy put in place to counteract the generation of squalene
oxidation products [14]. The crucial role played by squalene
peroxidation in acne development is strengthened by the
observation that either skin surface and comedone lipids
collected from acne patients are enriched in polar lipids
mainly derived from squalene oxidation [38, 39]. Moreover,
recent data have further confirmed these findings. Significant
differences have been detected in the levels of squalene and
vitamin E in sebum from acne patients and healthy subjects.
In particular, a higher amount of squalene peroxide and
a decreased level of vitamin E have been detected in acne
sebum [40]. This finding further strengthens a role of lipid
peroxidation by-products, particularly squalene perocides, in
the onset and development of acne [41, 42] (Table 2).

4. Sebum, Oxidative Stress, PPARs,
and Inflammation

Modifications of the sebum composition, due to lipoperox-
idation and anomalous distribution of fatty acids, impact
keratinocytes proliferation and differentiation. Importantly,

lipid peroxidation products are also capable of inducing
production of pro-inflammatory cytokines and activation
of peroxisome proliferators-activated receptors (PPARs).
PPARs are nuclear transcription factors involved in the
control of lipid metabolism as well as in the control of
inflammation. Modulation of inflammatory pathways results
from the antagonism of the NF-κB activation and the
promotion of the pro-inflammatory eicosanoids catabolism
[43]. Among the different isoforms, PPARα and PPARγ are
considered the main ones involved in the sebocytes biology.
In particular, PPARα seems to be related to β-oxidation of
fatty acids and lipid catabolism, whereas PPARγ activation
has been linked to lipidogenesis [44]. Eicosanoid metabolites
originated from the arachidonic acid cascade, namely LTB4

and 15-HETE, have been shown to be ligands of PPARα
and PPARγ, respectively [45, 46]. Interestingly, the enzymes
involved in their formation, including 5-lipoxygenase (5-
LOX), have been found to be expressed at higher extent in
acne-involved skin in comparison to the skin of healthy sub-
jects. In addition, in acne-affected skin, enhanced expression
of IL-6 and IL-8 has been also found [47]. LOX products have
been implicated in inflammatory skin diseases characterized
by keratinocytes hyperproliferation [48, 49]. Activation of 5-
LOX results, among other effects, in induced IL-6 and IL-8
expression in human sebocytes. Systemic treatment of acne
patients with a 5-LOX inhibitor reduces the inflammatory
lesions count and the synthesis of sebum lipids, in particular,
of those with pro-inflammatory potential [41, 50]. 5-LOX
inhibitors may also downregulate the inflammatory activity
of lymphocytes and macrophages resulting in cumulative
beneficial effects [51].

Prostaglandins are other pro-inflammatory mediators
thought to be involved in acne lesion development [52].
Mouse with increased cyclooxygenase-2 (COX-2) expression
and prostaglandins E2 (PGE2) levels showed sebaceous gland
hyperplasia and enhanced sebum production [53] suggesting
an important role for COX-2 signaling pathway in sebocytes
biology. In in vitro models, it has been demonstrated that
expression and activation of COX-2 is PPARγ mediated.
General oxidative stressors, including lipid oxidizing agents,
have been shown to activate PPARγ and to induce lipo-
genesis in sebocytes [52–55]. All these findings allow to
hypothesize that sebocytes proliferation and/or lipogenesis
as well as inflammatory reactions may be regulated by
PPARγ-mediated pathways. Clinical data, demonstrating
upregulated expression of both COX-2 and PPARγ in acne
involved skin, support this hypothesis [47] and add new
insights on acne pathogenesis. Taken together, all these
findings suggest a comprehensive link between inflammation
and sebogenesis supporting the definition of acne as an
inflammatory disease in which lipid mediators play a central
role.

5. Conclusion

Sebum production is considered one of the principal factors
involved in acne development. Great efforts have been made
and are currently devoted to studying the factors that
regulate sebum composition and secretion. In particular,
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the pathways leading to the formation of lipids typically
sebaceous, such as branched fatty acids and fatty acids with
uncommon unsaturation patterns, remain to be elucidated.
Modifications in the amount, type and, arrangement of fatty
acids constituting sebum lipids have been observed in acne
patients. By-products of lipid peroxidation, in particular
squalene peroxide, have been recognized to play a crucial role
in the development of inflammatory reactions as well as in
cytotoxicity and comedogenesis. A number of lipid medi-
ators have been demonstrated to be PPARγ ligands affect-
ing sebocytes biology, in particular their lipid metabolism
and synthesis. Moreover, PPARγ activation seems to be
necessary for COX-2 signaling pathway induction. Clinical
data indicating increased expression of COX-2 and PGE2 in
acne involved skin associated with enhanced release of pro-
inflammatory cytokines and a higher degree of lipoperoxida-
tion further support the interplay between lipoinflammation
and lipid signaling. However, the lack of definitive data
underlines the importance of acquiring detailed information
of lipid molecules specifically involved in acne pathogenesis.
Improvement of the knowledge on the function of sebum,
on the mechanism that regulate its production, and on
the role of alteration in sebum organization represents a
fundamental step for the identification of new targets for
innovative therapeutic strategies aiming to correct the sebum
deregulation in acne.

Abbreviations

Sq: Squalene
C16 : 0: Palmitic acid
C16 : 1 Δ6: Sapienic acid
C18 : 2 Δ5,8: Sebaleic acid.
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in sebaceous gland biology and pathology,” Experimental
Dermatology, vol. 17, no. 6, pp. 542–551, 2008.

[10] R. S. Greene, D. T. Downing, P. E. Pochi, and J. S. Strauss,
“Anatomical variation in the amount and composition of
human skin surface lipid,” Journal of Investigative Dermatol-
ogy, vol. 54, no. 3, pp. 240–247, 1970.

[11] G. S. K. Pilgram, J. van der Meulen, G. S. Gooris, H. K.
Koerten, and J. A. Bouwstra, “The influence of two azones and
sebaceous lipids on the lateral organization of lipids isolated
from human stratum corneum,” Biochimica et Biophysica Acta,
vol. 1511, no. 2, pp. 244–254, 2001.

[12] J. W. Fluhr, M. Mao-Qiang, B. E. Brown et al., “Glycerol
regulates stratum corneum hydration in sebaceous gland
deficient (asebia) mice,” Journal of Investigative Dermatology,
vol. 120, no. 5, pp. 728–737, 2003.

[13] M. Marques, Y. Pei, M. D. Southall et al., “Identification of
platelet-activating factor acetylhydrolase II in human skin,”
Journal of Investigative Dermatology, vol. 119, no. 4, pp. 913–
919, 2002.

[14] J. J. Thiele, S. U. Weber, and L. Packer, “Sebaceous gland
secretion is a major physiologic route of vitamin E delivery to
skin,” Journal of Investigative Dermatology, vol. 113, no. 6, pp.
1006–1010, 1999.

[15] C. C. Zouboulis, L. Xia, H. Akamatsu et al., “The human sebo-
cyte culture model provides new insights into development
and management of seborrhoea and acne,” Dermatology, vol.
196, no. 1, pp. 21–31, 1998.
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Cell-mediated immunity is considered to be normal in Darier’s Disease (DD), an inherited skin disorder complicated by skin
infections. To date, there are no investigations on the local inflammatory infiltrate in DD skin lesions. In this immunohistochemical
study we characterized and quantified it, making comparisons with two other inflammatory skin disorders, that is, pemphigus
vulgaris (PV) and lichen ruber planus (LRP), and with the normal skin (NSk). We found a significant (P < .05) decrease of CD1a+
Langerhans cells (LCs) in DD, compared to PV, LRP, and NSk, and of CD123+ plasmacytoid dendritic cells (pDCs), compared to
PV and LRP. We hypothesize that the genetic damage of keratinocytes might result in a loss of some subsets of dendritic cells and,
consequently, in an impaired local immune response, which might worsen the infections that inevitably occur in this disease.

1. Introduction

Darier’s disease (DD) is an infrequent autosomal dominantly
inherited skin disorder caused by mutations in the ATP2A2
gene, which encodes a calcium pump highly expressed in
epidermal keratinocytes [1]. DD is histologically charac-
terized by dyskeratosis and acantholysis, due to an altered
keratinization and a loss of adhesion between epidermal
keratinocytes. This leads to the development of keratotic
papular lesions and plaques in the seborrheic areas of the
head, neck, and trunk; hypertrophic and bullous lesions, as
well as mucosal involvement are more rare clinical man-
ifestations of the disease. Disfiguring, malodorous lesions
covering most of the body may also occur and fatal cases have
been reported [2]. The disease runs a chronic course; topical
(emollients, corticosteroids, retinoids, 5-fluorouracil), physi-
cal (excision, electrodessication, dermabrasion, ablative laser,

photodynamic therapy), as well systemic (oral antibiotics,
retinoids) therapies are among the treatment options, which,
however, are often unsuccessful; some relief may be obtained
with systemic retinoids.

The cell-mediated immunity of DD patients was usually
found to be normal [3]. There is, however, a predisposition
to bacterial, fungal and viral infections, and defects in cell-
mediated immunity have been described, although in a
few reports [3]. It is generally believed that infections in
DD occur due to the compromised skin integrity, leading
to skin denudation and superimposed infections [3]. To
our knowledge, there are no studies that characterized
cells involved in local cutaneous immune response in DD
patients.

We herein performed an immunohistochemical analysis
and quantified the inflammatory cell infiltrate in skin
biopsies of DD patients, aiming at investigating a possible
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pathogenic involvement of the local immune response in the
disease. For comparison, lesional skin of patients affected by
pemphigus vulgaris (PV), as well as cutaneous lichen ruber
planus (LRP) was also examined.

2. Subjects and Methods

We analyzed 16 skin biopsies of patients with Darier’s
disease (DD), ranging in age from 25 to 50 years (females
outnumbered males from 9 to 7). Nine patients had multiple
affected relatives, while 7 individuals represented sporadic
cases. Six patients were at the first DD attack, while 10
presented multiple attacks. Skin biopsies were performed
in recently-appeared, uncomplicated lesions, on grouped
keratotic papules of the abdomen and trunk. There was not
any personal nor family history of autoimmune disease.

For comparison, 14 patients with pemphigus vulgaris
(PV), ageing 30–55 years, and 10 with lichen ruber planus
(LRP), ageing 32–51 years, were also included in the
study. The diagnosis was previously established by clinical
and histopathological examination, and, in PV group, also
by immunofluorescence studies. As negative control, we
examined normal skin (NSk) excised from the abdomen
of 12 healthy subjects who underwent aesthetic surgery.
Informed consent was obtained from all patients, and the
study, performed according to local ethical guidelines, was
approved by the local ethical committee.

3. Immunohistochemistry

4-μm-thick sections, cut from formalin-fixed, paraffin-
embedded skin biopsies, were investigated immunohisto-
chemically.

In all cases, leukocyte subsets were characterized using
a panel of antibodies, including antiCD3 (CD3 polyclonal
antibody; Neomarkers; San Diego, Ca; dilution 1 : 1000),
antiCD4 (CD4 polyclonal antibody, 4β12; Menarini, Flo-
rence, Italy; dilution 1 : 50), antiCD20 (CD20 mono-
clonal antibody, clone L26; Bio-Optica; Milan, Italy; dilu-
tion 1 : 150), antiCD8 (CD8 monoclonal antibody, CD8-
144B clone; Dako; Milan; dilution 1 : 50), antigranzyme
B (granzyme B monoclonal antibody, GZBO1 clone; Bio-
Optica; dilution 1 : 100), antiCD25 (CD25 polyclonal anti-
body; Bio-Optica; dilution 1 : 50; trypsin pretreatment)
antiFOXP3 (FOXP3 monoclonal antibody, Abcam; DBA,
Milan, Italy; dilution 1 : 50; microwave pretreatment),
antiCD1a (clone AB-5 010; BioOptica, Milan; dilution 1 : 50;
EDTA pretreatment;), antiCD68 (IgG, clone PG-M1; Dako;
dilution 1 : 300), and antiCD123 (6H6, eBioscience, San
Diego, CA, dilution 1 : 100). Antigen retrieval was obtained
either with Wcap buffer (pH 6, 98◦C for 40 min), using the
Ultravision Detection System antiPolyvalent HRP (LabVi-
sion, Fremont, CA, U.S.A.; Bio-Optica); or with microwave
pretreatment, using the Ultravision LP Detection System
AP polymer (LabVision). Sections were then incubated with
the antibodies for 60◦C min at room temperature. For
staining development, we used either diaminobenzidine or
fuchsin (DAB; Dako), as chromogens. We also performed a

double staining with antibodies against CD25 and FOXP3
to identify the CD4+CD25+FOXP3+ subset of regulatory T
cells (Tregs), as previously described [4], and against human
CD68 and CD123 to identify the CD123+ pDCs. Treg and
pDC nuclei were stained in red and their cytoplasm in brown.
Negative controls were obtained by replacing the specific
antibody with nonimmune serum immunoglobulins at the
same concentration as the primary antibody. Sections were
then counterstained with Harris haematoxylin, dehydrated
in alcohol, cleared in xylene and coverslipped.

4. Quantification of the Inflammatory Infiltrate

In all samples, immunohistochemical staining was quantified
visually by two independent observers (C.M. and G.M.)
in at least 5 randomly chosen high power fields (HPF)
(×40 objective and ×10 eyepiece; 0.16 mm2 per 1 HPF).
CD4+, CD8+, granzyme B+, CD20+, CD25+/FOXP3+,
and CD68+CD123+ cells were counted and recorded as
a percentage of the total inflammatory infiltrate. CD1a+
LCs were counted separately in the epidermis and dermis,
and given as mean number/1 HPF. Mean values + SD of
immunostained cells were statistically compared among DD,
PV, LRP and NSk by the nonparametric Kruskal-Wallis test.
The significance level was chosen at P < .05.

5. Results

Clinics was typical of DD (Figure 1). At histology, DD
cases showed suprabasilar acantholysis, dyskeratosis, with
overlying columns of parakeratosis, and a usually mild,
mostly lymphocytic, inflammatory infiltrate.

Blisters, due to a suprabasilar detachment, and a mild
inflammatory infiltrate, with admixed lymphocytes and
eosinophils, characterized PV lesions.

Hyperkeratosis, hypergranulosis, acanthosis and a
dense, predominantly lymphocytic, band-like, subepidermal
inflammatory infiltrate was observed in LRP samples.

In all three diseases CD3+ T lymphocytes outnumbered
CD20+ B lymphocytes (Figure 2).

In DD, CD4+ T lymphocytes constituted the large
majority of inflammatory cells, with a minor component
of CD8+ T lymphocytes (Figure 2); very few granzyme
B+ lymphocytes were observed. Viceversa, in PV and in
LRP, high numbers of T cells were of the CD8 phenotype,
and many granzyme B+ positive cells were observable.
Lymphocytes were rarely observed in the NSk.

In DD the epidermal, as well as the dermal CD1a+ LCs
were noticeably decreased in lesional skin when compared
with PV and LRP lesions, and NSk (Figure 3). LCs were
also smaller in size and with fewer and shorter dendrites,
when compared to NSk. In the perilesional DD skin,
when documentable in the biopsy, CD1a+ LCs reappeared,
although less numerous than those in NSk. In PV the
CD1a+ LCs appeared as isolated cells or in small clusters
in the epidermis as well as in the dermis; more numerous
than those in DD, they, however, appeared decreased when
compared to LRP and NSk and often reduced in size. In
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(a) (b)

(c)

Figure 1: Clinical manifestations of the disease, with keratotic papules ((a), (b)), erythematous plaques, and crusted lesions ((b), (c)).

(a) (b)

(c) (d)

Figure 2: The inflammatory infiltrate in Darier’s disease is mostly constituted by CD4+ T lymphocytes (a), with less numerous CD8+ T (b),
and a few CD20+ B (c) lymphocytes. Redstained, FOXP3+ nuclei of Tregs are shown in (d) Immunohistochemistry; original magnification,
×200; Scale bar = 75 μm; Chromogen: fuchsin.

LRP, both epidermal and dermal CD1a+ LCs were, instead,
detectable in high numbers, with evident, long dendrites, and
often grouped together.

Dermal plasmacytoid dendritic cells (pDCs) were iden-
tifiable based on both their plasmacytoid morphology and

positivity for CD123. CD123 was also expressed by endothe-
lial cells, and therefore they served as an internal positive
control for the antiCD123 antibody (Figure 4). CD123+
pDCs were observed, at low percentages, usually single or in
groups of two, in the dermis in DD; at higher percentages,
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(a) (b)

(c) (d)

Figure 3: Few CD1a+ LCs (an intraepidermal CD1a+ LC is indicated by the arrow), small in size, and without evident dendrites, in two
cases of Darier’s disease ((a), (b)). Normal skin showing more numerous, larger CD1a+ LCs, with long dendrites (c). An increased number
of both epidermal and dermal CD1a+ LCs in a case of lichen ruber planus (d). Immunohistochemistry. Original magnification, ×200; Scale
bar = 75 μm; Chromogen: fuchsin ((a), (b)); diaminobenzidine ((c), (d)).

(a) (c)

(b)

Figure 4: A few CD123+ pDCs, as the one indicated by the thin arrow, in the inflammatory infiltrate of a Darier’s disease case (a). In
pemphigus vulgaris, CD123+ pDCs are more numerous, usually found in the dermis and/or inside the bulla ((b), thin arrow). A lichen ruber
planus skin sample showing a high number of single or grouped CD123+ pDCs in the dermal inflammatory infiltrate (c). The endothelium
of vessels ((a), (b), (c), thick arrows) is also weakly stained by the antiCD123 antibody. Immunohistochemistry; original magnification,
×200. Scale bar: A = 35 μm; B, C = 45 μm; Chromogen: fuchsin.
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Table 1: Quantitative data results.

(a) Immunohistochemically-characterized inflammatory infiltrate in Darier’s disease (DD), pemphigus
vulgaris (PV), and lichen ruber planus (LRP). Mean percentages (%) +SD and range of values in brackets
are reported. P significance is reported at the bottom.

DD PV LRP

%±SD (range) %±SD (range) %±SD (range)

CD20+ 11.1± 4.4 (1–20) 12.6± 3 (8–20) 13.2± 3.8 (5–25)

CD3 90 (80–95) 90 (85–95) 85 (80–95)

CD4+ 70± 6.2 (50–80) 47.8± 8.6 (30–60) 49.7± 5.8 (35–60)

CD8+ 20± 5.4 (10–30) 40.6± 8.9 (25–55) 40± 5.7 (30–50)

Granzyme B+ 3.3± 2.7 (0.4–0.8) 16± 4.8 (10–30) 18.3± 4.7 (10–30)

CD25+FOXP3+ Tregs 26± 8.5 (8–40) 11.5± 4.7 (1–20) 12.7± 4.7 (8–35)

CD68+CD123+ pDC 0.6± 0.3 (0.2–1) 3.1± 1.1 (0.9–5) 9.1± 1.7 (6–13)

(b) Mean number (N) ± SD and range of values in brackets of epidermal (e) and dermal (d) CD1a+ LCs/1
HPF, in DD, PV, LRP, and in the normal skin (NSk). P significance is reported at the bottom.

DD PV LRP NSk

N ± SD (range) N ± SD (range) N ± SD (range) N ± SD (range)

eCD1a+ LCs 2.4± 2 (0–7) 5.4± 1.7 (3–10) 20.9± 3 (15–28) 9.9± 2.1 (7–14)

dCD1a+ LCs 3.4± 1.1 (2–7) 4.9± 1.6 (2–7) 18.5± 5.5 (10–26) 5.7± 1.4 (4–8)

P not significant for: CD3 and CD20, among DD, PV, and LRP groups; and for CD4+, CD25+FOXP3+ Tregs,
and CD8+ in PV versus LRP.
For all the other comparisons, P < .05.
LCs: Langerhans cells, Tregs: regulatory T cells, and pDCs: plasmacytoid dendritic cells.

preferentially in the dermis and inside the bullae, but also in
the epidermis in PV; in greater numbers, single and, more
often, in coalescent groups of cells, in the dermis in LRP.
CD123+ DCs were virtually absent in the NSk.

6. Statistics

Quantitative descriptive data of results and P significance are
given in Table 1. CD3 and CD20 did not significantly differ
among the three groups. CD4+ T lymphocyte percentages
significantly differ from CD8+ percentages in each group
of lesions, CD4+ percentages being higher than CD8+ in
DD, and lower in PV and LRP. CD8+ T lymphocytes were
found at high percentages in both PV and LRP. Percentages
of CD4+, and CD8+ T lymphocytes did not statistically
differ between PV and LRP. In DD, instead, CD8+ and
CD4+ lymphocytes were, respectively, significantly lower and
significantly higher than those in PV and LRP. Granzyme B
lymphocyte percentages were significantly lower in DD than
those in PV and LRP; and in PV than those in LRP.

Mean percentages of CD25+FOXP3+ Tregs were signifi-
cantly higher in DD than those in PV and LRP; they did not
differ between DD and LRP.

In DD, epidermal and dermal CD1a+ LC mean number,
as well as CD123+ DC percentage were significantly lower
than those in PV, LRP and in the NSk. In PV, epidermal
and dermal Cd1a+ LC mean numbers were significantly
lower than those in LRP. In PV epidermal CD1a+ DC mean
number was also significantly lower than those in NSk.

CD123+ DC mean percentages were significantly lower
in DD than those in PV and LRP; they were also significantly
lower in PV than those in LRP.

Comparison with the NSk was limited to CD1a+ LCs,
due to the virtual absence of lymphocytes and plasmacytoid
cells in controls.

7. Discussion

A genetic basis corroborate Darier’s disease (DD), an
autosomal dominant genodermatosis, with sporadic cases
reported, in which an aberration localized to the 12q23-
24.1 region of chromosome 12 has recently been discov-
ered, leading to a defect in a keratinocyte calcium pump,
which, in turn, results in a loss of keratinocyte adhesion
and consequent acantholysis, typical of the disease [1].
Autoimmunity is, instead, the main cause of pemphigus
vulgaris (PV) and lichen ruber planus (LRP), in which
altered immune response, as well as skin inflammatory
cell composition, functionality and immune profile have
been well documented [5–13]. DD and PV are both char-
acterized by epidermal suprabasilar acantholysis, due to
loss of adhesion between keratinocytes in the former, and
caused by autoantibodies in the latter. Despite an ascertained
predisposition to bacterial, fungal and viral infections, no
specific immunological abnormality has been discovered
in DD [3]. Infective complications are ascribed only to
superimposition of secondary infections on the denuded
skin areas [3].
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The observation that a usually mild inflammatory
infiltrate is, however, detectable also in of recent onset,
uncomplicated DD skin lesions, prompted us to characterize
it by immunohistochemistry, in order to investigate cell
composition of the local immune response; we also made
comparison with inflammatory infiltrate of PV and LRP
skin lesions. In the latter conditions, our results are in line
with the literature [5–13]. To our knowledge, there are no
investigations, to date, that characterized the inflammatory
infiltrate in DD. In all DD skin lesions we found that it was
mostly represented by CD4+ T lymphocytes, with a minor
component of CD8+ T lymphocytes, and a negligible per-
centage of CD20+ B lymphocytes. The most striking finding
in all DD cases, in our experience, was a loss of epidermal
CD1a+ LCs in the affected acantholytic and dyskeratotic
skin areas. They reappeared abruptly in the neighbouring,
apparently normal epidermis, although at lower number,
when compared to the normal skin (NSk). We also observed
low percentages of a subset of dermal dendritic cells, the so-
called plasmacytoid DCs, identifiable by CD123 positivity
[14]. It has been demonstrated that keratinocyte signals
induce LC proliferation [15]; keratinocytes secrete cytokines
that promote LC residence and regulate their immune
functions [16], and it has been suggested that cytokeratin
differentiation provide a microenvironment that determines
the density of Langerhans cells [17]. The profound defect of
keratinocyte differentiation in DD, could, therefore, result
in epidermal LC loss in the affected epidermis. Basically,
epidermal LC functions are largely unknown [15], however,
although debated, their cooperation in generating specific
apten-induced effector T cells and stimulating T-cell immu-
nity was demonstrated in some studies [18–21]. LCs were
found capable of promoting and regulating T cell–mediated
immune response [22–24], and were potent activators of
CD8+ T cells in the skin [25]. Epidermal LC reduction
or loss might contribute to a CD8-mediated effector local
immune response impairment, and, consequently, to a poor
response to infective agents in DD. Furthermore, since
keratinocytes seem to function as accessory cells competent
to prime naive skin-reactive T cells [26], their defect in
DD, might directly determine an impaired CD8-mediated
effector immune response.

It is known that UV irradiation exacerbates DD cuta-
neous lesions [2, 3]: this might partly be due to a direct mod-
ulation of keratinocytes by UV to produce proinflammatory
cytokines such as interleukin (IL)-1, IL-6, IL-8 and tumour
necrosis factor (TNF)-A [27], leading to skin inflammation.
Based on the hypothesis of a haploinsufficiency in DD,
it was additionally hypothesized a worsening of cutaneous
lesions due to a direct downregulation of the intact allele
of the ATP2A2 gene by cytokines secreted by UV-irradiated
keratinocytes, leading to an altered intracellular distribution
of calcium, and, consequently, to a further loss of epidermal
cell adhesion, which is modulated by the cellular calcium
level [1]. On the other hand, it has been ascertained that
UV induces immunosuppression [28, 29], probably through
more than one mechanisms and targeting various cell
types, including keratinocytes, antigen presenting cells, such
as epidermal Langerhans cells (LCs), and T lymphocytes.

UV halts antigen presentation functions, and, furthermore,
expands T cell population with regulatory properties on
effector immune cells [29].

Although, at least in experimental studies on mice, a
dermal subset of LC rather than epidermal LC was critical
in the UV-induced immunosuppression [30], many studies
demonstrated numerical, morphological, phenotypical and
functional abnormalities of epidermal LCs following UV
exposure [29–33]. UV seems to affect LCs directly or
indirectly through suppressive cytokines [29]. In DD skin,
UV might, therefore, further on reduce LC number, that we
observed both in epidermis and dermis, contributing to a
local immunosuppression.

In our study, we also found low percentages of der-
mal pDCs, as decorated by CD123 antibody, which labels
interleukin-3 receptor alpha chain protein, that is expressed
at high levels on the surface of pDCs, allowing for their
identification [14].

The DC system consists of two main subsets: myeloid
DCs (mDCs) and plasmacytoid DCs (pDCs) [25], and at
least five distinct DC subsets have been discovered in the
skin [34]. Epidermal CD1a+ LCs, dermal CD1a+ LCs and
CD14+ DCs are the most known mDCs in the skin, dermal
CD1a+ DCs bearing intermediate characteristics between
the first two subsets [25]. It was hypothesized that the
humoral and the cellular arms of adaptive immunity are
preferentially regulated by CD14+ dermal DCs, and LCs,
respectively [25]. An emerging role of the plasmacytoid
subset of DCs has recently been evidenced in several skin
diseases, in which they have been found in high numbers
[35, 36]. In NSk, pDCs are low or absent [14], and they
are not altered by UVB [37]. CD123+ pDCs are capable of
producing type I interferon, and there is evidence that pDCs
are the main source of this cytokine in skin inflammation
[36]. CD123+ pDCs have in fact been found involved in
antiviral immunity and in several autoimmune disorders [25,
35–37]. Interferon-alpha is able to induce the production
of chemokines, which, in turn, recruite CD8+ T cells and
enhance the expression of cytotoxic mediators by NK cells
and cytotoxic lymphocytes [38, 39]. A low number of pDCs,
as we observed in DD, might result in a low production
of interferon, and interferon-inducible chemokines, leading
to an explosion of infectious agents, because of inadequate
cytotoxic local immune response. We cannot, however, assess
whether the altered number of CD123+ pDCs that we
registered might be ascribed to the complex interactions with
other inflammatory cells, including CD1a+ LCs, or to other
factors.

In our experience, also in PV, we found impaired
numbers of both CD1a+ LCs and CD123+ pDCs. We, in
fact, found that in PV, CD1a+ LCs were lower than those in
NSk and LRP, and that CD123+ pDCs were lower than those
in LRP, although both DC subsets were significantly higher
than those in DD. PV is also characterized by acantholysis,
overwhelmingly due to autoimmune mechanisms; it might
be hypothesized an additional contribute of damaged ker-
atinocytes to the decrease of some DC subsets.

We, furthermore, observed a different pattern of CD123+
DC distribution (dermal in DD and LRP, intraepidermal
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and dermal in PV), which is supposed to have pathogenic
implications in distinct diseases [40].

In line with other studies [41], we registered significantly
lower numbers of CD25+FOXP3+ regulatory T cells (Treg)
in PV and LRP, whereas, in DD, their percentages were within
the range normally reported in inflammatory infiltrates.

Tregs are a phenotypically heterogeneous population of
lymphocytes which are critical for the regulatory mecha-
nisms of immune system, being responsible for the induction
and maintenance of immune tolerance. Their numbers, and,
overall, their suppressive functions were found reduced in
autoimmune as well as in allergic diseases [8, 40, 41].

FOXP3 is considered the best marker for the most
important among Treg subsets, the CD4+CD25+FOXP3+
cells, that constitute approximately 5–10% of CD4 T cells
in man [41]. The scenario of well-represented CD4+ T
infiltrates, with CD25+FOXP3+ within the normal range, in
front of a low number of effector cells in DD skin, although
the presence of inflammatory cells itself does not necessary
mirror their functionality, suggest a defect of effector rather
than an enhancement of regulatory cells being effective in
DD. Dendritic cell numerical impairment seems the first
Cause of a defective local immune response.

8. Conclusion

In conclusion, our present study provides direct evidence
for a numerical impairment of epidermal CD1a+ LCs and
dermal CD123+ pDCs in skin lesions of DD, which may
be pathogenetically determinant for the development of the
inflammatory reactions that complicate the disease. To our
knowledge, this investigation represents the first description
of an altered composition of the cellular inflammatory infil-
trate in this genetical disorder, suggesting that an impaired
local immune response may contribute to the progression
of the disease. The dramatic loss and/or absence of some
skin DC subsets, such those that we observed, might drive
the pathogenic events leading to DD skin complications,
suggesting novel therapeutic approaches that could open
new horizons for the treatment of this notoriously poorly
responsive disease and for a better management of patients.
Further functional studies, as well as expanding investigation
on other cells and cytokine mediators of immune response
and inflammation are, of course, mandatory to better
elucidate the impact of epidermal LC and dermal CD123+
DC loss in DD lesional microenviroment.
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A series of well-known, purified antioxidants including: Resveratrol, Epigallocatechin Gallate (EGCG), Genistein, Rosavin,
Puerarin, Chlorogenic Acid, Propolis and two newer unexplored isoflavonoids isolated from Maclura pomifera (Osage Orange)
including Pomiferin and Osajin, were applied to Normal Human Dermal Fibroblasts (NHDF) and Normal Human Dermal
Keratinocytes (NHEK) for 24 hours. The resulting treated cells were then examined using human gene microarrays supplied by
Agilent. These chips typically have somewhere on the order of 30,000 individual genes which are expressed in the human genome.
For our study, this large list of genes was reduced to 205 principal genes thought to be important for skin and each individual
ingredient was examined for its influence on the culled list of genes. Working on a hypothesis that there may be some common
genes which are either upregulated or downregulated by all or most of these ingredients, a short list of genes for each cell line was
developed. What appears to emerge from these studies is that several genes in the gene pool that was screened are influenced by
most or all of the molecules of interest. Genes that appear to be upregulated in both cell lines by all the ingredients include: ACLY,
AQP3, COX1, NOS3, and PLOD3. Genes that appear to be downregulated in both cell lines by all ingredients include only PGR.

1. Introduction

A PubMed (http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=
&db=pubmed) search using the following keywords,
“Antioxidant + Skin”, will return approximately 7786
individual journal hits. The earliest references are papers
examining Vitamin E in dermatology and Ascorbic Acid
use in skin tuberculosis dated to 1950. Expanding the
search to the following keywords “Antioxidants + Skin +
Review” provides approximately 878 individual journal hits.
These searches demonstrate very clearly that the field of
antioxidant research related to skin is replete with individual
contributions examining antioxidant activity and skin
biology including, for example, the role of plant extracts,
vitamins, and minerals in skin antioxidant applications.

There have been some very good fundamental references
on the role of antioxidants in human health and in particular
as they apply to the skin. Important references are those
edited by Mukhtar [1], Packer and Cadenas [2] and Packer

and Valacchi [3]. While it would be nearly impossible to
summarize all the pertinent references on antioxidants and
their role in skin pharmacology and physiology, several
recent references of interest include papers by Cooke and
Evans [4], Nicholas and Katiyar [5], Epstein [6], Ditre et al.
[7], Allemann and Baumann [8] and Arct and Pytkowska [9].

However, cutaneous research examining the influence of
antioxidants from a genomic perspective is presently lacking.
There have been some studies examining the global genomic
effects of antioxidants on dietary health [10]. In addition,
some studies report examining unique cells line, in particular
cancer cell lines, as they respond to antioxidant treatments
using human genomic test methods [11]. A paper recently
published examined the effects of UV light on dorsal root
ganglion and the subsequent effects of the nutrient media
from the irradiated nerve cells on NHEK using human
microarrays [12].

In the present work, normal human dermal fibrob-
lasts (NHDFs) and normal human epidermal keratinocytes
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Figure 1: Chemical structure of antioxidant ingredients tested.
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Figure 2: Continued.
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Figure 2: Ratio of Medians for genes shown in Table 2 for all individual product treatments on NHEK and NHDF.

(NHEKs) were treated with various well-known antioxi-
dants including Resveratrol [13], Epigallocatechin Gallate
(EGCG) [14], Genistein [15], Rosavin [16], Puerarin [17],
Chlorogenic Acid [18], Propolis [19], and two newer unex-
plored isoflavonoids isolated from Maclura pomifera (Osage
Orange) which include Pomiferin and Osajin [20]. Treat-
ment of the individual cell lines for 24 hours with purified
samples of the antioxidants was followed by examination of
the treated cells using human microarray analysis. A working
hypothesis which guided this study was that there may be
common genomic influences which all antioxidants have on

skin cells that are the more critical genes that provide the
beneficial effects of the antioxidants.

2. Materials and Methods

The individual ingredients used in this study were examined
for their cytotoxicity on Normal Human Dermal Fibroblasts
and Normal Human Epidermal Keratinocytes using the
standard MTT assay. Where possible, the samples were tested
at similar concentrations of 0.01% unless the ingredients
proved to be either cytotoxic or well tolerated at a higher
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Table 1: Concentrations of various ingredients tested on Ker-
atinocytes and Fibroblasts.

Ingredient Keratinocytes Fibroblasts

Pomiferin 0.01% 0.01%

Osajin 0.0001% 0.0001%

Puerarin 0.1% 0.1%

Rosavin 0.01% 0.01%

Chlorogenic Acid 0.001% 0.001%

EGCG 0.01% 0.01%

Genistein 0.01% 0.01%

Resveratrol 0.05% 0.05%

Propolis 0.10% 0.10%

dose. In which case, they were tested at the highest nonlethal
dose possible. Two exceptions were Puerarin and Propolis
which were tested at 0.1% in these studies. The chemical
structures of all the ingredients except Propolis are shown
below. Propolis was exceptional in this study as it is a
composition extracted from Honeycomb which is a complex
combination of polyphenols, isoflavonoids, and flavonoids.
The Propolis used in this study was supplied by Lisoma
and is suggested to be 80% pure in propolis content.
Resveratrol (99%), Genistein (>95%), and Chlorogenic Acid
(>95%), were purchased from Sigma Chemical Company
and were used without further purification. Purified Rosavin
(96%), EGCG (97%), and Puerarin (96%), were provided
by Chromadex Chemical Company. Pomiferin (95%) and
Osajin (90%) were provided by Gaia Chemical. All chemical
purities were verified by HPLC analysis. Chemical structures
for the various test materials are shown in the compiled
Figure 1. The concentrations of the actives tested on NHEK
and NHDF are shown in Table 1.

Human epidermal keratinocytes and dermal fibroblasts
were obtained from Cascade Biologics. Keratinocytes were
grown in Epilife media (supplemented per the manufac-
turer’s recommendation) while fibroblasts were grown in
DMEM (supplemented with 1.5% fetal bovine serum for
the array treatments). Both cell types were seeded into T-25
flasks and grown at 37±2◦C and 5±1% CO2 until confluent.
Upon reaching confluency the cells were treated with the
various antioxidants (dissolved in DMSO if needed, with a
final DMSO concentration in the media of 1%) for 24 hours.

After the 24 hour treatment, total RNA was isolated using
an RNAqueous Kit (Ambion) per the manufacturer’s instruc-
tions. After purification, the total RNA was prepared for
array use by first amplifying the RNA using a MessageAmp
aRNA Kit (Ambion), and then fluorescently labeling the
aRNA with Cy3 or Cy5 using an ASAP Labeling Kit (Perkin
Elmer), both per the manufacturer’s instructions. To purify
the fluorescently labeled aRNA, a microcon YM-30 filter
column was inserted into a collection tube and filled with
400 μl of TE buffer. The Cy3 and Cy5 probes were combined
and then added to the microcon filter and thoroughly mixed
with the TE buffer. The filter was centrifuged at 12,000 RPM
for 8 minutes and the flow through was discarded. The
column was then washed twice with 400 μl of TE buffer,

discarding the flow though each time. After the final wash
the filter column was inverted, placed into a new collection
tube and centrifuged at 2,000 RPM for 2 minutes to collect
the probe.

The fluorescently labeled aRNA was applied to the DNA
microarray chips (Agilent Technologies) and the chip was
hybridized overnight and washed per the manufacturer’s
recommended protocol. After washing, the microarrays were
scanned with an Axon GenePix 4100A Scanner with the
scanning resolution set to 5 μm and analyzed with GenePix
Pro software. During the initial scan the PMT gains for the
scanner were adjusted such that the cy5/cy3 image count
ratios are between 0.88 and 1.12.

Fluorescence intensities for the microarrays were sub-
jected to global normalization. The total fluorescent signal
for both dyes was normalized with a correction factor that
would make the ratio of total intensities for both dyes
equal to one. For this study a Cy3/Cy5 (untreated/treated)
fluorescence intensity ratio greater than 1.3 or less than 0.7
(this relates to a change in gene expression of at least ±30%)
was used as the cutoff for up- and downregulated genes,
respectively. This is referred to as the “ratio of medians”
in the array summaries. This cutoff ratio falls within the
typical range of cutoff ratios found in the literature [21]. In
addition, the fluorescence intensity of the gene marker had
to be greater than the background intensity.

3. Results and Discussion

A summary of the genes examined in these studies is shown
in Table 2. Selection of the genes was principally the effort
of the authors to narrow the extensive list of genes found in
each array to some key target genes felt to be critical for skin.
Genes shown in the Table 1 are not grouped in any particular
order; they are shown alphabetically as they appear in the
arrays.

Provided in Figure 2 are summary graphs showing the
Ratio of Median (ROM), vide supra, for the compiled gene
data examined for the various ingredients tested at the
concentrations specified in the Methods section on either
NHEK or NHDF as indicated.

Selection of genes of interest was done to cover a broad
range of skin functions including, for example, extracellu-
lar matrix protein expression, lipid synthesis, energy and
metabolism, intrinsic antioxidant synthesis, ROS and DNA
repair response, skin polysaccharide and glycoprotein syn-
thesis, hormone response, longevity, cellular differentiation,
nerve growth and protection, retinol response, circadian
influences and skin pigmentation.

Determination of which genes appear to be regularly
up- or downregulated by the majority of the antioxidants
examined was done by comparing the data across each gene
and test material looking for genes that showed Ratio of
Medians greater than 1.3 or less than 0.7 consistently. If
more than four of the entries showed data suggesting either
upregulation or downregulation, the gene set was included.
The summary of the genes that were noted to be either
upregulated or downregulated is provided in Tables 3, 4, 5,
and 6. It seems that the keratinocytes respond more broadly
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Table 2: Summary of Genes Examined.

Gene Symbol Gene Symbol Gene Symbol Gene Symbol Gene Symbol

ACLY DHCR24 KLK7 POMC USF1

AGER DHCR7 KRT1 PPARA UVRAG

AGK DPT KRT5 PPARD VDR

AIFM1 DSG3 KRT15 PPARG VEGFA

AQP1 EGF LAD1 PRDX1 XPA

AQP3 EGFR LAMA3 PRDX2 XPC

AR ELN LAMB1 PRDX5

ARPC1A ENDOG LAMC1 PTDSS1

ARPC3 ESR1 LIAS PTGER1

ATM ESR2 LIG1 RAD23A

ATR FAP LOR RAD23B

BCDO2 FBN1 LOX RARA

BCL2 FBN2 LSS RARB

BCL2 FGF1 MC1R RARG

BCL2A1 FGF2 MCHR1 RBP1

BCL2L1 FGFR1 MLPH RXRA

BECN1 FLG MMP1 RXRB

CASP7 FLNA MMP2 SCEL

CASP14 FN1 MOAP1 SIRT1

CAT FOXO3A MTCH1 SIRT2

CCS FSHR MTCO1 SIRT3

CD44 GAPDH MTCO2 SIRT4

CDH1 GLRX2 MTNR1A SIRT5

CH25H GPX1 MVD SIRT6

CIRBP GPX4 MVK SIRT7

CLOCK GPX5 NAGK SOD1

COL1A1 GRN NFKB SOD2

COL1A2 GSR NGB SOD3

COL4A1 HAS1 NGFB SPON1

COL4A2 HAS2 NGFRAP1 SQLE

COL6A1 HIF1A NOS1 SRD5A1

COL7A1 HIF3A NOS2 SRD5A2

COL17A1 HMGCR NOS3 TDG

COQ10A HSPA1A NOSTRIN TERT

COX1 HSPA5 OA1 TGFA

CRABP1 HSPB1 OGG1 TGFB1

CRABP2 HYAL1 OXR1 TGM1

CYGB HYAL2 OXSR1 TGM3

CYP46A1 IGF1 P4HA1 TIMELESS

CYP51A1 IGF2 P4HA2 TIMP1

DDB1 IGF1R P4HB TIMP2

DDB2 IL1A PAK2 TIMP4

DDIT3 IL1B PER1 TNF

DDIT4 ITGA1 PER2 TP53

DDI2 ITGA5 PGM1 TPT1

DDT ITGA6 PGR TRPV1

DEFA3 ITGA7 PLOD TXN

DEFB1 IVL PLOD2 TYR

DEFB104 KL PLOD3 TYRP1

DEFB4 KLK5 PNN UNG
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Table 3: Summary of fibroblasts genes noted to be commonly upregulated by the antioxidant treatments.

FIBROBLASTS Test Materials Pomiferin Osajin Resveratrol EGCG Genistein Rosavin Puerarin Chlorogenic
Acid

Propolis

Gene Name Gene Description

ACLY ATP citrate lyase 1.874 1.334 1.229 1.896 0.582 1.248 1.504 0.766 1.254

AQP1 Aquaporin 1 2.232 1.915 1.093 2.166 0.472 1.531 1.436 1.231 1.499

COL1A1 Collagen, Type 1,
alpha 1

2.446 1.36 1.074 1.423 0.757 1.237 1.017 2.26 1.496

COX1 Cytochrome c
oxidase 1

1.875 2.089 1.288 1.929 0.699 1.623 1.178 2.252 1.485

GRN Granulin 1.394 1.25 1.233 1.444 0.753 1.288 1.13 1.502 1.478

NOS3 Nitric oxide
synthase 3

1.478 1.607 1.39 2.061 0.717 1.459 1.527 0.874 1.302

PLOD3 Lysine hydroxylase 3 1.782 1.367 1.573 1.16 0.687 1.442 1.404 3.805 1.186

RARA Retinoic acid
receptor, alpha

1.72 1.513 1.534 1.36 0.706 1.211 1.379 1.423 1.034

TXN Thioredoxin 1.956 1.767 1.387 2.164 0.692 1.538 1.341 3.556 2.229

Table 4: Summary of fibroblasts genes noted to be commonly downregulated by the antioxidant treatments.

FIBROBLASTS Test Materials Pomiferin Osajin Resveratrol EGCG Genistein Rosavin Puerarin Chlorogenic
Acid

Propolis

Gene Name Gene Description

DSG3 Desmoglein 3 0.847 0.545 0.708 0.667 −0.118 0.385 0.438 0.46 0.737

HAS1 Hyaluronan
synthase 1

1.091 0.667 0.526 0.615 0.695 0.429 0.462 1.5 0.385

ILIA Interleukin 1, alpha 1.2 0.599 0.588 0.556 −0.27 0 0.5 0.517 0.5

KL Klotho 1.136 0.731 0.56 0.7 0.099 0.167 0.588 0 0.7

NOS2 Nitric oxide
synthase 2

0.831 0.694 0.655 0.928 0.303 0.441 0.588 1.05 0.724

PGR Progestone receptor 0.764 0.926 0.579 0.571 0.337 0.364 0.583 0 0.545

to the antioxidant treatments than the fibroblasts as noted
by the greater preponderance of gene responses, both up and
down, for the keratinocytes verses the fibroblasts.

In reviewing the data compiled in Tables 3–6, it is possi-
ble to narrow the genes that are “universally” upregulated or
downregulated for each cell line. It is noted that the following
genes are upregulated in both fibroblasts and keratinocytes:
ACLY, AQP3, COX1, NOS3, and PLOD3. Interestingly, only
one gene is commonly downregulated in both cell lines by
the majority of the antioxidant treatments: PGR.

Demonstrating that the Progesterone Receptor (PGR)
gene would be downregulated by the majority of the ingredi-
ents examined in these studies in both cell lines suggests that
this particular gene and its corresponding protein may play a
more pivotal role in the behavior of these ingredients on skin
than previously realized. It has been shown that progesterone
applied to the skin of monkeys suppresses estrogen receptor
expression [22–24]. In reviewing the effect of these ingredi-
ents on the estrogen receptor gene expression (Table 7) there
appears to be little indication that these molecules stimulate
expression of the two key estrogen receptor genes. In most
cases, the ingredients had no effect on the estrogen receptor
gene expressions (indicated by Ratio of Medians between

0.7 and 1.3). This suggests that while it is well known that
some molecules such as genistein can bind to the estrogen
receptors it seems unlikely that all of these molecules would
do so. What may be happening with many (or all) of these
unique ingredients on skin could be an altering of the
estrogen/progesterone receptor protein ratio for each cell
line. If these molecules universally suppress expression of
the progesterone receptor proteins while not influencing the
expression of the estrogen receptor proteins, this may cause
a change in the critical ratio of these two key proteins. In
this case, what appears as an estrogenic effect is, instead, a
suppression of progesterone effects due to a diminishment
in expression of the receptor proteins. This suggests that the
term “phytoestrogen” often used to describe molecules like
genistein may be somewhat of a misnomer and the bulk
of these topically beneficial molecules are actually “anti-
phytoprogesterones”. Most certainly, the majority of the
ingredients examined in this study appear to be progesterone
receptor gene antagonists although confirmation of these
influences via protein assays remains to be done.

Valacchi et al. have examined the role of antioxi-
dants in skin stressed with the oxidizer ozone, looking at
the antioxidant β-Carotene in particular. These authors
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Table 5: Summary of keratinocyte genes noted to be commonly upregulated by the antioxidant treatments.

KERATINOCYTES Test Materials Pomiferin Osajtn Resveratrol EGCG Genistein Rosavin Puerarin Chlorogenic
Acid

Propolis

Gene Name Gene Description

ACLY ATP citrate lyase 3.499 1.769 1.46 1.047 0.887 1.319 1.461 0.981 1.541

AQP1 Aquaporin 1 3.288 2.098 1.575 0.436 0.947 1.34 1.757 2 1.736

AQP3 Aquaporin 3 1.65 1.055 1.598 1.636 2.587 1.17 1.418 1.319 1.451

CD44 Transmembrane
glycoprotein CD44

2.312 1.345 1.236 0.867 1.504 0.758 1.07 1.34 1.398

CDH1 Cadherin 1 2.489 1.489 1.599 0.989 1.152 0.934 1.379 1.582 1.422

COX1 Cytochrome c
oxidase 1

2.637 2.045 1.421 0.985 0.914 1.354 1.217 2.499 2.149

FGFl Fibroblast growth
factor 1

2.65 1.67 1.519 0.194 0.316 1.303 1.345 3 0.945

GRN Granulin 2.976 1.652 1.496 0.959 0.936 1.281 1.297 1.452 1.57

HSPB1 Heat Shock 27 kD
protein 1

2.991 1.437 1.539 1.028 0.922 1.406 1.42 2.581 1.768

KRT5 Keratin 5 2.964 2.197 1.704 1.008 0.573 1.258 1.134 2.439 2.141

NOS3 Nitric oxide
synthase 3

3.152 1.859 1.609 0.981 0.893 1.277 1.311 1.041 1.812

PLOD3 Lysine hydroxylase 3 3.231 1.94 1.45 1.102 0.917 1.299 1.481 2.671 1.756

TPTl Histamine-releasing
factor

2.813 2.148 1.617 1.105 0.925 1.363 1.431 2.184 1.874

TXN Thioredoxin 2.41 1.924 1.369 0.985 0.83 1.352 1.206 2.244 2.026

looked at inflammatory markers such as iNOS [NOS1] and
Hemeoxygenase-1 [HO1] when skin is stressed with ozone
and the role that β-Carotene plays in minimizing inflam-
matory response [25]. They noted that in the presence of
an external oxidative stress such as ozone, antioxidants such
as β-Carotene will generally downregulate inflammatory
markers such as those noted above. However, without the
presence of an external oxidative threat, it was found in the
current studies that in both cell lines, direct application of the
antioxidants used in these studies under ambient conditions
resulted in upregulation of the inflammatory mediators
COX1 and NOS3 [26–29]. This is somewhat surprising
as typically commercial descriptions of antioxidants often
suggest they are soothing or calming. It would seem that
just the opposite may be occurring and the majority of
the various antioxidants tested here cause inflammatory-like
responses in the skin cells. However, the close balance the
body and skin maintain between healing and inflammation
may suggest that there is a common influence of the majority
of these antioxidants to stimulate a healing type response in
the skin cells. There appears to be an inverse relationship
between COX1 expression and Progesterone expression, so
the possibility that the PGR gene is downregulated by
ingredients that also appear to upregulate COX1 may be
expected [30].

The common upregulation of ATP-Citrate Lyase (ACLY)
in both cell lines by the majority of the antioxidants is
also quite interesting [31, 32]. ATP-Citrate Lyase is a critical
enzyme responsible of de novo fatty acid synthesis respon-
sible for generating cystolic acetyl-CoA and oxaloacetate.
Acetyl-CoA is one of the essential building blocks for lipid

synthesis in the body. Common upregulation of this gene
suggests that the majority of the antioxidants tested here
may be influencing skin lipid synthesis. This would support
the beneficial effects of the ingredients on the skin as well,
particularly for barrier repair and improvements.

Aquaporin-3 has only recently emerged as a critical
protein in skin [33, 34]. The protein is known to be
expressed in both keratinocytes and fibroblasts. The protein
controls water flux within the skin cells. In fibroblasts and
keratinocytes, the Aquaporin-3 protein has been suggested
to be involved in wound healing through cell migration
processes [33]. Its common upregulation by the antioxidants
in this study suggests a key role for this protein in improved
skin health and cell turnover as well as playing an important
role in skin hydration.

Lysine hydroxylase-3 (PLOD3) is the gene responsible
for expression of a protein that helps crosslink collagen and
elastin fibers via hydroxylation of lysine and proline residues
[35]. Its expression in fibroblasts is well established, however,
it is unclear if it is expressed in keratinocytes or not. It
can be noted that topical application of the majority of
the isoflavonoids tested causes upregulation of PLOD3 in
both fibroblasts and keratinocytes. Certainly, upregulation
of PLOD3 would be consistent with the finding that topical
applications of isoflavonoids lead to firmer looking skin as
increased crosslinking of collagen would lead to a rebuilding
effect in aging skin.

While it is desirable to think that the bulk of the
molecules tested here work through some uniform mech-
anistic pathways, this idea may be somewhat naive. How-
ever, by examining multiple structurally unique molecules
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Table 6: Summary of keratinocyte genes noted to be commonly downregulated by the antioxidant treatments.

KERATINOCYTES Test Materials Pomiferin Osajin Resveratrol EGCG Genistein Rosavin Puerarin Chlorogenic
Acid

Propolis

Gene Name Gene Description

AR Androgen receptor 0.06 0.462 0.607 0.257 0.302 0.417 0.581 0 0.459

CYGB Cytoglobin 0.175 0.414 0.636 0.319 0.242 0.268 0.571 0.688 0.667

EGF Epidermal growth
factor

0.159 0.52 0.741 0.25 0.204 0.272 0.516 0.471 0.774

ESR2 Estrogen receptor 2 0.093 0.444 0.706 0.192 0.727 0.26 0.478 0 0.438

FBN1 Fibrillin 1 0.52 0.78 0.75 0.215 0.214 0.337 0.667 0.563 0.612

FBN2 Fibrillin 2 0.731 0.917 0.857 0.32 0.473 0.541 0.693 0.571 0.634

IGF1 Insulin growth factor 1 0.135 0.588 0.6 0.31 0.429 0.381 0.5 0 0.462

KL Klotho 0.038 0.273 0.545 0.357 0.278 0.181 0.444 0 0.4

MC1R Melanocortin 1
receptor

0.167 0.571 0.619 0.302 0.433 0.19 0.561 2 0.538

PGR Progestone receptor 0.052 0.538 0.8 0.304 0.217 0.293 0.235 2 0.5

POMC Proopiomelanocortin 0.194 0.483 0.75 0.295 0.452 0.357 0.788 0.982 0.738

PPARG
Peroxisome
proliferator activated
receptor, gamma

0.154 0.563 0.571 0.314 0.129 0.538 0.45 0.333 0.438

PTGER1 Prostaglandin E
receptor 1

0.107 0.6 0.667 0.209 0.235 0.245 0.657 1.25 0.629

RAD23A RAD23 homolog A 0.391 0.482 1.034 0.385 0.414 0.578 0.971 0.577 0.789

RXRA Retinoid X receptor,
alpha

0.636 0.445 0.409 0.561 0.621 0.689

SOD3 Superoxide dismutase 3 0.13 0.571 0.467 0.276 0.431 0.617 0.6 0.571 0.778

SRD5A2 Steroid 5
alpha-reductase A2

0.097 0.556 0.636 0.371 0.333 0.588 0.529 0.5 0.583

TERT Telomerase reverse
transcriptase

0.311 0.595 0.619 0.298 0.394 0.436 0.556 0.709 0.756

TYRP1 Tyrosinase related
peptide 1

0.043 0.852 0.611 0.34 0.244 0.296 0.7 0.5 0.5

Table 7: Summary of Ratio of Medians for ingredient influences on estrogen receptor gene expression.

Pomiferin (ROM) Osajin Resveratrol EGCG Genistein Rosavin Puerarin Chlorogenic Acid Propolis

Keratinocyte Gene

ESR1 (Estrogen Receptor 1) 0.538 0.824 1.111 0.205 0.22 0.744 0.988 0.714 0.795

ESR2 (Estrogen Receptor 2) 0.093 0.444 0.706 0.192 0.727 0.26 0.478 0 0.438

Fibroblast Gene

ESR1 (Estrogen Receptor 1) 0.824 0.728 0.784 0.65 0.664 0.294 0.708 0.5 1

ESR2 (Estrogen Receptor 2) 0.828 0.864 0.5 0.333 0.984 0 0.545 1 0.7

well-known to influence skin structure and function, a
clearer picture of the genomic effects of these ingredients on
skin may begin to be elucidated. Certain targets, in particular,
the unusual finding that the bulk of these ingredients appear
to downregulate Progesterone Receptor gene expression,
warrant further protein work to verify if this is indeed the
case. It may be that while unique in chemical structure,
common pathways to improved skin appearance are not as
unique to the molecules tested, but rather to the targets that
they address universally. The ability to examine multiple gene

expression effects using human microarrays will open future
doors to answer these types of questions.
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2 Dipartimento di Scienze Biomediche, Università degli Studi di Siena Viale Aldo Moro 2, 53100 Siena, Italy
3 Department of Food and Nutrition, Kyung Hee University, Seoul 130-761, Republic of Korea
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Although orthodox medicine has provided a variety of topical anti-infective agents, some of them have become scarcely effective
owing to antibiotic- and chemotherapeutic-resistant pathogens. For more than a century, ozone has been known to be an
excellent disinfectant that nevertheless had to be used with caution for its oxidizing properties. Only during the last decade it
has been learned how to tame its great reactivity by precisely dosing its concentration and permanently incorporating the gas
into triglycerides where gaseous ozone chemically reacts with unsaturated substrates leading to therapeutically active ozonated
derivatives. Today the stability and efficacy of the ozonated oils have been already demonstrated, but owing to a plethora of
commercial products, the present paper aims to analyze these derivatives suggesting the strategy to obtain products with the
best characteristics.

1. Introduction

The increase of ageing, obesity, and diabetes in conjunction
with inappropriate healthcare programs have emphasized
the problem of having to treat almost 1.5 billion people
affected by skin and mucosal infections due to bacteria,
viruses, protozoa, and dysmetabolism. Pathologies range
from the diabetic foot (ulcer with necrosis), bed sores,
ulcers after a trauma or burns, chronic viral infections
due to either herpes virus I and II, or human papylloma
viruses, vaginal infections now frequent also in young
girls due to Candida, Trichomonas, and Chlamidia, rectal
mucosa infections such as anal ragadis, abscesses with
fistula to end with mouth aphthous ulcers. These infections
are rarely deadly but are considerably distressing because
many patients often suffer of diabetes or vascular diseases
with tissue hypoxia, other patients are immunosuppressed
drugaddicts, or with concomitant HIV infection. Official
medicine provides a variety of drugs that are expensive
and often poorly efficacious because infections in hypoxic
tissue contain methicillin-resistant Staphylococcus aureus and
Pseudomonas aeruginosa. Patients are suffering not only
because they become uncompliant to frequent medications

but they are discouraged by observing a lack of healing
[1]. Wound healing is a multiphase process involving blood
clotting, inflammation, tissue proliferation, and remodelling
[2], but both innate and adoptive immune systems are too
often hindered by the chronic infection naturally difficult to
overcome. This is also the reason explaining the failure of
growth factors in heavily contaminated ulcers [3, 4].

The judicious use of ozone (O3) appears providential
because first of all eliminates the pathogens and then,
by releasing oxygen (O2), activates the proliferation of
fibroblasts, hence the building of intercellular matrix with
consequent proliferation of keratinoblasts and successive
healing.

In Section 2, we propose to briefly review the physical
chemistry of oil ozonation and all the basic analyses neces-
sary for demonstrating the quality of the obtained products.
In Section 3, it appears useful to inform readers that both
skin and mucosae are sensitive to excessive amounts of
gaseous O3 as there are clear demonstrations of a variety
of alterations linked to a prolonged exposure. In Section 4,
we will then clarify the various procedures devised to
enhance the disinfectant and healing-promoting properties
of O3. Finally, after an extensive analysis of a cornucopia of



2 Mediators of Inflammation

proposals, we will try to suggest guidelines for the future
medical application of topical ozone and its derivatives
(Section 5).

2. Physical Chemistry of Oil Ozonation with
a Description of the Analytical Methods for
Characterizing the Process

Unsaturated lipid substrates react with insufflated gaseous
O2/O3 mixture leading to therapeutically active ozonated
derivatives (Figure 1).

Briefly, the postulated mechanism known as Criegee
reaction provides that ozone combines with an unsaturated
bond to form an initial, unstable primary ozonide which
readily decomposes to form a zwitterions and a carbonyl
fragment. In anhydrous environment these substrates com-
bine to give the typical cyclic trioxolane derivative.

However, the word “ozonated” is itself without scientific
meaning if it is not associated with “how much” peroxides
are present in the oil. In fact, from a therapeutic point of
view, the ozonide compositions have the capacity to deliver
active O2 and/or other useful species deep within the lesion
without causing primary skin irritation. The few studies
concerned with the therapeutic effects of ozonated oils on
acute cutaneous wound healing in animal models do not
investigate the dose/behaviour response, expressed as the
amount of peroxides existing in the ozonated derivative used
[5]. Recently, a quantitative evaluation of the therapeutic
effect of topically applied ozonated sesame oil on acute
cutaneous wound healing in mice as animal model has been
developed [6]. The results indicate that both low (<1000)
and high doses (>3000), as expressed in terms of peroxide
value (see the corresponding section in this paper), delay
cutaneous wound healing. Such an evidence is reinforced
by a number of results between groups where the “middle”
concentration (about 1500) has the most beneficial effect in
accelerating the wound closure ratio.

From an industrial applicative viewpoint, the overall
quality of ozonated derivatives depends upon several param-
eters, such as: (i) the type and the quality of ozone generators;
(ii) the ozonation conditions, in terms of reactors and
time, material type and amount, presence of water and/or
catalyzers; (iii) the efficacy of the ozonizer, in terms of
O3 concentration output, gas flow, gas carrier. As for the
latter, the use of medical grade O2 instead of air is an
important point to be considered; in fact, air feedstock
(containing about 78% of nitrogen) used for the ozonation
of unsaturated substrates could lead to the production
of potentially toxic nitrated by-products [7], and to a
significant decrease of the ozonation efficiency [8]. Another
important feature is that ozonated oil has to be unequivocally
characterized in terms of the species contents as well as the
reaction kinetics. For these purposes, the knowledge of the
physicochemical properties of ozonated vegetable oils during
production has a great importance for their characterization
and identification. For determining the quality of ozonated
products, spectroscopic techniques, as Fourier-Transformed
Infrared (FT-IR) and 1H and 13C-NMR [9], together with

analytical methods as peroxide, acidity, and iodine values
as well as viscometric determination are usually carried out
[10].

2.1. FT-IR Spectroscopy. FT-IR spectroscopy is used to
highlight differences in the functional groups during the
oil ozonation, in particular the decrease of the bands
corresponding to both C=C and =C–H stretching (e.g.,
sesame oil at 1654 cm−1 and 3009 cm−1, respe), and the
increase of the band corresponding to ozonide CO stretching
(e.g., sesame oil at 1105 cm−1).

Ozonated samples can be analyzed using two different
methods.

(1) An adequate aliquot (usually about 2 μL) of sample
is deposited between two disks of KBr, avoiding air
bubble formation, then the percentage transmittance
or other suitable parameters are measured in the
range 4000–800cm−1. Spectra are obtained setting
the appropriate scan summations and minimal res-
olution (generally, 16 at 4 cm−1, resp.).

(2) An adequate aliquot (usually about 2 μL) of sample
is dissolved in a suitable solvent (preferably chloro-
form) and then the solution is settled in the sample
holder avoiding air bubble formation, then the trans-
mittance (expressed as a percentage) or other suitable
parameters are measured in the range 4000–800
cm−1. Spectra are obtained setting the appropriate
scan summations and minimal resolution (generally,
16 at 4 cm−1, resp.).

2.2. NMR Spectroscopy. 1H and 13C NMR spectroscopies are
performed to obtain more information about the variation of
the functional groups involved in the reaction of ozonation.
Both the disappearance of the signals relative to protons and
carbons on the double bond (e.g., in sesame oil 5.29 ppm,
and various signals in the range 127.8–130.0 ppm, resp.)
and the parallel appearance of a signal on the proton
and carbon of 1,2,4-trioxolane (e.g., in sesame oil in the
5.11–5.08 ppm range, and 103.4–104.3 ppm range, resp.) are
evidenced. Quantitative analysis can be performed by spectra
normalized with respect to the integral areas of the OCH2

protons (glycerol) that remain constant during the whole
process.

Spectra will be obtained using suitable instruments by
solubilizing the ozonated sample in a proper solvent (prefer-
ably CDCl3). Particularly, an adequate aliquot (usually about
100 μL) of sample is solubilised with 750 μL of CDCl3 in
a 5 mm NMR tube, then the analysis will be performed.
To obtain quantitative data, it is sufficient to perform a
1H-NMR, while 13C-NMR essentially provides qualitative
informations [9].

2.3. Iodine Value. The iodine value (IV) represents the
quantity of iodine (in grams) that will react with the double
bonds in 100 grams of sample. IV is determined according
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Figure 1: Representative chemical structures of ozonated derivatives which are formed by chemical reaction of ozone with unsaturated
triglycerides. The primary ozonides are transient, unstable species which rearrange in the normal, secondary ozonides also known as Criegee
ozonides.

to the Pharmacopoeia monographs. The IV is calculated by
means of the following equation:

IV = 1.269 · (n1 − n2)
m

, (1)

where n1 is the volume in mL of thiosulphate solution
(0.1 M) used for carry out a blank test, n2 is the volume in
mL of thiosulphate solution (0.1 M) used for the titration
and m the quantity, in grams, of substance. It is, therefore,
a measure of the total number of double bonds present in
the sample and for such a reason it is a chemical analysis
useful for evaluating the decrease of double bonds during the
oil ozonation process, giving information about the 1,2,4-
trioxolane formation.

2.4. Acid Value. The acid value (AV) is an index that
expresses, in mg, the quantity of potassium hydroxide
required to neutralise the free acids presents in 1 g of the
substance. The AV is calculated by means of the following
equation:

AV = 5.610 · n
m

, (2)

where n is the volume in mL of titrant and m the quantity, in
grams, of substance.

It is representative of the acidity level of the product and
it represents an index of the degradation by-products that
could be formed during the ozonation process.

2.5. Peroxide Value. Peroxide value, (PV), is usually used as
an indicator of the advancement and/or the control of the
ozonation process because of its simplicity, rapidity, and low
cost. Moreover, the PV may be adequate for the stability
evaluation of vegetable oil ozonides and it appears to be
very important for commercial distribution as well as for
the determination of the better storage modalities. However,
it had been necessary to standardize the methodology for a
validated PV.

In the present paper, a detailed analysis of PV assessments
of ozonated lipid derivatives based on both literature data
and our laboratory experiments will be presented together
with their possible correlations with other techniques. Such
a report allows an in-depth acquaintance of the ozonation
process of vegetable oils as well as of the related products
obtained, allowing to define the quality parameters useful
for industrial purposes. Specifically, the peroxide value (PV)
represents the quantity of peroxide expressing in milliequiv-
alents of active O2 contained in 1000 g of the sample.

For the PV evaluation, three different methods were
adopted.

(a) First official monograph described in Pharmacopoeia
(e.g., European Pharmacopoeia, British Pharma-
copoeia, United States Pharmacopoeia), which pro-
vides the solubilization of sample in 30 mL of
chloroform/glacial acetic acid (2 : 3), the addition of
saturated potassium iodide solution (0.5 mL) and
the titration after 1 minute with a solution of sodium
thiosulphate.
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(b) Second method described by Martinez Tellez et al.
[11], which always provides the solubilization of
sample in 30 mL of chloroform/glacial acetic acid
(2 : 3) and the addition of saturated potassium iodide
solution (0.5 mL), but the titration is done after
24 hours.

(c) Third method recently proposed [10]. Briefly, 2 g of
SO were weighed in a 250 mL conical flask and 30 mL
of chloroform/glacial acetic acid (2 : 3) were added.
Then, 3.0 mL of saturated potassium iodide solution
were added. The flask was stirred at reflux tempera-
ture (60◦C) for various times (5–180 minutes). After
this time, the solution was cooled and 25 mL of water
were added. Solutions of sodium thiosulphate at the
appropriate concentration (0.0001–0.1 M) were used
for the titration.

In all determinations the PV was calculated by means of
the following equation:

PV = 1000 · (V1 −V0) · c
m

, (3)

where V1 is the volume in mL of thiosulphate solution used
for the titration, V0 is the volume in mL of thiosulphate
solution used for carry out a blank, c the thiosulphate
concentration and m the sample quantity (grams).

The ozonation efficiency (expressed as a percentage)
represents ratio of the amount of peroxidation due to
ozonation process, as estimated by PV value, to the O3 total
amount applied to the system. It was calculated by means of
the following equation:

OE = (PVs − PV0)
1000

× 24
OAD

× 100, (4)

where PVs is the ozonated sample PV, PV0 is the PV of
untreated sample, and OAD stands for the O3 applied dose
(mg/g).

2.6. Viscosity Measurement. Viscosity evaluation is a useful
technique because it is fast and it could be online, giving
an estimation of the double bonds present in the sample. In
fact, the greater the ozonation time the higher the product
viscosity because of the disappearance of the double bonds.
Moreover, its typical trend can be a useful tool in providing a
rapid quality control assessment during the entire ozonation
process, as well as to decide on the process time for obtaining
the desired ozonation level of the sample [9].

3. Cutaneous Responses to Environmental
Ozone Exposure

The skin, along with the respiratory tract, is directly exposed
to environmental pollutants including O3, an important
constituent of photochemical smog. Although numerous
studies have documented effects of O3 on the respiratory
tract in animals and humans [12–15], only recently some
studies characterizing its effect on cutaneous tissue have
been published [16–20]. The skin consists of two main

layers, the inner dermis, mainly composed of fibroblasts and
connective tissue matrix, and the outer epidermis, which
contains keratinocytes that, by progressively differentiating
to form enucleate corneocytes, become imbedded in a lipid
matrix and together comprise the outermost part of the
epidermis, the stratum corneum (SC) [21, 22].

Previous studies have shown that exposure to O3 results
in the depletion of both water soluble and lipophilic
antioxidants such as uric acid, ascorbic acid, and tocopherol,
and this was accompanied by increase in parameters of both
lipid peroxidation and protein modification, primarily in the
outermost skin layers [16, 17, 23].

In further studies, we were also able to show that the
exposure of hairless mice to O3 will not only deplete the
antioxidant levels and increase oxidative markers but these
molecules are able to induce active cell responses.

These effects can be briefly summarized as follows.

(1) Induction of Redox Sensitive Transcription Factors. Ozone,
like many others environmental challenges, is able to activate
transcriptional factors redox sensitive such as Nuclear Factor
k B (NFkB). This transcriptional factor acts as an activator
for a multitude of proinflammatory genes (IL-8, TNFα,
TGFβ) and adhesion molecules (ICAM and VCAM). It
has been assessed that O3 is able to activate NFkB using
both in vitro and in vivo systems. Thiele et al. [16], using
an immortalized human keratinocytes (HaCaT cells), were
able to show that O3 induced the activation of NFkB by
electrophoretic mobility shift assay (EMSA). Ozone induced
a dose dependent activation of the transcription factor. This
effect was likely to be mediated by ROS, particularly H2O2,
because it was inhibited by the incubation of the cells with
lipid soluble antioxidants (tocopherol).

(2) Induction of Heat Shock Protein (HSP) and Inflammatory
Markers. As a consequence of the induction of transcription
factors, O3 exposure (6 days to 0.8 μg/mL for 6 hours/day)
induced the expression of proinflammatory markers in
skin homogenates such as cyclooxygenase-2 (COX-2). This
induction was accompanied by an increase level of heat
shock protein (HSP) 32, also known as heme oxygenase-1
(HO-1). In this paper, we were the first to demonstrate the
upregulation of HSPs 27, 32 and 70 in homogenized murine
skin upon O3 exposure. HSP27 showed the earliest (2 hours)
and highest (20-fold) response to O3 compared with the
delayed induction (12 hours) of HSP70 and HO-1. HSP27
is expressed predominantly in the suprabasal epidermis in
human skin, whereas HSP70 predominates in the dermis
compared with the epidermis. These differences in location
between HSP27 and HSP70 might explain the different
time course of induction of these stress proteins upon O3

exposure. It is therefore possible that the generated bioactive
compounds may be responsible for the induction of HSPs as
was also shown after UV irradiation.

(3) Induction of Matrix Metalloproteinases (MMPs). Among
the multiple systems altered in the skin by environmental
pollutants, MMPs are among the major targets. Indeed, O3
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exposure is able to affect their synthesis and/or activity with
logical consequences on tissue remodeling and wound heal-
ing [23, 24]. Within the MMP family, MMP-2 and MMP-9
are the only members able to degrade type-IV collagen of the
basal membranes [25]. MMP-2 is involved in pathological
processes such as photoageing and precancerous/cancerous
skin lesions after UV exposure; moreover, MMP-2 is capable
of cleaving other substrates, in addition to type-IV collagen,
including other MMPs and therefore can (indirectly) control
extracellular matrix degradation and remodelling.

MMP-9, like MMP-2, plays a role in human skin ageing
[26] tumor development [27], as well as in other cutaneous
lesions such as psoriasis and dermatitis [28, 29]. In a recent
study, we were able to demonstrate that O3, was able to
affect MMP activity. Most likely the generation of bioactive
molecules can be the cause of such activation. It has been
also demonstrated that O3 is able to induce NO production
via the activation of iNOS in cutaneous tissues [18]. When
produced in excess, NO, may combine with superoxide
to form peroxinitrite (derived from other sources) that
can activated MMPs especially MMP-9. Thus, the increase
of oxidative stress after O3 exposure, plus the interaction
between O2 and nitrogen active molecules might be the main
mechanism that leads to the enhanced MMPs activities in
skin tissues. This can be also a result from an imbalance
between MMPs and their endogenous inhibitors, the tissue
inhibitors of metalloproteinases (TIMPs) [30].

In fact, the activities of MMPs are regulated by TIMPs,
which can be produced by a multitude of cell types present
in the cutaneous tissue. While MMP activity is altered by the
O3, neither TIMP-1 nor TIMP-2 level expression is affected.
The lack of changes in TIMP-1 and 2 levels, combined with
the increased activity of MMPs suggest that O3 can cause a
net increase in matrix degradation. On the other hand, in a
comparative study where normal skin has been exposed for
two hours to environmentally realistic levels of ozone, only
a moderate state of oxidative stress at level of the stratum
corneum has been induced, without producing a visible
clinical response [31].

4. Skin Age-Related Responses to
Ozone Exposure: Wound Healing

Wound healing is a critical process in the skin and it has
known to be affected by oxidative stress and also to decline
with increasing age [32]. Although the exact sequence of
wound healing is complex, cutaneous wound healing begins
with wounding induced signaling factor-based transforma-
tion of stationary keratinocytes into cells capable of both
replication and migration. Upon transformation, these cells
express a host of molecules that promote the invasion of the
injured epithelial matrix and reepithelialisation of the wound
surface [33]. Delayed wound healing in the elderly has been
well described [34].

As mentioned above, O3 exposure is also associated with
activation of transcription factor NFkB, which is important
to regulate inflammatory responses and eventually entire
wound healing. O3 exposure increased levels of Transforming

Growth Factor (TGF-β) that is a critical factor in tissue
remodeling [35, 36]. We can summarize that while O3 as
an oxidant, might stimulate wound healing, it would be
detrimental in an “aging environment” due to the increased
concentration-dependent oxidative stress. Therefore, these
aspects have biological as well as practical implications and
needed further investigations.

In a recent study, we demonstrated the detrimental
effects of O3 on cutaneous wound healing in the aged
animals. In fact, when hairless young (8-week-old) and aged
mice (18-months-old) with after full thickness excisional
wounds were exposed to 0.5μg/mL O3 for 6 hours per
day the rate of wound closure was significantly delayed in
the old group. We also showed induction of protein and
lipid oxidation assessed as changes in protein oxidation
(carbonyls) and lipid peroxidation (4-hydroxynonenal, HNE
adducts) in the old mice compared to the young mice during
the later stage of cutaneous wound healing. O3 exposure
has different effects depending on the age of the mice. In
fact, it significantly delayed wound closure in old mice,
while in young mice, it led to accelerated trend during the
first few days of the exposure. This might be attributed
to the antibacterial properties of O3, as it has been shown
that application of “hydropressive” ozonation provides fast
cleansing of wound surface from pyonecrotic masses, pro-
motes elimination of infection and thus substantially reduces
the period of treatment of the patients [37]. Recently, clinical
treatments using hyperbaric oxygen therapy demonstrated
that increased O2 tension at the wound site increases the
formation of granulation tissue, enhances accelerated wound
closure and ameliorates impaired dermal wound healing
[38]; therefore, accelerated trend of wound closure shown
in young population may be due to decreased bacterial
infection and/or increased O2 tension by O3 exposure in
wound area.

One of the possible driving processes of the effect of O3

on wound healing can be also in this case the modulation
of the transcription factor NFkB. Interestingly, the dose–
effect relationship between level of oxidative stress and NFkB
exhibits a biphasic profile: while moderate levels of oxidative
stress activate NFkB through an IkB kinase independent
mechanism, extremely high levels of oxidative stress have
been shown to inhibit NFkB activation by blocking IkBα
phosphorylation [39]. One potential explanation for the
differential effect in the older animals is that the level of
oxidative stress generated by O3 exposure combined with
aging causes levels of oxidative stress that inhibits IkBα
phosphorylation, thereby resulting in a decline in NFkB
activation. This finding is consistent with what mentioned
previously that O3 exposure induced skin antioxidants
depletion.

This interpretation is also bolstered by data on TGF-β
a crucial modulator of tissue remodeling and is linked to
both NFkB status as well as to levels of oxidative stress
during entire wound healing process [40]. The reduced TGFβ
levels in both air and O3 exposed old mice as well as the
lower induction of TGFβ by O3 exposure in the old animals
suggests that the noted delays in wound closure might be
related to defects in oxidative stress-dependent NFkB status
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as well as levels of oxidative stress and TGFβ signaling in aged
mice during later stage of wound healing.

5. Topical Application of Ozone in Medicine

To the best of our knowledge, the first application of gaseous
O3 was performed during World War I for treating German
soldiers affected by gaseous gangrene due to Clostridium
anaerobic infections very sensitive to O3 [41, 42]. In 1936,
Dr P. Aubourg, by using a metal cannula, was the first to
propose the insufflations of gaseous O2/O3 in the rectum to
treat chronic colitis, anal ragadis and fistulae. This approach
is very empirical and unprecise and today it is mostly used by
Cuban physicians. In 1937, a Swiss dentist, E. A. Fisch (1899–
1966) had the idea to use it in his practice and, by a twist
of fate, he treated Dr. E. Payr (1871–1946) a surgeon who
had a painful gangrenous pulpit. Payr was so enthusiastic
of the O3 effect to use it in his surgical practice with great
advantage [43]. Later on, Werkmeister [44] mastered the use
of gaseous O3 in several skin ulcers due to atherosclerosis,
diabetes and radiotherapy by either enclosing a leg in a
polythene-bag (the so-called bagging system) or using an
ozone-resistant plastic cup applied in other areas. In the
former application the gas was introduced to just inflate
the bag containing some distilled water. The system was
static but after 20–25 minutes the gas was aspirated and
destroyed. The O3 concentrations varied between a high
80μg/mL in very purulent ulcers and progressively lower
concentrations down to 10μg/mL as the ulcers improved
because excessive O3 would be deleterious for healing. As the
cup system had an inlet and an outlet, Werkmeister could
realize a continuous gas flow with a modest depression that
enhanced the vasodilation of the ulcer’s area. With both
systems he treated many extensive and otherwise incurable
lesions within 50–200 days. It is noteworthy that gaseous O3

works well only in a water vapour-saturated bag because it
must dissolve into superficial water or in the exudate to react
proficiently. The normal skin does not undergo any damage
during the treatment. Today these procedures are still in use
but they are somewhat cumbersome and great care must be
exercised to prevent air contamination.

How ozonated oils act remains an open question.
Probably, when the stable triozonide comes into contact with
the warm exudate of the wound, it slowly decomposes into
different peroxides, which readily dissolves in water, probably
generating hydrogen peroxide that can explain the prolonged
disinfectant and stimulatory activity. If it is correct, this
reasoning implies that we should have titrated preparations
with high, medium, or low ozonide concentrations to be used
during the inflammatory septic phase I, regenerating phase
II or remodelling phase III, respectively [2]. These phases
have been related to the rapidly changing cell types and to
the release of cytokines and growth factors that modulate the
complex healing process.

An alternative method for treating diabetic foot ulcers is
the use of hyperbaric oxygen therapy (HOT) but in such a
case one disadvantage is the use of only hyperbaric O2 and
another is the need to close the patient in the chamber for
two hours. Therapeutic results are far more modest than

topical O3 application, particularly when it is contained in
a close cabinet with thermostatically-controlled temperature.
However this procedure requires considerable idle times and,
if an aspirating pump is unavailable, it may contaminate the
operating room. For these reason today for cleaning and
disinfecting cutaneous and mucosal infections and lesions
due to many causes (like, e.g., trauma, ischemia, burns), it
appears preferable to use at once freshly ozonated water and
then ozonated oil, particularly during the night or at rest
conditions.

The process of water ozonation needs of double dis-
tilled water and O3 concentrations ranging from 20 up to
100μg/mL of gas to have a final yield of 5 up to 25μg/mL,
respectively. O3 is directly bubbled into the water and the
gas in excess is passed through a dehydrating device and
finally through a destructor. Depending upon the water
volume and the gas flow, a period of ozonation between 5–
20 minutes is sufficient to saturate the water with gaseous
O3. In fact, if the water is ultrapure, O3 physically dissolves
in the absence of chemical reactions and if kept in a glass
bottle closed with a Teflon cap, the concentration halves only
after 300 hours at 0◦C. However, at 20◦C the half-life is
about 10 hours [45]. It must be noted that monodistilled
water allows a much faster O3 decomposition and it is not
practical. It is adviced to maintain the bottle at 4◦C and
to quickly close the bottle at any time, or better to have
a valve system to prevent gas losses. It would be useful to
device a procedure for maintaining the O3 concentration for
longer times and we are investigating a possible procedure.
On the other hand, ozonation of either olive or sunflower
oils requires a much longer time and the procedure needs to
be well-standardized in terms of gas-flow, O3 concentration,
oil volume, and temperature. As recently reviewed, at least
twenty different vegetable oils have been patented but so
far it remains impossible to define their relative cost/benefit
[46]. At this stage, after evaluating several physicochemical
criteria, stability, efficacy, and cost, it seems that sesame oil
has several advantages in comparison to other oils.

How and when ozonated water and oils are used?
Chronic wounds range from diabetic foot to putrid and deep
ulcers due to limb atherosclerosis, or trauma and burns.
Moreover, both immunosuppressive chemotherapy and/or
malnutrition cause abscesses, anal fissures and fistulae, bed
sores, furunculosis, and osteomyelitis which are difficult to
treat and often fail after prolonged treatments. About 7
million patients in the United States are affected with a cost
over US$ 25 billion annually. Various types of disinfectants,
antibiotics, antifungal, antiprotozoal, and growth factors
are scarcely effective because the deranged metabolism and
local hypoxia are not modified. Several other approaches
such as vacuum therapy [47, 48], maggot therapy [49]
and devices for providing topical oxygen therapy in a
clinical setting have been proposed and variably used. This
last approach has a rationale in the sense that enhanced
oxygenation is useful for activating the metabolism and cell
proliferation of ischemic tissues [50–52]. However, it has also
considerable limitations because it is a cumbersome therapy,
with minimal disinfectant activity and modifications of the
fundamental pathogenetic mechanisms.
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Another topic of critical interest is the pathologies of the
vaginal mucosa. Although rarely deadly (as the toxic shock
syndrome due to a forgotten absorbent tampon), a majority
of women physically and psychologically frequently suffer
from a number of infections due to several pathogens such
as Neisseria gonorrhoeae, Trichomonas vaginalis, Candida
albicans, Chlamidia trachomatis, Herpes virus type-II (HV-
II), human papilloma viruses (HPV), human immunod-
eficiency virus (HIV), often due to unprotected sexual
intercourses, stress, change in sexual partners and also
physiological hormonal changes during menopausa. About
20 million Americans are affected by the distressing HV-II
and as many 40 million have the genital HPV with warts
and the impending risk of cervix cancer. Moreover, the
further implantation of opportunistic infections complicates
the treatment. It is unfortunate that orthodox medications
are expensive and not so useful because of drug-resistant
pathogens and side effects limiting the compliance. So far
official medicine has not yet entertained the topical use
of O3 and derivatives in therapy because they are not
profitable and no extensive clinical trials have been pub-
lished in peer-reviewed journals: the therapy has remained
in practitioners’ hands and the results remain anecdotal.
Moreover, the parenteral use of ozone, also known as
ozone therapy, is very useful as adjuvant: it is reasonably
ease to perform in terms of classical ozonated major and
minor autohemotherapy [53]. The latter modality has been
successfully used for eliminating recurrences of HV-I and
II infections. However, topical therapy is essential and it
is carried out by using vaginal irrigation of fresh ozonated
water and application of vaginal ozonated oil pessaries
for the night. During prolonged treatment the ozonated
compounds allows the elimination of any pathogens. So
far no resistance to O3 has been demonstrated. Creams
containing ozonated oils can be used 3-4 times daily
for external genital areas and also for several anorectal
affections.

As for the oral infections (aphthae, HV-I, opportunistic
superinfections, or acne) the earliest as possible application
of ozonated ointments, by minimizing pathogen diffu-
sion and enhancing microcirculation, reduces the swelling,
destroys the pathogen, and allows a rapid healing.

Last but not least, clinical trials in tinea pedis as well as
onychomycosis [54, 55] have been recently published and
have shown the usefulness of ozonated sunflower oil.

6. Conclusions

At the present, especially in young people, venereal infec-
tions are increasingly frequent and therefore a suitable,
effective medication with ozonated compounds will be a
huge economical and social value. Also, elderly people are
burdened with a variety of wounds and ulcers, some of
which never heal, making life miserable. It is hoped that
the present paper will inform official medicine for this
advance and will incite to programme suitable clinical trials
to show the full efficacy of ozone therapy by evidence-based
medicine.
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Inflammatory response is considered the most important period that regulates the entire healing process. Conjugated linoleic
acid (CLA), a class of linoleic acid positional and geometric isomers, is well known for its antioxidant and anti-inflammatory
properties. We hypothesized that dietary CLA supplementation accelerates cutaneous wound healing by regulating antioxidant and
anti-inflammatory functions. To investigate wound closure rates and inflammatory responses, we used a full-thickness excisional
wound model after 2-week treatments with control, 0.5%, or 1% CLA-supplemented diet. Mice fed dietary CLA supplementation
had reduced levels of oxidative stress and inflammatory markers. Moreover, the wound closure rate was improved significantly in
mice fed a 1% CLA-supplemented diet during early stage of wound healing (inflammatory stage). We conclude that dietary CLA
supplementation enhances the early stage of cutaneous wound healing as a result of modulating oxidative stress and inflammatory
responses.

1. Introduction

Wound healing is an essential procedure that helps maintain
homeostasis and integrate tissue injured by physical, chemi-
cal, bacterial, or viral insults [1–3]. Generally, there are three
major stages of wound healing that overlap in time and space:
inflammation, proliferation, and remodeling [4]. Because
it is involved in producing growth factors and cytokines
that coordinate the cell and tissue movements necessary for
repair, the inflammatory response is considered the most
important period that regulates the entire healing process [5–
7]. The initial event of the inflammatory stage during wound
healing is the infiltration of neutrophils and macrophages
into the wound site to attack contaminating bacteria and
to phagocytose cellular debris resulting in the production
of reactive oxygen species (ROS). Furthermore, neutrophils
and macrophages are both major sources and targets of
proinflammatory cytokines such as IL-1α, IL-1β, IL-6, and
TNF-α that have been shown to be crucial mediators during
cutaneous inflammatory processes [4, 5]. For example, IL-1β
and TNF-α, primary proinflammatory cytokines, promote
nuclear factor κB (NFκB) activation and ROS production
in inflammatory cells [8–10]. NFκB is a redox-sensitive

transcription factor that acts as a central protein regulating
the transcription of many inflammatory mediators including
cyclooxygenase (COX)-2, a rate-limiting enzyme in the
biosynthesis of prostaglandins during inflammation and
immune response. Because of its essential role in controlling
inflammatory responses, regulation of NFκB activation by
the oxidative stress present during the early inflammatory
cascade may be advantageous in the treatment of wounds.

Cells in injured and inflamed tissues are able to pro-
tect themselves with a well-equipped array of antioxidant
enzymes, such as glutathione peroxidase (GPX), catalase,
superoxide dismutases (SODs), and heme oxygenases (HO).
SODs dismutate superoxide radical anions to H2O2 and
water. A previous study has shown that mRNA levels of
CuZnSOD and MnSOD were upregulated in the early
inflammatory stage of cutaneous wound healing [11]. HO-
1, the inducible isoform of HO, shows protection against
ROS as well. In mouse full-thickness excisional wounds, the
mRNA and protein levels of HO-1 increased after wounding
and subsequently declined until the wound was healed [11],
which proposes a role of HO-1 in a protective function
through reduction of inflammation [12].
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Despite the remarkable significance of inflammation,
most studies have focused on the later stage of wound heal-
ing, the remodeling stage, especially in collagen formation
and maturation [13]. Our group previously demonstrated
that N-acetylcysteine and zinc known as antioxidant nutri-
ents played important role in regulation of wound healing
rate and inflammatory response during wound healing
procedure [1, 14]. However, except these two antioxidant
nutrients, little is known on the molecular mechanism that
controls the wound healing rate.

Conjugated linoleic acid (CLA) refers to a class of the
essential fatty acid linoleic acid positional and geometric
isomers, marked by conjugated double bond [15]. CLA was
found naturally in meat and dairy products from cows
and sheep due to the process of bacterial biohydrogenation
of linoleic acid (LA) in the rumen [16]. Interest in CLA
came first from its anticarcinogenic action [17] and now
there is a growing literature showing the beneficial effects
of CLA, such as antiadipogenic [15, 18], antiatherogenic
[19, 20], antidiabetogenic [21, 22], anti-inflammatory [23–
26], and antioxidant properties [27–29]. It was suggested
that CLA is effective in improving skin disorders in animals
[30]. In addition, Hwang et al. have reported that CLA
inhibited NFκB-driven COX-2 protein expression in mouse
skin carcinogenesis [31]. However, the effect of CLA on
cutaneous wound healing is poorly documented.

We hypothesized that dietary CLA supplementation
promotes cutaneous wound healing through modulation
of inflammatory responses including NFκB activation. In
particular, we used a cutaneous full-thickness excisional
wound model to examine the effects of dietary CLA supple-
mentation on the rate of wound closure, and the temporal
expression levels of pIκBα, COX-2, CuZnSOD, MnSOD, and
HO-1 protein levels during the early inflammatory stage of
cutaneous wound healing.

2. Materials and Methods

2.1. Animals and Diets. Female CrljBgi : CD-1 (ICR) mice
(4 wks old) were purchased from Orient Bio Inc. (Gyeonggi-
do, South Korea) and lodged in individual plastic cages
at temperature- and humidity-controlled room (12-hr
light:dark cycle) with allowed access to distilled water and
food. Body weights and food intake were measured every
three days and every day, respectively. Mice were acclimated
for 7 days (d) before starting dietary treatments. They were
fed a modified AIN-93G rodent diet supplemented with
0 (control), 0.5%, or 1% CLA for 2 wks (Han Live R&D,
Gyeonggi-do, South Korea) (Tables 1 and 2). All mice were
used in accordance with animal protocols approved by the
Kyung Hee University Institutional Animal Care and Use
Committee.

2.2. Wound Biopsy. Mice were anesthetized with isoflurane
and the back of the mouse was shaved using an electronic
clipper and sterilized using an alcohol swab. The wound
biopsy model used in this experiment has been previously
described [32]. The skin was then nipped and bent, and the

Table 1: Diet composition of experimental group.

Experimental diets∗

Control 0.5% CLA 1% CLA

g/100 g

Casein 20 20 20

Cornstarch 39.7486 39.7486 39.7486

Dyetrose 13.2 13.2 13.2

Sucrose 10 10 10

Cellulose 5 5 5

Corn Oil 7 6.388 5.776

CLA — 0.612 1.224

t-Butylhydroquinone 0.0014 0.0014 0.0014

Salt Mix #210025 3.5 3.5 3.5

Vitamin Mix #310025 1.0 1.0 1.0

L-Cystine 0.3 0.3 0.3

Choline Bitartarate 0.25 0.25 0.25

Total 100 100 100
∗Control, no CLA isomers; 0.5% CLA, 0.5 g CLA/100 g diet; 1% CLA, 1 g
CLA/100 g diet.

Table 2: Major fatty acid composition in diets.

Fatty acids Composition %

cis-9, trans-11 CLA 37.99

trans-10, cis-12 CLA 39.09

cis-9, cis-11 CLA 3.36

trans-9, trans-11 CLA 1.22

Total CLA 81.67

full-thickness excisional wounds were made on the bent skin
using a sterile biopsy punch (4 mm diameter, Kai medical,
Gifu City, Japan). Two round shape wounds on the dorsum,
below the shoulder blades of each mouse were made to avoid
self-licking.

2.3. Harvesting. Mice were sacrificed with an overdose of
ethyl ether to gather tissue samples at the wound site. Each
wound site at 0, 24, 48, and 72 hours (hr) after wounding
and at end point was harvested by a cutting area that covered
the entire wound site.

2.4. Malondialdehyde Measurement. Levels of malondialde-
hyde (MDA) were measured as a marker of lipid perox-
idation [33, 34]. Ten percent (weight/volume) liver tis-
sues were homogenized with 0.15 M KCl buffer. 0.2 ml
of tissue homogenate, 0.2 ml sodium dodecyl sulphate,
8.1% (weight/volume), and 3 ml 20% acetic acid-0.8% TBA
mixture (1 : 1, by volume) were added, to reach the volume
of 4 ml. Samples were then blended, warmed for 60 minutes
(min), maintained at 95◦C, and then cooled under tap
water immediately. To each tube, 1 ml distilled water and
5 ml mixture of n-butanol and pyridine (15 : 1, by volume)
were supplemented and shaken vigorously and centrifuged
at 4,000 rpm for 10 min. The upper layer was aspirated
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out and absorbancy was measured at 532 nm using 1,1,3,3-
tetramethoxypropane as an external criterion.

2.5. Measurement of Wound Closure. Wounds from each
mouse were photographed digitally every day, beginning
on the day of wounding (d 0) with a criterion spot equal
to the initial wound part placed beside the wound. The
quantification of wound closure used in this experiment was
previously described [35]. The rate of wound closure was
demonstrated as the ratio of the wound size (each day after
wounding) compared with the initial wound size. A smaller
wound ratio indicates faster wound closure.

2.6. Preparation of Homogenized Skin Tissue Proteins and
Western Blot. Skin tissues from the wound sites were homog-
enized in lysis buffer (20 mM Tris-HCl (Sigma, St. Louis,
MO, USA), 150 mM NaCl2 (Duksan, Gyeonggi-do, South
Korea), pH7.5, 1% NP40 (Sigma), 0.5% Na-deoxycholate
stock (Sigma), 1mM EDTA (Duksan), and 0.1% sodium
dodecyl sulfate (Sigma)) as previously described by our
group [36]. The homogenates were incubated on ice for
20 min and centrifuged at 14,000 rpm for 30 mins. The
supernatants were stored at −80◦C until additional process-
ing.

For Western blot analysis, samples (60 μg protein,
determined using BioRad protein assay; BioRad, Hercules,
CA, USA) were separated on 10% SDS-PAGE gels and
electrotransferred onto PVDF (polyvinylidene fluoride)
membranes. After blocking in 5% nonfat milk in PBS-
Tween 20, the membranes were incubated with specific
monoclonal and polyclonal antibodies against phospho-
rylated IκBα (pIκBα) (Santa Cruz Biotechnology, Santa
Cruz CA, USA, 1 : 200), COX-2 (Transduction Laboratories,
Lexington KY, USA, 1 : 250), HO-1 (Stressgen, Victoria BC,
Canada, 1 : 2000), CuZnSOD (Santa Cruz Biotechnology,
1 : 500), MnSOD (Stressgen, 1 : 5000), and β-actin (Santa
Cruz Biotechnology, 1 : 200). Horseradish peroxidase con-
jugated antibody (Santa Cruz Biotechnology) was used as
secondary antibody and bound antibodies were visualized
by enhanced chemiluminescence (ECL Western Blotting
Substrate, Pierce), captured on X-ray film (Agfa-Gevaert
N.V.), and band densities were quantified using NIH image
software.

2.7. Statistical Analysis. All values are expressed as means ±
SEM. Data were analyzed by 1-way ANOVA, and then
differences among means were analyzed using Duncan’s test.
The relationships between body weight gain and wound size
were evaluated by Pearson’s correlation coefficients. For all
tests, differences were considered significant at P < .05.

3. Results

3.1. Effect of Dietary CLA Supplementation on Body Weight
and Food Intake. Dietary CLA supplementation significantly
reduced the body weights gain in mice throughout the
experimental periods compared to a control diet (Figure 1).

0 4 7 11 14 18

32

29

26

23

20

B
od

y
w

ei
gh

t
(g

)

a

a

b

a

a

b

a

a

b

a

a

b

a

b

b

Control
0.5% CLA
1% CLA

Days

Figure 1: Changes in body weight in mice fed diets containing 0
(control), 0.5%, or 1% CLA for 2 weeks. Values are means ± SEM;
N = 4 to 6 in each group. Means at a time with a different letter are
significantly different, P < .05.
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Figure 2: Liver MDA levels in mice fed diets containing 0 (control),
0.5%, or 1% CLA for 2 weeks. Values are means±SEM;N = 4 to 6 in
each group. Means with a different letter are significantly different,
P < .05.

Particularly, body weight gain was lower in the 1% CLA-
supplemented group than the control and 0.5% CLA-
supplemented groups (P < .05). The food intakes during
the experiments were not significantly different among the
groups (data not shown).

3.2. Effect of Dietary CLA Supplementation on MDA Levels
of Mouse Liver. Dietary CLA supplementation resulted in a
decrease of liver lipid peroxidation measured as MDA levels
(Figure 2). Liver MDA levels were significantly lower in CLA-
supplemented groups as compared to the controls (about
2.4- to 3.7-times, resp.). No differences between the 0.5% and
the 1% CLA-supplemented groups were noted.
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Figure 3: The rate of wound closure in mice fed diets containing 0
(control), 0.5%, or 1% CLA for 2 weeks. The area of the wound of
each time point was relative to the area of the wound on d 0 (set at
1.0). Values are means± SEM; N = 4 to 6 in each group. Means at a
time with a different letter are significantly different, P < .05.

Table 3: Relationships (Pearson’s correlation coefficients) between
body weight gain and wound size.

Wound size

d 1 (24 hr) d 2 (48 hr) d 3 (72 hr)

Body weight gain .580∗ .548∗ .552∗

∗P < .05.

3.3. Effect of Dietary CLA Supplementation on Wound Clo-
sure Rate. The rate of wound closure in the 1% CLA-
supplemented group was significantly faster than those of
the control and the 0.5% CLA-supplemented groups during
the early stage of wound healing (Figure 3). Although not
significant, the 0.5% CLA-supplemented groups showed a
faster wound closure rate than the control, suggesting a dose-
dependent effect of CLA.

3.4. Effect of Dietary CLA Supplementation on Relationships
between Body Weight Gain and Early Wound Size. We
performed statistical analysis to identify correlations between
body weight gain and early wound size as shown in Table 3.
Body weight was positively correlated to early wound size
(P < .05).

3.5. Effect of Dietary CLA Supplementation on pIκBα Expres-
sion Levels. During wound healing, pIκBα protein level
increased in all groups. The expression levels of pIκBα in
the 1% dietary CLA supplemented group were significantly
reduced starting at 48 hr after wounding compared to the
other groups (Figure 4).
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Figure 4: pIκBα protein expression in cutaneous wounds of mice
fed diets containing 0 (control), 0.5%, or 1% CLA for 2 weeks.
(a) Quantified pIκBα protein expression levels determined by
densitometry. Values are mean ± SEM; N = 4 to 6 in each group.
Means at a time with a different letter are significantly different,
P < .05. (b) 0; 0 hr, 24; 24 hr, 48; 48 hr, 72; 72 hr after wounding,
end (wound is completely closed).

3.6. Effect of Dietary CLA Supplementation on COX-2 Expres-
sion in Mouse Skin. As shown in Figure 5, the expression of
COX-2 protein was barely detectable at baseline (0 hr), and
it was induced in all groups after wounding. The expression
levels of COX-2 at 24 hr after wounding were remarkably
reduced in the dietary CLA-supplemented mice (P < .05)
and returned to the steady levels in all groups at the end
point.

3.7. Effect of Dietary CLA Supplementation on HO-1 Expres-
sion in Mouse Skin. Significant decreases in HO-1 protein
levels in the dietary CLA-supplemented groups were shown
at all time points compared with the control group during
wound healing (Figure 6).

3.8. Effect of Dietary CLA Supplementation on CuZnSOD
Expression in Mouse Skin. Expression levels of CuZnSOD
protein in the control group were significantly higher at 24 hr
and 48 hr after wounding (2 folds) as compared with those in
the dietary CLA-supplemented groups (Figure 7).
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Figure 5: COX-2 protein expression in cutaneous wounds of mice
fed diets containing 0 (control), 0.5%, or 1% CLA for 2 weeks.
(a) Quantified COX-2 protein expression levels determined by
densitometry. Values are mean ± SEM; N = 4 to 6 in each group.
Means at a time with a different letter are significantly different,
P < .05. (b) 0; 0 hr, 24; 24 hr, 48; 48 hr, 72; 72 hr after wounding,
end (wound is completely closed).

3.9. Effect of Dietary CLA Supplementation on MnSOD
Expression in Mouse Skin. Like CuZnSOD, we also detected
a significant increase in MnSOD protein in the controls
compared to the dietary CLA-supplemented groups at 24 hr
and 48 hr after wounding (Figure 8). MnSOD protein levels
in the controls were clearly increased after wounding, while
no changes were noted in the dietary CLA-supplemented
groups.

4. Discussion

In these experiments, we investigated the effects of dietary
CLA supplementation on molecular events in the early
inflammatory stage of cutaneous wound healing using an
in vivo model. Our data demonstrated that dietary CLA
supplementation decreased weight gain, reduced the levels
of both inflammatory and oxidative stress markers at wound
sites, and accelerated the wound closure rate.

We found weight loss effects of dietary CLA supple-
mentation in mice as confirmed by previous studies. The
effects of CLA in regulating body weight have been supported
by several animal studies [15, 18]. Reduction in body
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Figure 6: HO-1 protein expression in cutaneous wounds of
mice fed diets containing 0 (control), 0.5%, or 1% CLA for 2
weeks. (a) Quantified HO-1 protein expression level determined by
densitometry. Values are mean ± SEM; N = 4 to 6 in each group.
Means at a time with a different letter are significantly different,
P < .05. (b) 0; 0 hr, 24; 24 hr, 48; 48 hr, 72; 72 hr after wounding,
end (wound is completely closed).

weight seems to be mainly due to the decreased adipose
deposition, as a consequence of a gain in lean mass or
protein substances. Moreover, the present study supported
a correlation between obesity and increased morbidity and
mortality after traumatic injury. Previous studies showed
that obese trauma patients have a higher likelihood to
experience postoperative infectious complications, incidence
of multiple organ dysfunction, and longer hospitalization
when compared with nonobese patients after acute injury
[37–39]. Our date are in accordance with the above-
mentioned reports since a lower body weight gain by dietary
CLA supplementation improved the wound closure rate.

Previous studies showed that dietary CLA enhanced
oxidative stability of liver [40, 41], which suggested that
dietary CLA supplementation increases the ability of protec-
tion to oxidative stress and scavenging free radicals and this
can explain the decreased MDA levels, the marker of lipid
peroxidation, observed in liver of dietary CLA supplemented
mice (Figure 2).

To understand part of the molecular mechanisms
through which dietary CLA supplementation modifies the
rate of the wound closure, we investigated NFκB activation
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Figure 7: CuZnSOD protein expression in cutaneous wounds of
mice fed diets containing 0 (control), 0.5%, or 1% CLA for 2 weeks.
(a) Quantified CuZnSOD protein expression level determined by
densitometry. Values are mean ± SEM; N = 4 to 6 in each group.
Means at a time with a different letter are significantly different, P <
.05. (b) 0; 0 hr, 24; 24 hr, 48; 48 hr, 72; 72 hr after wounding, end
(wound is completely closed).

through the expression of pIκBα. NFκB is sequestered in
the cytoplasm of unstimulated cells bound to the inhibitory
protein, IκB [42]. Exposure of cells to various stimuli such
as ROS, proinflammatory cytokines, UV light, or bacterial
endotoxins results in NFκB activation and then IκB is
phosphorylated and degraded, promoting the translocation
of NFκB to the nucleus where it controls the expression of
specific cellular genes associated with host inflammatory and
immune response [42]. Our data demonstrated that pIκBα
protein levels generally were downregulated in mice fed
dietary CLA supplementation than in mice fed the control
diet (Figure 4). Furthermore, the accelerated rate of wound
closure in mice fed the 1% CLA supplemented diet paralleled
the decrease in pIκBα protein levels. It is well recognized that
the activation of NFκB is redox sensitive and can be inhibited
by antioxidants [42]. It was suggested that CLA is an influen-
tial antioxidant that shows free radical scavenging activities
[28]. Previous studies represented that CLA decreased NFκB
activation [43], confirming our data suggesting that dietary
CLA supplementation may accelerate wound healing as a
result of down-regulated NFκB activation.
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Figure 8: MnSOD protein expression in cutaneous wounds of mice
fed diets containing 0 (control), 0.5%, or 1% CLA for 2 weeks.
(a) Quantified MnSOD protein expression level determined by
densitometry. Values are mean ± SEM; N = 4 to 6 in each group.
Means at a time with a different letter are significantly different,
P < .05. (b) 0; 0 hr, 24; 24 hr, 48; 48 hr, 72; 72 hr after wounding,
end (wound is completely closed).

To investigate the effect of dietary CLA supplementation
on NFκB activation and following events during the early
inflammatory stage, protein levels of the inflammatory
mediator COX-2, a target gene of NFκB activation, were
examined at different time points. The expression of COX-
2 is scarcely detectable under normal physiological states.
On the contrary, it can be induced by proinflammatory
cytokines, bacterial endotoxins, growth factors, and phorbol
esters through NFκB activation [44]. Because of its biological
role in chronic inflammatory diseases [45], it is possible
that down-regulated expression levels of COX-2 protein
may accelerate the wound healing procedure by reducing
inflammatory response. Similar to previous studies [31],
we found that dietary CLA supplementation downregu-
lated COX-2 expression. Therefore, this result suggests that
dietary CLA supplementation may apply its beneficial effect
via modification in the expression levels of inflammatory
mediators such as COX-2 during wound healing. Because
the activation of NFκB is redox sensitive, the antioxidant
effect of CLA blocks NFκB activation and downregulates its
downstream target, COX-2.

During the inflammatory phase of wound healing, innate
immune cells that are present in the wound produce and



Mediators of Inflammation 7

secrete large amounts of ROS, which are of necessity to
protect the organism against invading bacteria [11]. If ROS
are produced in excessive amounts or the detoxification of
ROS is insufficient, oxidative stress occurs. HO-1 is involved
in the cell response against oxidative injury. The present
results showed that the levels of HO-1 protein in mice fed
dietary CLA supplementations were lower than those in mice
fed the control diet. In addition, the levels of CuZnSOD and
MnSOD protein in mice fed the dietary CLA supplementa-
tion were lower than those in mice fed the control diet. This
can suggest that ROS levels be reduced in mice fed dietary
CLA compared to the control and this could be the ability
of CLA to quench the ROS generated by innate immune
cells [28]. The controlled protein expression of several ROS-
scavenging enzymes such as HO-1, CuZnSOD, and MnSOD
that we observed after skin injury seems to be in contrast
to findings of other researchers [46], who found enhanced
expression of ROS-detoxifying enzymes at the wound site
resulting in improvement of healing by regulating the levels
of ROS. Oxidative stress and ROS detoxifying enzymes
can always represent a double face. The up-regulation of
the enzymes can help wound healing, but from the other
side, it can be the consequences of an increased oxidative
stress. In our previous work [35], we showed that oxidative
stress can slow down the wound healing process and it was
parallel to increased HO-1 levels. Therefore, our result of
lowered protein expression of ROS-detoxifying enzymes in
skin wound healing might be attributed to down-regulated
generation of ROS confirmed in decreased MDA level in liver,
possibly by dietary CLA supplementation.

5. Conclusions

Taken together, the results of this study suggest that dietary
CLA supplementation accelerates the early inflammatory
response during wound healing. Because of the critical role
of NFκB, which is required for the induction of an inflam-
matory mediator COX-2 during inflammation, reduced
activation of NFκB may prevent prolonged inflammatory
responses by decreased oxidative stress in CLA supplemen-
tation, which is confirmed through HO-1, CuZnSOD, and
MnSOD expression.

In conclusion, the current study demonstrated that CLA
exerts beneficial effects on the early inflammatory response
of cutaneous wound healing through the modulation of
inflammatory response and oxidative stress. Therefore, the
results may provide critical insight into future nutritional
intervention strategies designed to enhance early wound
healing not only in people with normal body weight but in
overweight or obese people.

Acknowledgment

This research was supported by a grant from Kyung Hee
University (KHU-20061217).

References

[1] Y. Lim, M. A. Levy, and T. M. Bray, “Dietary supplementation
of N-acetylcysteine enhances early inflammatory responses
during cutaneous wound healing in protein malnourished
mice,” Journal of Nutritional Biochemistry, vol. 17, no. 5, pp.
328–336, 2006.

[2] P. Martin, “Wound healing—aiming for perfect skin regener-
ation,” Science, vol. 276, no. 5309, pp. 75–81, 1997.

[3] A. J. Singer and R. A. F. Clark, “Cutaneous wound healing,”
The New England Journal of Medicine, vol. 341, no. 10, pp. 738–
746, 1999.

[4] S. Werner and R. Grose, “Regulation of wound healing by
growth factors and cytokines,” Physiological Reviews, vol. 83,
no. 3, pp. 835–870, 2003.
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The inflammatory process has direct effects on normal and abnormal wound healing. Hypertrophic scar formation is an aberrant
form of wound healing and is an indication of an exaggerated function of fibroblasts and excess accumulation of extracellular
matrix during wound healing. Two cytokines—transforming growth factor-β (TGF-β) and prostaglandin E2 (PGE2)—are lipid
mediators of inflammation involving wound healing. Overproduction of TGF-β and suppression of PGE2 are found in excessive
wound scarring compared with normal wound healing. Nonsteroidal anti-inflammatory drugs (NSAIDs) or their selective
cyclooxygenase-2 (COX-2) inhibitors are frequently used as a pain-killer. However, both NSAIDs and COX-2 inhibitors inhibit
PGE2 production, which might exacerbate excessive scar formation, especially when used during the later proliferative phase.
Therefore, a balance between cytokines and medication in the pathogenesis of wound healing is needed. This report is a literature
review pertaining to wound healing and is focused on TGF-β and PGE2.

1. Introduction

Prostaglandin (PG) E2 (PGE2), synthesized from arachi-
donic acid by cyclooxygenases (COX) and synthases (PGES),
acts as both an inflammatory mediator and fibroblast
modulator [1]. The release of PGE2 from skin tissue
after toxic stimuli produces local edema and hyperalge-
sia [2]. PGE2 is the lipid mediator of inflammation in
diseases, such as rheumatoid arthritis and osteoarthritis,
and is also involved in skin inflammation. Conventionally,
nonsteroidal anti-inflammatory drugs (NSAIDs) or their

selective cyclooxygenase-2 (COX-2) inhibitors are reported
to inhibit PGE2 production and act as effective pain-killers,
since they are able to reduce inflammation successfully [3,
4]. In addition, NSAIDs are relatively inexpensive, readily
available and familiar; they are often prescribed and used
postoperatively for pain control [5]. However, the impact of
NSAIDs or COX-2 inhibitors on wound healing is highly
controversial, since in theory, an anti-inflammatory agent,
like one of the COX-2 inhibitors, may have a negative effect
on wound healing.
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Figure 1: Wound healing of fetal skin with little scarring. Very little inflammatory reaction occurs in fetal skin, which results in little scarring
and nearly perfect recovery of fetal skin. Several environment and intrinsic factors are believed to play a role in this process.

The inflammatory process has direct effects on normal
and abnormal wound healing. Clinical experience suggests
that hypertrophic scar formation is an aberrant form of
wound healing [6], involving an exaggerated function of
fibroblasts and excess accumulation of extracellular matrix
(ECM) during wound healing [7].

Although a better understanding of the mechanism of
wound healing can be presumed from the increased number
of in vitro or in vivo experiments, and a better treatment
algorithm to maintain a regulated and orchestrated inflam-
matory response will be developed and result in effective and
normal wound healing [8–10], most in vitro data derived
from fibroblasts cultured from keloid lesions only represent
the terminal stage of this disease and in vivo animal models
might not present a real condition in humans.

2. The Process of Wound Healing and
Skin Inflammation

Compared to Drosophila, similar transcription factor regu-
lates formation and maintenance of the epidermal barrier in
mice. These findings suggest that the mechanisms involving
wound repair have been conserved by forces of evolution for
700 million years [11]. The secret of wound healing might be
hidden in the differences between fetal and adult skin, and
why fetal wounds heal without a scar in utero [12].

As shown in Figure 1, very little scarring occurs in fetal
skin, which results in nearly perfect recovery of fetal skin after
trauma. Therefore, understanding the cellular and molecular

processes during wound healing is crucial to clarify the
pathogenesis of hypertrophic scarring and develop more suc-
cessful treatment modalities (Figure 2). The known process
of normal wound healing involves 3 overlapping phases,
inflammation, proliferation, and remodeling. The initial
inflammatory phase begins at the time of wounding, when
the activation of the coagulation cascade causes the release
of cytokines that stimulate chemotaxis of neutrophils and
macrophages into the wound to begin early debridement.
This will proceed for 2 to 3 days and then the proliferative
phase, signified by an abundance of fibroblasts and an
accumulation of ECM, fades in and lasts for 3–6 weeks. The
follow-up final remodeling, or the mature phase, may take
6–9 months. The abundant ECM is then degraded and the
immature type III collagen of the early wound is modified
into mature type I collagen [13].

3. The Pathogenesis of Excessive Scarring

Although hypertrophic scarring or keloid formation are
regarded as different disease entities based on their patho-
histological data (Figures 3 and 4), they still share some com-
mon characteristics, including increased fibroblast function,
excessive accumulation of ECM, and the common initial
inflammatory phase. Keloid fibroblasts (KFs) are supposed
phenotypically different from those of hypertrophic scarring,
because patients with keloid diathesis do not always form
abnormal scars [13]. Either an ambiguous beginning of the
inflammatory signal of the inflammatory phase, extending
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Figure 2: Normal process of wound healing. The initial inflammatory phase begins at the time of wounding, when the activation of the
coagulation cascade causes the release of cytokines that stimulate chemotaxis of neutrophils and macrophages into the wound to begin early
debridement (1). The proliferative phase is signified by an abundance of fibroblasts and an accumulation of extracellular matrix (ECM) (2).
The abundant ECM is then degraded and the immature type III collagen of the early wound is modified into mature type I collagen in final
remodeling, or mature phase. A good healing process involves several enhancement factors.

to the proliferative process, or a failure of appropriate degra-
dation and apoptosis may contribute to the pathogenesis of
excessive scarring.

Many local factors are believed to increase the chance of
excessive scarring [14, 15]. A hypertrophic scar often results
from a wound which was closed in great tension, with rough
handling and inadequate hemostasis and debridement, and
material with a powerful foreign body reaction, and without
enough nutrition. These factors, including transforming
growth factor-β (TGF-β) and PG will be reviewed in the in
vitro and in vivo models subsequently.

4. The In Vitro Studies

Hypertrophic scars and keloids represent a dysregulated
response to cutaneous injuries, which results in an exces-
sive deposition of collagen. A lot of experiments [16–
25], involving keratinocytes, fibroblasts, myofibroblasts, and
neutrophils, were designed to test presumed important
factors like TGF-β1 [16], matrix metalloproteinases (MMPs)
[17], and nitric oxide (NO) [18], and to determine whether
the hypertrophic process is turned on or how the aberrant
apoptosis in the healing course is turned off. Almost all
of these studies focused on the aberrant proliferative and
remodeling phases. The main reason is not clear, but the
possible cause is that the prominence of the aberrant expres-
sion of the mediators of wound healing is found during the

proliferative and remodeling phases (see below). However,
the aberrant wound healing process might occur during a
much earlier phase. For example, dysregulated interactions
of both epidermal-derived cytokines (interlukin 1: IL-1 α
and tumor necrotic factor α: TNF-α) and dermal-derived
inflammatory/angiogenic mediators in the beginning of the
inflammatory phase contributed to excessive wound scarring
[26].

The TGF-β family is a key factor in fibrosis, because it is
involved in many fibrotic diseases [20, 27]. Upregulation or
overexpression of TGF-β in keloid keratinocyes [19] and KF
[18, 20, 21] results in excessive fibrosis and increases wound
scarring. Several treatment protocols, including flash lamp
pulsed-dye laser (PDL) [28], exogenous PGE1 [29], PGE2
[1], NO antagonist [18], and TGF-β antagonist [30], could
ameliorate keloid fibrosis, which is mediated by inhibiting
TGF-β production in the wound.

Compared with the well-accepted role of TGF-β in
wound healing, the role of PGE2 is often overlooked,
although evidence shows that an elevated PGE2 level is an
indicator of progression of inflammation in various kinds of
cells and variant inflammatory diseases [31–36]. In addition,
a lower level of PGs in fetal skin tissue might indicate a
less severe inflammatory reaction, which results in little scar
formation after wound healing [12, 37].

PGE2 was shown to decrease fibroblast proliferation,
inhibit collagen synthesis, and enhance the expression of
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Table 1: The levels of PGE2 and TGF-beta during the normal and aberrant wound healing process.

Normal Healing Process Excessive Scarring

Phases 1∗ 2 3 1 2 3

TGF-beta ↑ ↑ ↓ ↑ ↑↑↑ ↑↑
PGE2 ↑ ↑ ↑ ↑ ↓↓↓ ↓↓
Net Effect debrided limited mature unknown excessive delayed
∗1 for inflammatory phase, 2 for proliferative phase, and 3 for remodeling phase.

MMPs. KF produced less PGE2 than that produced by
control fibroblasts [35]. Moreover, the antifibrotic effect of
PGE2 during keloid formation was prohibited and could
be restored by exogenous PGE2 supplementation [1]. The
increased collagen synthesis in KF might be due to decreased
PGE2 and cAMP production.

Mechanical compression of the wound may induce
excessive scarring and influence the release of PGE2 and the
expression of collagenases. PGE2 basal levels in hypertrophic
burn scars were significantly lower than those present in nor-
motrophic burn scars [18]. The best prevention and control
of hypertrophy, especially in burn scars, is achieved using
elastocompression, and compression induced a significant
increase in the release of PGE2, in both the remission and
active stages, suggesting a role for PGE2 in the process of
hypertrophy remission induced by pressure therapy [38].

Another possible problem is the defect in apoptosis
and growth during excessive scarring, which hinders the
disappearance of both fibroblasts and myofibroblasts at the

end of healing [23]. PGs, a promoter of stem or progenitor
cell proliferation and tissue regeneration, and positively
acting on the downstream of the cascades of apoptosis,
may prevent excessive scarring [39]. Table 1 summarizes the
different expressions of TGF-β and PGE2 in the normal and
aberrant process of wound healing.

Besides, PGE2, PGE1, and its analog can increase the
activity of collagenase, which is lower in the supernatants
from hypertrophic scar fibroblasts culture [40]. PGE1 may
have a role in the prevention of hypertrophic scarring by
increasing the activity of type I collagenase [29]. However,
there is still some controversy regarding the effect of PGs on
the process of wound healing. Tranilast, an antiallergic drug
inhibiting the release of substances such as histamine and
prostaglandins from mast cells, was reported to suppress the
collagen synthesis of fibroblasts derived from keloid tissues
[22]. It is also believed to suppress collagen synthesis by
fibroblasts through inhibiting TGF-β1 and PGE2 production
and cell proliferation by fibroblasts through inhibiting IL-1
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production by inflammatory cells such as macrophages [41].
Lower levels of PGs after tranilast seemed not to result in
excessive scarring in this situation.

5. The In Vivo Studies

Different animal models like rat [37, 42, 43], mouse [44–
46], rabbit [47], lamb, and pig [48, 49] were used to test
anti-inflammatory response of TGF-β and other mediators
of inflammation. However, animal study of specific phase of
the wound healing process is almost not possible.

An elevated endogenous TGF-β level in animals impedes
wound healing and provokes excessive scarring. Elevated
TGF-β and delayed wound healing in transgenic mice
with TGF-β1 overexpression were associated with profound
inflammation throughout all stages of wound healing and
no benefit in wound healing [45]. Injection of an antibody
of TGF-β in a rat demonstrated that inhibition of TGF-β
reduced scar formation in adult wound healing [37]. Topical
application of a synthetic TGF-β antagonist accelerated re-
epithelialization in pig burn wounds. It also reduced wound
contraction and scarring in standard pig skin burns, pig skin
excision, and rabbit skin excision wounds [47, 49].

An initial inflammatory response with elevated PGE2
can be effectively blocked by medicine or even dietary fat
in animal models. A toxin-induced inflammatory response
characterized by an early exudative phase is accompanied by
PGE2 production, and a late proliferative phase associated
with COX-2 induction is effectively inhibited by COX-2
inhibitors in rats [43]. Modification of dietary fat intake

might inhibit fever via a reduced release of PG, probably
within the brain, but does not affect the local or afferent
signals involved in fever generation [50].

Mechanical stress in the proliferative phase was necessary
to replicate hypertrophic scar formation in a mouse model of
hypertrophic scarring. It is believed that mechanical loading
early in the proliferative phase of wound healing produces
hypertrophic scars by inhibiting cellular apoptosis [46].
However, an animal that does not form keloid growth like
a human does cannot be an ideal model for research.

6. The Various Modalities of Treatment

As reported in the studies mentioned above, many treatment
modalities for excessive scarring have been proposed, but no
complete and satisfying remission has been achieved. The
treatment modalities include surgical excision, radiation,
corticosteroid injections, cryotherapy, laser vaporization,
topical 5-fluorouracil [51], bleomycin injection [52], paper
tape to eliminate scar tension [53], pressure garment therapy
[54], silicone gel sheeting [55], and short-term use of
ozonated oil [56, 57]. Since we still lack an in-depth
understanding of the underlying mechanism responsible for
excessive inflammation and scarring, no single modality
has shown an absolute, complete cure rate. At present,
the multimodality approach to scarring control has shown
significant benefits [56–58]. The most effective of the scar-
reducing protocols likely entails a polytherapeutic strategy
for management. Further investigation into the role of
inflammation in scarring is paramount to the development
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of improved scar-reducing agents. There is a need for
large controlled trials using a polytherapeutic strategy that
combines existing and novel agents to provide a standardized
evidence-based evaluation of efficacy [9].

A rising number of novel therapeutic agents, like TGF-
β antagonists [47, 49], exogenous PGE2 [1], and stem cell
therapy [59], are currently under development, encouraged
by emerging preliminary findings in both animal models
and human studies. The hypertrophic scar/keloid treatment
algorithms that are currently available are likely to be
significantly improved in the future by high-quality clinical
trials.

7. The Study Models

A detailed quantitative model of the wound healing process,
including re-epithelialization, epidermal differentiation, cell
migration, proliferation, inflammatory response, dermal
closure, matrix distribution, and skin remodeling, may
be utilized as a diagnostic platform for standardizing the
assessment of wound healing progression, as well as a
screening tool for potential therapies [60].

With advances in biomolecular techniques, high-
throughput study tools make a genomic or proteomic scale
study of the inflammatory cascade become possible [61],
and a biochemical model or so-called inflammatomics study
will aid in understanding the overall picture of the healing
process after injury.

On the other hand, a more ideal in vivo model, other
than an animal model, is required for clinical studies. The
group of patients suffering from excessive scarring after
Cesarean section seems a good model, because it is the most
frequent and common surgical procedure in reproductive-
age women. In addition, these women have an opportunity
to remove the hypertrophic scar or keloid lesion, since many
become pregnant again and schedule an elective repeated
Cesarean section. Therefore, a useful treatment modality to
prevent the recurrence of hypertrophic scarring after scar
removal is needed and worthy of research. In fact, there
are some reports on the reduced scar formation after an
improvement has been made in surgical techniques [62, 63].

8. Conclusion

Better understanding of the pathogenesis of wound healing
will eventually contribute to progress in the treatment of
excessive scarring. Whether excessive scarring occurs or not
might be decided at the moment when the first inflammation
response is initiated once the wound is established. PGEs
might play a role in the prevention of excessive scarring.
A thorough study and understanding of the inflammatory
cascade will help us cope with a lot of diseases, including
hypertrophic scarring and keloid.
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