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2023- nadal Szkolenie specjalizacyjne w ramach rezydentury z
dermatologii i wenerologii w Klinice Dermatologii i
61 Ol UOOOT PPOW4OPPI UUaUI 0w, I EaEa

3. Informacje o dotychczasowym zatrudnieniu w jednostkach
naukowych/artystycznych

01.10.2021 31.12.2021 2 UENwxOEaxo0O@oOpawb @Ni PCGEAOD W2
91 UxO0O000awbOdw) 6w¥OPEEI EOPIT O

01.01.202231.10.2022 2UENRwWxOEaxO0OO0OpPawbwaODODPI UUVAUI
*OPOPEAOaAabOwbhbw! PEeadbUUOOU

2023- nadal Szkolenie specjalizacyjne w ramach rezydentury z
dermatologii i wenerologii w Klinice Dermatologii i



Wenerologii, Uniwersytetu Medycznego w
Il DPEeaOUUO0OU
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pierwszym autorem).
Sumaryczny Impact Factor (IF) - 23,3 MNiSW/KBN = 630,00 pkt.
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/| UEET OwOl 4 8,0 250
a0OUUEéawbc¢
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doktorskiej
Streszczenia 4 - -
Zjazdowe
Razem 7 23,3 630

Prace oryginane P e 8 E4 OO01 wEOwUOaxUEPawEOOUOUUODI N

1. Mateusz Matwiejuk Ow' EOOEw, a7 OPPPI EQw! EUUe OODPIT Nuwc
The Interplay between Bioactive Sphingolipids in the Psoriatic Skin and the

Severity of the Disease. Int. J. Mol. Sci. 2023 24, 11336. DOI:
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rozprawy doktorskiej

ALT ¢ ang. Alanine transaminase aminotransferaza alaninowa

ANOVA ¢ ang.t Analysis of Variance analiza wariancji

BMI ¢ ang. Body mass indekb UOER OPOwWOEUVUAa wWEPEEE

CAD ¢ ang. Coronary Artery Diseasg¢schoroba niedokrwienna serca

CER¢ ang.Ceramide ceramid

CERst ang.Ceramides ceramidy

CERT1¢ ang.Cardiac event risk testitP UOE R OPOwUa aa OEwUl UEOPI T Owhy
CRP#t ang. C-reactive proteirt E D E e -@@éktywne

ELOVL ¢ ang.Elongases of very long chain fatty aciddongazy bardzo

EeUl OeEEEUET OwWaBilaGrBEbVG@IEWL

ELOVL4 { ang.Elongases of very long chain fatty acids proteineflongaza 4 bardzo

EeUl OeEEEUET OpPaETl wOPEUGPwUEUUAEAOPAET w$+. 5+K
FA ¢ ang. Fatty acids OPEUa wUé UU&aE&AOPIT w

HDL ¢ ang High-density lipoproteirt lipoproteina Owpb a UOODP1 Nwi y UUOT ED
HOMA -IR ¢ ang.Homeostatic Model Assessment for Insulin Resistarize) O E fioGeByO w
homeostazyD OUUODOOOXx OUOOT ED

HPLC ¢ ang. Hgh performance liquid chromatographghromatografia cieczowa

pPauUOODPI NwbpPaEERNOOT ED

IFN-wt ang. Interferon gamméinterferon gamma

KCs - ang. Keratinocyteskeratynocyty

LDL ¢ ang.Low-density lipoproteit OB x Ox UOUIT POEwWwOwWODPUODI Nwl yuUuod
MI ¢ ang. Myocardial infarction a EPEé wODy T OPEwUI UEOPI T Ow

NAFLD ¢ ang.Non-alcoholic fatty livediseasenD1 EQOOT OOOPEwWUUe UUVUaEA4ITl O
pe UUOEa

NP ¢ ang. Normal fatty acid and phytosphingosine badi& 4 EwOPEUGP wUeé UU & E 4 Ot
fitosfingozyny

NSt ang.N-acylated sphingolipidél N -acylowany sfingolipid
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PASI ¢ ang.Psoriasis Area an8everity Index P UOE RN OPOwWOEUAEUUwWPwWOEUDO
SCt ang. Stratum cormeumhP EUUUPEwWUOT OPEWOEUOGUOE

SFAt{ ang. Sphinganine sfinganina

SFA1P{ ang.Sphinganinel-phosphate sfinganin o-1-fosforan

SFO¢ ang. Sphingosinesfingozyna

S1P¢ ang.Sphingosinel-phosphaté sfingozyno -1-fosforan

TG ¢ ang Triglycerides- triglicerydy

TEWL ¢ ang. Transepidermal Water Logsx Ua I 4 O E U Qtfatd ®ddy E w

T2DM ¢ ang.Type 2 Diabetes Mellitus cukrzyca typu

VLDL ¢ ang.Very lowdensitylipoprotein-OBD x Ox UOUI POa wOWEEUE&a OwbODUC
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e UU 4 E & a Brdligrdzdnd umnil NU&A OO& wE x Ox UD6 gplulvtatkénd a OOE a
Ol UEUaOOEaUVawxOET OEaé El wabalddE@EA @U@ UG BEuaBxEGD
Pwx OUGPOEOPUwWa wOl UEUAOOEAUEODWPWAEUOPT NwUOGLU
Uaoo0wlUOGUaAOWEOTI wUEONT aUUERGPEbWBE AWGO0OBDDRUE
O1 GOOOUUUUORIOWEROPOWEEWH GEwx UOAEXEOOewi U0DOOOT
PUxGéebUUOPI T w aw UGNOaObw UOEEEOPaAaOPwW a4l Ux0eU
I Dx]1 UOPDxPEI OPeEOWOEEEDT OPI OPI QwUy UOBAAsemn OOw OU:
UUEQaw Ul w 00T 6w xUOPEEA&ADT w EOw (TROM)p GHoidy EUVUOU &
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I 6RO WW9EEUUATI OPEwWOI UEEOOPAOUWOBDXxPEGPwWbwe U

4wxEEN] OUGPwaweEbpBrEOaBEWEEPYWOmM xUEPDEE Ob
we krwi. + PEA Ol WwEOODI UPI OPE wb UOE & UtNglicer ESup xu@fB .40 U & |
ET OOI UUI UOOQUWEEEOOPDUIT OOwWwODx0OxUOUI POWOWEEUE
OPUODPI Nwl y) wsutwityDxuwkgiEH +0 U G b w uué DWESHOEDOW w a w O U |
AEUOPAOPbw- EUOOPEUUWUUY NI OPT woObxOxUOUI POwOuw!
O E O b nv@ePdrugie chorych [9].

t 6l wl1OOEwWUi BDOT O OdhorobdelGHP U GLEe BIIIA (AT A NEea BueDRu

Pomimo liczcna ET WEEEEEwx U4l xUOPEE&AOOAET wbhwOUUEU
UOaPONUwPDPI EdawOEwW Ul OE,Wda ehixild Gbeched méchanizény) U4 E &4 & E
0001 OUOEUOT whbxéapbPENEEI wOEwWPaUUy xOPEODI WET OU(
pPaNET OPOOI dw2i DOT 00D X BRIl OsRuENE EEGTe aueafieDRE] QupéOud E |1
eukariotycznych [10]. Lipidy te aEP DI UEN& w UE & 185wl Eiap EuwdBiE Ow &
AEUEOPEOQawadwEa&6UUI EAOPDwWUI DOT 64aa0aOwOUGUEwWx Ob
PE & ykwasulpalmitynowego A wa wEODOOOPEUI OOwaEabPaEAaENwUI U
U wpPENOaOPWUOEEEODOEOPWEEOOWOOOGUOOPAET wDwE
KOOGUOOPGHUI x UdaaOeEEwWP] wbhPaUOT E Djej praya@aveneb w E 4 a u
T OP1 UEHQUEZED @GP Owx] e OPe wUGNOOUOEOT wi UOOENT wx U
UUEOUWAEXEOOI T OOwEDPOUewUEaAPEewEOTI DOT 1T O1 4P1 O
UOEabOawUi BXEIOCH G ubdEsEP0 6 o ), BfinddE/aoel #oafonam (SLA),
sfingozyna (SFO), ceramido-1-fosforan, sfingomielina, galaktozyloceramid,
glukozyloceramid i laktozyloceramid [10]. - ENEEUE & D] NwEOUapOadbwUI f
S1P i CER, OUGUa 0w UOw x WaEOOWDENIT uw WeyO ] QERSBIG@WOT DE & C
PPy OU&aaOwUUOx Ob U wa EnEptdteRyMkidjdk Gtaruz@palny 2réakcpna
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PwOPT UEENRIWOGOOGBENOEWUDPYy wawUl EIl xUOUEOPWOEwWx C
proces angiogenezy [13]. WykazanoOw DR w x 04 D OO w 2 hjéstuupemnied UUOP D E
skorelowany z rozwojem OPENERaug % 6 w6 wOEUY ED] wio GO0 e D W2 WE
Ol UEUaOOEaUGPOWOEUOOPEUUWPOEUOUNT wbET wODT UEE
OEUI UPOPEOOwW x OE P a NpdzcdO® INW BOY NO @ &Eiwux UT awUUUOUG
¢ UU 4 E & antteditnej UO G (18]16lA DU QaD OO w2 v/ wUUPDI UE&A OO Ow!
eUUaEaaEs wOwxUEPDEEeOP]I NWOEUDI WEPEEEwWPwx OUGPO
Y1 EOOE4AT 7V OPI OWEEEE®PBaPWPEEUREOWOOOGUOOPA W2
xEENIT,OQU@PI wx UOPEE&ADT wEOwa OO0 tdndk (DaECE ONUBHOWDEDY ubz-
Dodatkowo , poziom 2 u/ wP wOUOEA UwNI U0wOPI UUEEDPOOa whkP wx U
Wysoki poziom glukozy a4 PBy OU & E w EKihary siagbzynywb w OOOGUOEET w
T UGEEe OOOE wliB @ @PbOwH U Hau x DI Ua El)lﬂi’ba(ﬁiﬁméu;’/éwzmlm
UaEal T G600¢C16® 81H) UOOE N O Onhdutatarl BPOOWODOOOXx OUOOT E
EOI UOT 1 Ol aawabpbeaEOI Nwa wx Uad bl Ol i dOfisEE O Buu
[17.. UUEUOP]I WEEEPODERPYOEEHINOEWOUGUI wOEE4ADPEEU
sfingozyno-1-fosforanu 1, receptor sfingozyno-1-fosforanu 2 i transportera

Ui DOT OOPRPBEGP wl Nubwu UGP OPIT Nw b w OE U WE ulbuw OBWIOD BusE
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Zmniejszony poziom CERsbPw UUUOPPEaw aOUUEew xOmibeaEQaA
funkcjonowania bariery OE U O G U,0QIEI Ddrdz BhrGoami takimi jak atopowe
AExEOI OPl wUOGU a w & yie EIFEERBEFAWOED Nut@Eaud O 1 wx 04 b C
CERsPw OUOE4AUwp" hut oYOw" WoyYOw" I YoYOw" | |l oYwbuw'
@ UU & E 3 kofeiyoi @ D N O O a wGER £LERO®anC12:0sfingomieliny w osoczu
OEOOUOPEOOwW Uw xEENTI OUGPw aw EPyNOé w é UWdk&EaE e w
O00U0BAWOOPT w AEOEUI UPOPEOOW UGNOPEW Pw xOabOOEE
laktozyloceramidu w osoczu OUGEWET OUAET wOEweéeUUAEAAaEYy wbhuwx
zdrowych. / 04D OOw Ui DOT OOPI OPOawEaéewOEODPNOOa wbw U
AEOI NOAwWOEWEeUT OT EPWeEEEUET Ew OPAE®GE210e UU A E 4
"l KoYOw/ OapOOawuUi pOT OOP1I OPOaw" l o YwEaéeawdbNnU
x OUGPOEOPU WAl waOPEOLOBEHEMEO LOWINAGBEAaEaOwpba OE
UxEEI Owi OUxUI UNPwUaOUE4AwWETI UEOPEOPAET wp" $12KC
OPEUGPwWUEUUBEAORDEEVD DA AET wOPNwW" I+ APEUSEP Ww C -
UeUUAEAOPAET BWAEOPOEODPOOOWUGP (@anej3OELOVLAUUUY NI C
UewaOOpPl NUAOOT whwOEUOGUOUWAENYyUabweUUAEAAEOD]
EEUPI UAaWOEUOGUOOPI Ndw. xDUAPEOOWOEDODNOODT wxOa:
tym zestryfikowanych omega-O1 UEEOOPUGPw | AaEUOOUAEEaAOOUI PO
6 a0EAEOOOWPNWAEUUOUOPEDODT wOUI OUwbyOUEwWxUI xE
A0EE&®OKUEPYyw OOOEAaENDPwW UOGUaw Uw Pregfly OUGP w
OEPPONENEEI vyOEXxUEPPENEEI wEEUDI Uyw OET UOOO& w E
uznawane za cenne fatmMEEl UUaAa OPWEOQw Ol E4al OPE usShapivddg EOP 1 T (¢
x UOEUOUGPwWAEPDI UENEEAET w" $1V0UwhPaOKABRNy wiOOOGE!
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Abstract Psoriasis is a complex dhronic immunologically mediated disease that may involve skin,
nails, and joints. [t is characterized by hy perproliferation, defegulated differentiation, and impained
apoptesis of keratinocytes. Sphingolipids, namely ceramide, sphingosine-1-phosphate, sphangosine,
sphingomyelin, and sphinganine-1-phosphate, are signal molecules that may regulate cell growth,
immune feactions, and apoptosia. Fifteen patients with psoriasis and seventeen healthy persons wene
enrolled in the study. Skin samples wen taken from psoriatic kesions and non-lesional areas. Tissue
concentration of ceramides, sphingosine-1-phosphate, sphingosine, sphingomyelin, and sphinganine-
1-phosphate was measured by hquid chiromatography. We assessed that all levels of ceramides,
sphingosine-1-phosphate, sphingosine, sphingomyelin, and sphinganine-1-phosphate wene higher
in lesioned psoriatic skin than in non-affecied skin The profile of bicactive lipids in the lesional
skin of patients with psoriasis differed significantly from noninvolved psoriatic skin and skin in
healthy subjects.

Keywords: psoriasis; ceramide; sphingosine-1-phosphate; sphinganine-1-phosphate; sphinganine;
sphingosine

1. Introduction

Psoriasis is a chronic inflammatory immune-mediated disease that is widespread
around the whole world [1]. Its global prevalence is between 0.27% and 11.4%, in adults
and it appears more frequently in adults than in children [2]. Psoriasis may be divided into
a few significant subgroups, e.g., erythrodermic, guttate, pustular, inverse, and plaque (the
most common (about 90% of cases)) [3]. The most classic symptoms of plaque psoriasis
are erythematous well-demarcated lesions that are generally covered by silvery scales.
Those plaques may appear on large surfaces of the patient’s skin and may merge together.
Furthermore, typical psoriatic locations may include the extensor surfaces of the limbs,
the scalp, and the lumbosacral region [4]. In typical psoriatic skin lesions, deregulated
differentiation of epidermal keratinocytes (parakeratosis and acanthosis) and infiltration
of immune cells into the deeper layers of the skin may be observed [5]. Interestingly, a
decreased apoptosis of keratinocytes in psoriatic lesions has been noted [6]. Furthermore,
keratinocytes derived from psoriatic plaques were resistant to apoptosis in comparison
with keratinocytes in healthy skin [7].

Psoriasis may not only affect the skin but also joints and nails and may co-occur with
various systemic conditions [8].

Mainly, due to psoriatic pro-inflammatory etiology, it may coexist with different
components of metabolic syndrome, for example, hyperlipidemia, hypertension, obesity,
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and insulin resistance. Over time, these conditions may lead to the development of type 2
diabetes, atherosclerotic disease, coronary artery disease, or myocardial infarction [9].

Psoriatic patients are commonly diagnosed with abnormal lipids levels. Serum
amounts of triglycerides, total cholesterol, and very low-density lipoprotein (VL.DL) choles-
terol and low-density lipoprotein (LLDL) cholesterol are raised in comparison with healthy
people. However, high-density lipoprotein (HDL) cholesterol is substantially decreased in
patients suffering from psoriasis [10].

Until now, the molecular mechanisms underlying psoriasis, its progression, and con-
comitant diseases are still unclear despite many recent studies. Sphingolipids are one of
the major groups of eukaryotic lipids [11]. Sphingolipids are lipids that contain a sph-
ingoid core. The sphingoid basis is produced with the connection of fatty acids (mainly
palmitate) and amino acids (principally serine) [12]. Sphingolipids are an essential sub-
group of the lipid mediator family, with both signaling and structural capabilities [13]. The
abundance of sphingolipid tasks is broad and applies to the majority of the main features
of cell biology, for instance, roles in cell growth, the process of cell death, the cell cycle,
immune activity, nutrient uptake, cell adhesion, inflammation, metabolism, angiogenesis,
mesponses to multiply stressors and autophagy, and reactive oxygen stress stimuli. Various
types of sphingolipids have been defined, for example, ceramide (CER), sphingosine-1-
phaosphate (S1P), sphingosine (SFO), ceramide-1-phosphate (C1P), sphingomyelin, galacto-
sy lceramide, glucosylceramide, and lactosylceramide [11]. The most active sphingolipids
are sphingosine-1-phosphate and ceramide, which are known for various signaling roles.
Ceramides are more involved in inflammation, stress responses, cell cycle arrest, apoptosis,
and necrosis. Nevertheless, sphingosine-1-phosphate is a signaling molecule that plays a
role in cell growth, proliferation, differentiation, and migration. Moreover, the binding of
sphingosine-1-phosphate to its cell surface receptors initiates angiogenesis [14]. Reduced
levels of ceramide have been linked with different skin diseases involving barrier disrup-
tion and dryness, such as xerosis, atopic dermatitis, and psoriasis [15]. Elevated levels of
the most analyzed ceramides (Cyag, Ciga Cono Cazo, and Cyyq) have been observed in
patients suffering from psoriasis (in the skin and plasma) compared with healthy controls.
Furthermore, a decreased kevel of Cyy-sphingomyelin has been spotted in severe psoriatic
patients in comparison with healthy controls. Interestingly, the Cy-ceramide was the
only lipid molecule that was lowered in severe psoriasis patients compared with healthy
controls There were no differences observed in the levels of the hexosylceramide or lacto-
sylceramide. Levels of sphingomyelin were impaired in psoriatic skin in a fatty-acid chain
length-dependent manner, with the growth of Cygy-, Cag1-, and Cyg-sphingomyelins.
Levels of Cyy-sphingomyelin were lower in non-lesional skin vs. Jesional and control
skin [13].

Interestingly, serum sphingolipids (mostly ceramides) may play a role as markers
of atherosclerotic cardiovascular disorders and metabolic diseases. Plasma levels of C26
and (24 ceramides and deoxy-(C24 ceramide have been linked with diabetic neuropathy.
Moreover, elevated C18:1 and C18:0 ceramides have also been described as relevant markers
of major undesirable cardiovascular effects in healthy people; especially, C18:1 ceramide is
known to have a ratio of high levels of necrosis after coronary angiography procedures.
(C24:1 ceramide and sphingomyelin have been strongly linked with cardiovascular death
rates. Elevated amounts of plasma C22:0 and C24:0 ceramides may predict a smaller
enhancement in verbal memory in reply to exercise in patients with coronary artery disease
where these skills are lowered. Alternatively, the serum sphingosine-1-phosphate level in
atherosclerotic disease was inversely correlated, where deoxysphingolipids functioned as a
biomarker in diabetes [11].

Additionally, sphingosine-1-phosphate inhibited keratinocyte proliferation and in-
duced migration and differentiation [16]. Moreover, the level of sphingosine was height-
ened in psoriatic skin (one of the precursors of sphingosine-1-phosphate) [17].

In recent years, studies have mainly focused on analyzing serum lipid levels in patients
with psoriasis. However, it is not yet fully understood what lipid abnormalities exist in
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the skin tissue of individuals affected by this condition. The present study aims to assess
the interplay between bioactive sphingolipids in the psoriatic skin and the severity of
the disease.

2 Results
21. Study Populat ion

A total of 15 patients (7 males and 8 females) with active plaque-type psoriasis and
17 healthy patients (11 males and 6 females) were included in the study. The median age in
the control group was 42, ranging from 23 to 84 years; the median range in the psoriatic
group was 51, ranging from 23 to 71 years. The average duration of psoriasis was 24 years.
The median body mass was §7.0 (82.0-94.0) (kg). The mean height was 174.0 (162.0-176.0)
(cm). The median BMI was 28.74 (27.72-3(.35). Most of the patients (n = 8) were overweight
(53.33%), five (33.33%) suffered from obesity, and two (13.3%) had normal weight. In the
examined group, 1 (6.67%) patient had a mild (PASI < 10) form of psoriasis, 10 (66.67%)
suffered from moderate psoriasis (PASI 10-20), and 4 (26.67%) had a severe (PASI > 20)
form of psoriasis. Table 1 summarizes the main clinical features of the psoriatic group and
the control group.

Table 1. Clinical and biochemical characteristics of the control group (CTRL) and psosiatic pa-
tients (PSO). Data are presented as median and interquartile tange; a signifies different va. PSO
(p < 0.05); BMI—body mass index, CRP—C neactive protein, TAG—triacylglycerol, AST—aspastate

Clinical and Laboratory Features CTRL =17 PSO (n=15)
Age (years) 420 (35.5-55.0) 510 (43.0-66.0)
Body mass (kg) 75.0 (67.5-78.0) 87.0 (82.0-94.0) a
Height (em) 174.0 (166.5-176.0) 1740 (162.0-176.0)
BMI (kg/m®) 2506 (13.75-27.31) 2874 (27.72-20.35) a
CRP (mg/dL) 1.0 (L0-1.45) 465(3.06-811) a
Glucose (mg/dL) 93,0 (885-100.0) 4.0 (51.0-94.0)
TAG (mg/dL) 73.0 (67.5-82.0) 122.0 (85.0-135.0) a
AST (L/L) 220(17.5-285) 20.0 (19.0-32.0)
ALT (LVL) 17.0 (13.0-22.0) 180 (15.0-27.0)
Sex (no. female/no. male) 6/11 8/7

2.2. Sphingdlipid Parameters

The median concentration of sphingosine found in the psoriatic lesional skin of pa-
tients (1.72 pmol/mg) was found to be statistically and significantly higher (p < 0.05)
than both the non-lesional skin of psoriasis patients (0.38 pmol/mg) and the skin of
healthy individuals ((.27 pmol/mg). Likewise, the median ceramide concentration in
the affected lesional skin (68.4 pmol/mg) was also significantly higher (p < (.05) than the
non-lesional skin (16.08 pmol/mg) and skin of healthy subjects (6.58 pmol/mg). Addition-
ally, the concentration of other parameters determined in this study, such as sphinganine,
sphingosine-1-phosphate, and sphinganine-1-phosphate, were found to be significantly
higher in lesional skin and showed a slight non-significant increase in non-lesional skin
compared with the skin of healthy individuals. Figure 1 provides a summary of the primary
clinical features observed in psoriatic patients, including lesional and non-lesional skin
samples, as well as the control group.
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Figure 1. Comparison between sphingolipids in healthy (CTRL), psoniatic lesional (PSO (1)), and
psoriatic non-lesional (PSO (al)) skin. (A) Amount of sphinganine (SFA) (pmol/mg of tissue).
(B) Amount of sphinganine-1-phosphate (SFA1P) (pmol/ myg of tissue). (C) Amount of sphingosine-
1-phosphate (S1P) (pmol/ mg of tissue). (D) Amount of sphingosine (SFO) (pmol/mg of tissue).
(E) Amount of ceramide (CER) (pmol/myg of tissue). (F) The ratio of sphinganine and sphingosine.
Significance markers: a signifies different vs. CTRL (p < 0.05) and b signifies different vs. PSO (NL)
(p< 0.05).

Furthermore, as illustrated in Figure 2, we observed a positive Pearson’s correlation
between psoriatic skin induration and sphinganine, as well as between induration and
sphinganine-1-phosphate, both of which were statistically significant with p-values of less
than (.035 and (.046, respectively. Moreover, we identified a positive Pearson’s correlation
in non-lesional skin of psoriatic patients between induration and sphingosine-1-phosphate
and induration and sphinganine-1-phosphate.

32



Int |. Mol Sci 2023, 3¢, 11336

S50f13

uwa

AN

PSO (nl) PSO (1)

Figure 2 Correlation matrix (heatmap). Pearson correlation coefficients ane depicted as shades of blue
(positive correlation) of fed (negative correlation). (A) Correlation matrix for psosiatic non-lesional
(PSO (nl)) skin. (B) Correlation matsix for psoriatic lesional (PSO (1)) skin. CER—ceramide; Desq.—
desquamation; Ery th —ery thema; Ind —induration; PAS]_}—psoriasis anea severity index_lesional;
PAS]_t—psoriasis aea severity index_total; SIP—sphingosine-1-phosphate; SFA—sphinganine;
SEA1P—sphinganine-1-phosphate; SFO—sphingosine.

Additionally, we observed statistically significant positive correlations between psoriasis
area and severity index_total; sphingosine, sphinganine, and sphinganine-1-phosphate; as
well as between induration of skin lesions and sphinganine and induration and sphinganine-
1-phosphate in lesional skin samples of psoriatic patients.

3. Discussion

We studied sphingolipid levels in psoriatic patients concerning clinical and laboratory data.

In this study, we evaluated and compared the concentrations of bioactive sphingolipids
in both lesioned and non-lesioned skin samples from psoriatic patients, which, to the best
of our knowledge, has not been previously explored. Our findings revealed that levels
of sphingosine, sphinganine, sphingosine-1-phosphate, sphinganine-1-phosphate, and
ceramide were significantly higher in the lesional psoriatic skin samples compared with
the non-affected skin samples in patients with psoriasis.

Our study identified a statistically significant positive cormelation between indura-
tion and both sphinganine and sphinganine-1-phosphate in non-lesioned skin samples of
psoriatic patients.

Our study demonstrated an interesting finding that the SFA /SFO ratio was highest in
the control group, lower in the non-lesioned skin of psoriatic patients, and the lowest in the
lesioned skin of psoriatic patients.

3.1. The Rde of Sphmgosine-1-Phosphate

In our study, we found that sphingosine-1-phosphate levels were elevated in skin
samples obtained from patients with psoriasis compared with individuals with healthy
skin from patients with hemnia inguinal. These findings were consistent with previous
studies that also reported increased sphingosine-1-phosphate levels in the skin and serum
of psoriasis patients. However, our study revealed a novel finding, indicating that the
sphingosine-1-phosphate concentration was elevated specifically in skin lesions. In non-
lesioned skin, sphingosine-1-phosphate levels were significantly lower than in psoriatic
lesions, although still comparable to the levels found in healthy skin.
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Sphingosine-1-phosphate is a signaling lipid known for its crucial role in regulating
inflammation, angiogenesis, and vascular permeability [18]. In our study, we discovered
a positive correlation between sphingosine-1-phosphate and induration in psoriatic skin
lesions, which could be attributed to its involvement in promoting inflammation and the
angiogenesis process. Interestingly, elevated plasma levels of sphingosine-1-phosphate
have been observed not only in psoriasis but also in obesity when compared with healthy
controls. This suggests that sphingosine-1-phosphate may have broader implications
in various pathological conditions beyond psoriasis. Indeed, sphingosine-1-phosphate
has been found to correlate with metabolic irregularities such as insulin resistance and
adiposity. In line with this, the authors of the study identified a significant association
between sphingosine-1-phosphate and features of metabolic syndrome, including body
fat percentage, waist circumference, total, and LDL cholesterol levels, and fasting plasma
insulin [19]. Additionally, it was observed that psoriatic patients had elevated serum con-
centrations of sphingosine-1-phosphate along with higher serum alanine aminotransferase
(ALT) levels compared with healthy controls [20]. These findings suggest a potential link
between sphingosine- 1-phosphate, metabolic disturbances, and liver function in psoriatic
patients. Furthermore, a statistically significant positive correlation was identified between
the severity of psoriasis and the serum levels of sphingosine-1- phosphate both before and
after treatment with narrow-band ultraviolet B (NBUVB) therapy (r = 0.374, p = 0.003).
However, no significant correlation was found between disease duration or patient age and
sphingosine-1-phosphate levels (r = 0.393, p = (.765) [21]. This suggests that sphingosine-
I-phosphate serum levels may serve as a potential marker for assessing the severity of
psoriasis and monitoring the effectiveness of NBUVB treatment.

Sphingosine-1-phosphate is well-established for its ability to induce keratinocyte dif-
ferentiation, exhibit anti-proliferative and pro-inflammatory effects, and inhibit epidermal
cell growth in mouse models of psoriasis, as described by Vaclavkova et al. [22]. Pones-
imod, on the other hand, is an orally administered selective modulator of sphingosine
1-phosphate receptor 1 (S1IPR1). It functions by blocking the outflux of T cells from lym-
phoid organs. Based on our findings and the results reported by other researchers, targeting
S1P1 to inhibit the gathering of pathogenic lymphocytes in the skin and circulation ap-
pears to be a promising therapeutic approach for the future treatment of psoriasis. This
suggests that modulating the sphingosine-1-phosphate pathway could potentially offer
new avenues for managing and improving psoriasis treatment outcomes. Interestingly, in
the phase 2 clinical trial, by week 16, the PASI75 response to ponesimod was 46.0% (with
a dose of 20 mg) and 48.1% (with a dose of 40 mg) compared with a 13.4% response for
the placebo. By week 28, PASI75 was 71.4% (20 mg) and 77.4% (40 mg), respectively [22].
D’Ambroasio et al. [23] reported that ponesimod presented encouraging outcomes in phase
[I studies in relapsing-remitting psoriasis and multiple sclerosis. Their study suggested that
lymphocyte depletion may form the basis of action for a selective S1P'1 receptor modulator
in chronic inflammatory and multiple autoimmune impairments for instance psoriasis.
The amount of peripheral blood T cells and B blood cells decreased following the intake
of 8 mg of ponesimod. CD3+ and CD 20+ counts were decreased significantly following
the administration of 20-75 mg of ponesimod. This study presented that ponesimod may
decrease some of the inflammatory cells, which may reduce the inflammation process in
psoriasis, which is one of the backgrounds of this skin disease [23].

Another studied sphingosine-1-phosphate receptor modulator is fingolimod. De Biase
et al [24] showed a case where fingolimod led to a remission of psoriatic skin lesions in a
27-year-old patient with multiple sclerosis. Interestingly, psoriasis and multiple sclerosis
are both linked with Th1 and Th17 cells. In previous studies, fingolimod has been shown
to reduce the levels of sphingosine-1-phosphate, inhibit the exocytosis of lymphocytes
from lymphoid tissues, and decrease the number of Th17 lymphocytes in peripheral
blood, which may play a role in the treatment of multiple sclerosis and psoriasis. Asa
consequence, fingolimod might be a therapeutic solution if these two diseases coexist [24].
Okura et al [25] showed that fingolimod was efficacious in improving imiquimod-induced
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psoriasiform dermatitis in mice, both clinically and histologically. Moreover, the amount of
IL-17 A was depleted in mice skin treated with fingolimod than in mice where phosphate-
buffered saline was used alone. These results may offer promising results for treating
psoriasis with fingolimod, but we still need proper data on implementing this therapeutic
in patients dealing with psoriasis [25].

3.2. The Characteristic of Sphingosine and Sphinganine (SFA)

In our study, we made an intriguing observation of significantly elevated concentra-
tions of both sphinganine and sphingosine in psoriatic tissue in contrast with non-lesional
and healthy skin samples. Notably, what set our findings apart was the discovery that, even
in the non-affected skin of psoriatic patients, the concentration of sphingosine remained
significantly higher than that observed in healthy skin. This highlighted a previously
undescribed aspect of the lipid abnormalities present in psoriatic patients, underscoring
the potential systemic involvement of sphingolipids in the disease.

During the de novo synthesis of ceramide, sphinganine is produced via the enzymatic
conjunction of serine and palmitoyl-CoA by an enzyme called serine palmityltransferase.
Sphinganine is then acylated to form ceramide. Ceramide is subsequently metabolized
into glucosylceramide or sphingomyelin and can be further transformed into sphingosine
and fatty acids through the action of ceramidase [17]. This enzymatic pathway plays
a crucial role in the metabolism and regulation of sphingolipids in the body. Despite
their relatively low stratum corneum levels (5-6% of total lipids), these sphingoid bases
(SBs) (sphingosine and sphinganine) take part in the regulation of cell proliferation and
differentiation, antimicrobial protection, and the upkeep of the integrity of lipid lamellae.

Previous studies investigating the composition of sphingosine and sphinganine in
psoriatic skin are limited. However, our findings aligned with the observations made by
Sung-Hyuk et al. [17], who reported elevated levels of sphingosine and sphinganine in
psoriatic skin. Additionally, Sorokin et al. [26] reported similar results regarding sphin-
ganine levels in psoriatic skin. These consistent findings across different studies provide
further support for the involvement of sphingosine and sphinganine in the pathogenesis of
psoriasis and highlight their potential significance as indicators or therapeutic targets in
the disease [26].

Data regarding the sphingolipid composition of the skin in atopic dermatitis have been
meported. Toncic et al. [27] found that levels of sphingosine and sphinganine were elevated
in atopic dermatitis in comparison with healthy skin, although no similar differences
were observed in non-lesional skin. Interestingly, our study revealed a similar elevation
of sphingosine and sphinganine in psoriatic lesions, but we additionally observed an
increase in sphingosine levels in non-lesional psoriatic skin. In atopic dermatitis, the ratio
of sphinganine over sphingosine presented a progressive reduction from healthy skin to
non-lesional and lesional atopic dermatitis skin, as reported by Toncic et al. [27]. These
findings highlighted the distinct sphingolipid alterations in different skin conditions and
further emphasized the complex role of sphingolipids in atopic dermatitis and psoriasis.

Indeed, Toncicet al. [27] spotted a depletion in the ratio of sphinganine over sphin-
gosine in both lesional and non-lesional skin of individuals with atopic dermatitis. This
reduction in the ratio was found to be inversely conelated with the severity of atopic
dermatitis in unaffected and lesional skin. These findings suggested that alterations in the
sphinganine/sphingosine ratio might play a part in the pathogenesis and severity of atopic
dermatitis, highlighting the potential importance of sphingolipid metabolism in this skin
condition [27].

In an interesting study by Arikawa et al. [25], it was demonstrated that altered ce-
ramide metabolism in atopic dermatitis may be associated with increased vulnerability
to colonization by Staphylococcus aureus in atopic dermatitis patients. The researchers
found that levels of sphingosine were significantly decreased in both uninvolved and
involved stratum corneum of atopic dermatitis patients compared with healthy individ-
uals. Importantly; this decrease in sphingosine levels was correlated with an increased
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psoriasiform dermatitis in mice, both clinically and histologically. Moreover, the amount of
IL-17 A was depleted in mice skin treated with fingolimod than in mice where phosphate-
buffered saline was used alone. These results may offer promising results for treating
psoriasis with fingolimod, but we still need proper data on implementing this therapeutic
in patients dealing with psoriasis [25].

3.2. The Characteristic of Sphingosine and Sphinganine (SFA)

In our study, we made an intriguing observation of significantly elevated concentra-
tions of both sphinganine and sphingosine in psoriatic tissue in contrast with non-lesional
and healthy skin samples. Notably, what set our findings apart was the discovery that, even
in the non-affected skin of psoriatic patients, the concentration of sphingosine remained
significantly higher than that observed in healthy skin. This highlighted a previously
undescribed aspect of the lipid abnormalities present in psoriatic patients, underscoring
the potential systemic involvement of sphingolipids in the disease.

During the de novo synthesis of ceramide, sphinganine is produced via the enzymatic
conjunction of serine and palmitoyl-CoA by an enzyme called serine palmityltransferase.
Sphinganine is then acylated to form ceramide. Ceramide is subsequently metabolized
into glucosy lceramide or sphingomyelin and can be further transformed into sphingosine
and fatty acids through the action of ceramidase [17]. This enzymatic pathway plays
a crucial role in the metabolism and regulation of sphingolipids in the body. Despite
their relatively low stratum corneum levels (5-6% of total lipids), these sphingoid bases
(SBs) (sphingosine and sphinganine) take part in the regulation of cell proliferation and
differentiation, antimicrobial protection, and the upkeep of the integrity of lipid lamellae.

Previous studies investigating the composition of sphingosine and sphinganine in
psoriatic skin are limited. However, our findings aligned with the observations made by
Sung-Hyuk et al. [17], who reported elevated levels of sphingosine and sphinganine in
psoriatic skin. Additionally, Sorokin et al. [26] reported similar results regarding sphin-
ganine levels in psoriatic skin. These consistent findings across different studies provide
further support for the involvement of sphingosine and sphinganine in the pathogenesis of
psoriasis and highlight their potential significance as indicators or therapeutic targets in
the disease [26].

Data regarding the sphingolipid composition of the skin in atopic dermatitis have been
wmeported. Toncic et al. [27] found that levels of sphingosine and sphinganine were elevated
in atopic dermatitis in comparison with healthy skin, although no similar differences
were observed in non-lesional skin. Interestingly, our study revealed a similar elevation
of sphingosine and sphinganine in psoriatic lesions, but we additionally observed an
increase in sphingosine levels in non-lesional psoriatic skin. In atopic dermatitis, the ratio
of sphinganine over sphingosine presented a progressive reduction from healthy skin to
non-lesional and lesional atopic dermatitis skin, as reported by Toncic et al. [27]. These
findings highlighted the distinct sphingolipid alterations in different skin conditions and
further emphasized the complex roke of sphingolipids in atopic dermatitis and psoriasis.

Indeed, Toncicet al. [27] spotted a depletion in the ratio of sphinganine over sphin-
gosine in both lesional and non-lesional skin of individuals with atopic dermatitis. This
reduction in the ratio was found to be inversely conelated with the severity of atopic
dermatitis in unaffected and lesional skin. These findings suggested that alterations in the
sphinganine /sphingosine ratio might play a part in the pathogenesis and severity of atopic
dermatitis, highlighting the potential importance of sphingolipid metabolism in this skin
condition [27].

In an interesting study by Arikawa et al. [25], it was demonstrated that altered ce-
ramide metabolism in atopic dermatitis may be associated with increased vulnerability
to colonization by Staphylococcus aureus in atopic dermatitis patients. The researchers
found that levels of sphingosine were significantly decreased in both uninvolved and
involved stratum corneum of atopic dermatitis patients compared with healthy individ-
uals. Importantly, this decrease in sphingosine levels was correlated with an increased
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differences in the levels of SBs and their ceramide among healthy and affected skin. In
both conditions, the changes in SBs and ceramides were more prominent in the lesional
skin and were associated with the severity of the disease, indicating the involvement of the
immune and inflammatory responses in ceramide metabolism. Interestingly, in non-lesional
skin, changes in ceramide composition were also observed, suggesting that alterations
in ceramide metabolism may exist even in healthy skin. These findings highlighted the
importance of studying ceramide metabolism and its clinical implications [27].

In psoriatic patients, elevated levels of ceramide were observed in the serum. However,
the relationship between ceramides in the skin tissue and their influence on serum ceramide
levels is not yet fully understood. It remains unclear how alterations in skin ceramide
metabolism contribute to changes in serum ceramide levels in psoriasis. Ceramides have
been implicated in various comorbidities, including components of metabolic syndrome.
Hao et al. [32] informed that metabolic syndrome was a group of abnormalities that
enhanced the chance of cardiovascular disease and diabetes. Lee et al. [33] indicated that
ceramides have been associated with insulin resistance, dyslipidemia, obesity, and other
metabolic abnormalities [33]. However, the specific mechanisms linking ceramides to these
comorbidities and their role in psoriasis-related metabolic disturbances require further
investigation.

There were several limitations to our study. Firstly, we focused on the measurement of
total ceramide levels without assessing the specific subtypes or compositions of ceramides.
Different ceramide subty pes may have distinct roles and effects in psoriasis and their contri-
butions to the disease process remain to be elucidated. Future studies could explore specific
ceramide subtypes and their associations with psoriasis severity and clinical outcomes.
Secondly, the sample size in our study was relatively small. While our findings provided im-
portant insights into sphingolipid alterations in psoriasis, larger studies involving a bigger
quantity of patients are necessary to establish the significance and severity of sphingolipids
in the context of psoriasis. A larger sample size would enhance the statistical power and
allow for more robust conclusions. Additionally, our study focused on a specific cohort of
patients; thus, the generalizability of our findings to other populations or ethnicities may
be limited. Future studies should aim to include diverse patient populations to ensure the
broader applicability of the results.

4. Materials and Methods

A total of 15 patients (7 males and 8 females) with active plaque-type psoriasis, at
a median age of 51.0 (43.0-64.0) and 17 healthy controls (11 males and 6 females) at a
median age of 42.0 (35.5-55.0) were enrolled in the study. The severity of psoriasis was
estimated using psoriasis area and severity index (PASI) [34]. Body mass index (BMI)
was calculated based on self-reported weight and height None of the patients or controls
were under dietary restriction. History of hypertension, liver disease (e.g., non-alcoholic
fatty liver disease (NAFLD)), heart disease, diabetes mellitus, and results of the laboratory
tests were collected from hospital records of the patients. Laboratory tests were measured
before the treatment. All psoriatic patients gave their written informed consent before
enrolment in the study. The study protocol was approved by the local university bicethical
committee (no. APK.002.500.2021) according to the principles of the Helsinki Declaration.
Peripheral blood samples were taken before starting the treatment after overnight fasting.
After centrifugation, the serum was stored at —80 °C until it was analyzed. A size of
3 mm punch biopsies were obtained from both the non-lesional and lesional skin from the
trunk of psoriatic patients following local anesthesia. Samples from healthy patients were
collected from the wound edge during a planned inguinal hernia operation under general
anesthesia. Furthermore, in line with the PASI score, we assessed the clinical features of
erythema, induration, and desquamation within the chosen psoriatic lesion for biopsy. The
scoring system ranged from 0 to 4.
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4.1. Sphingolipid Analysis

The content of sphingosine, sphinganine, sphingosine-1-phosphate, and SA1P was
measured simultaneously according to the method of Min et al. (2002) [35]. Briefly,
tissues were homogenized in a solution composed of 25 mM HCl and 1 mM NaCl Acid-
ified methanol and internal standards (10 pmol of C17-sphingosine and 30 pmol of C17-
sphingosine-1-phosphate; Avanti Polar Lipids (Alabaster, AL, USA)) were added and the
samples were ultrasonicated in ice-cold water for 1 min. Lipids were then extracted by the
addition of chloroform, 1 M NaCl and 3 N NaOH. The alkaline aqueous phase containing
sphingosine-1-phosphate and SATP was transterred to a fresh tube. The residual phospho-
rylated sphingoid bases in the chloroform phase were reextracted twice with methanol/1 M
NaCl (1:1, v/ v) solution and then all the aqueous fractions were combined. The amount of
sphingosine-1-phosphate and SA1P was determined indirectly after dephosphorylation to
sphingosine and sphinganine, respectively, with the use of alkaline phosphatase (bovine
intestinal mucosa; Fluka (Seelze, Germany)). To improve the extraction yield of released
sphingosine and sphinganine, some chloroform was carefully placed at the bottom of the
reaction tubes. The chloroform fractions containing free sphingosine and sphinganine
or dephosphorylated sphingoid bases were washed three times with alkaline water (pH
adjusted to 10.0 with ammonium hydroxide) and then evaporated under a nitrogen stream.
The dried lipid residues were redissolved in ethanol, converted to their o-phthalaldehyde
derivatives, and analyzed using a high-performance liquid chromatography (HPLC) sys-
tem (PROSTAR; Varian Inc. (Palo Alto, CA, USA)) equipped with a fluorescence detector
and C18 reversed-phase column (OMNISPHER 5, 4.6-150 mm; Varian Inc.). The isocratic
eluent composition of acetonitrile: water (%1, v/v) (Merck, Darmstadt, Germany) and a
flow rate of 1 mL min ! were used.

The content of ceramide was determined by the procedure previously described by
Baranowski et al. [36]. A small volume of the chloroform phase, containing lipids extracted
as described above, was transferred to a fresh tube containing 31 pmol of C17-sphingosine
as an internal standard. The samples were evaporated under a nitrogen stream, redissolved
in 1 M KOH in 90% methanol, and heated at 90 °C for 60 min to convert ceramide into
sphingosine. This digestion procedure does not convert complex sphingolipids, such
as sphingomyelin, galactosylceramide, or glucosylceramide, into free sphingoid bases
(Bose et al., 1998). Samples were then partitioned by the addition of chloroform and water.
The upper phase was discarded and the lower phase was evaporated under nitrogen.
The content of free sphingosine liberated from ceramide was then analyzed using HPLC,
as described above. The calibration curve was prepared using N-palmitoy Isphingosine
(Avanti Polar Lipids) as a standard. The chloroform extract used for the analysis of ceramide
levels also contained small amounts of free sphingoid bases. Therefore, the content of
ceramide was corrected for the level of free sphingosine determined in the same sample.

42, Statistical Analysis

The obtained data were analyzed using R (ver. 4.2.2) statistical package. At the
onset of analyses, the continuous data were checked for normality (Shapiro-Wilk test)
and homoscedasticity (Fligner-Killeen test). Based on the above, the between-group
comparisons were made using parametric (ANOVA with subsequent pairwise Student’s
f-tests) or non-parametric methods (Kruskall-Wallis test with subsequent pairwise Wilcoxon
tests). The obtained p-values were adjusted for multiple comparisons (Benjamini-Hochberg
correction). Corrected p-values lower than 0.05 were considered to be statistically sig-
nificant. The results were presented in the form of box-whisker plots. The dependence
between the variables of interest was determined based on Pearson’s coefficients and
depicted using heatmaps.

5. Conclusions
The observed differences in the profile of bicactive sphingolipids between psoriatic
skin and healthy skin indicated a significant contribution of these lipids in the development
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of inflammation in psoriasis. These differences, which were more pronounced in psoriatic
skin, highlighted the potential influence of the studied parameters on the inflammatory
processes associated with the disease.

Furthermore, the finding that sphingolipid metabolism was impaired not only in
the affected skin but also in the clinically unchanged skin of psoriasis patients suggested
a broader systemic involvement of lipid dysregulation in psoriasis. This implied that
lipid metabolism abnormalities may extend beyond the visible psoriatic lesions and might
involve the overall pathogenesis of the disease. Subsequent research is needed to fully
understand the consequences of these lipid abnormalities and their potential as therapeutic
targets in psoriasis management.
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Abstract Psoriasis is a chronic, complex, immunological disordec which may lead to many different
systemic complications. Sphingolipids, including ceramide, are bicactive lipids, which take pant
in the regulation of immune reactions, a:ll growth, and apoptosis. Twenty psoriatic patents and
twenty-eight control subjects wene included in the study. Skin (both lesional and non-lesional)
and serum samples wene collected from both the control group and the psosiatic patients. The
kevels of sphingosine (SFO), sphingosine-1-phosphate (S1P), sphungomyelin, sphinganine (SFA),
sphinganine-1-phosphate (SFA1P), and ceramide (CER) were assessed in both tissue () and serum
(s} samples using high-performance liquid chromatography (HPLC). We identified elevated serum
levels of SFO, SIF, SFA, and SFAIP in psoriatic patients when compared to healthy individuals. As
far as the kesional skin and serum of psofiatic patents are concemed, we demonstrated positive
associations between CER _t and CER_s, SFA_t and CER_s, and SFO_t and CER _s. Additionally,
we found negative correlations in the non-lesional skin and serum of psoriatic patients, including
SFO_tvs. SRO_s, CER _tvs. SFA_s, CER_tvs. SFO_s, and SFO_t vs. SFA_s. Finally, we observed
a positive correlation between S1P and SFATP in both the serum samples of psoriatic patients and
the serum samples of the control group. In this study, we did not observe any corpelations between
psofiasis area and severity index (PASI) scores and sphingolipid levels. In conclusion, our findings
indicate an interplay between skin and serum lipids in psoriatic patients, which is not observed in
healthy individuals.

Keywords: psoriasis; sphingosine1-phosphate; sphinganine; sphingosine; sphinganae- 1-phosphate; eetamide

1. Introduction

Psoriasis is a chronic, immune-mediated, non-contagious, multidisciplinary disorder
that is widespread across the globe [1]. The estimated prevalence of psoriasis ranges
from 0.27% to 11.4%, predominantly observed in the adult population [2]. Psoriasis has
various subtypes, including inverse, plaque, erythrodermic, pustular, and guttate forms.
The most prevalent subtype is plaque psoriasis, accounting for almost 90% of cases [3].
Plaque psoriasis is distinguished by well-defined, elevated, and erythematous skin lesions
covered with silver scales [4]. The accelerated cell cycle of psoriatic keratinocytes and their
resistance to apoptosis contributes to keratinocy te hy perproliferation, which is evident in
histopathological examinations through the presence of parakeratosis and acanthosis [5].

Due to its inflammatory nature, psoriasis is not only associated with nail and joint
involvement but can also coexist with a range of systemic conditions [6]. Some examples in-
clude the presence of metabolic syndrome, characterized by hypertension, hyperlipidemia,
insulin resistance, and obesity. These factors, over time, can contribute to the development
of conditions such as coronary artery disease, atherosclerosis, type 2 diabetes, and even
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myocardial infarction [7]. Psoriatic patients commonly experience abnormal lipid levels.
Specifically, their serum levels of low-density lipoprotein (LDL) cholesterol, very low-
density lipoprotein (VLDL) cholesterol, triglycerides, and total cholesterol are frequently
elevated as compared to individuals without psoriasis. Concurrently, high-density lipopro-
tein (HDL) cholesterol tends to be diminished in individuals with psoriasis [8]. Despite the
increasing number of studies investigating the potential mechanisms underlying psoria-
sis, the exact etiology of this disease remains unclear. Sphingolipids are one of the most
important groups of human lipids [9]. Their common feature is a sphingoid core, which
includes sphingosine. Precisely, the sphingoid basis is manufactured by the combination of
a fatty acid (usually palmitate) and amino acid (mainly serine) [10]. Interestingly, sphin-
golipids constitute an exceptional subtype of lipids, capable of functioning both as structural
components and signaling molecules [11]. Sphingolipids have diverse roles, including
participation in cell grow th, regulation of cell death, cell adhesion, modulation of immune
activity, nutrient uptake, angiogenesis, inflammation, metabolism, autophagy, response
to reactive oxygen species, and resistance against various stressors. Various types of sph-
ingolipids exist, including sphingosine (SFO), sphingosine-1-phosphate (S1P), ceramides
(CER), ceramide-1-phosphate (C1P), sphinganine (SFA), sphinganine-1-phosphate (SFA1P),
sphingomyelin, galactosylceramide, glucosylceramide, and lactosylceramide [9]. Among
the highly bioactive sphingolipids, SIP and CER stand out These two distinct sphin-
golipids are associated with contrasting functions. CER primarily governs processes such
as necrosis, apoptosis, stress responses, inflammation, and cell cycle arrest. In contrast,
S1P primarily functions as a signaling lipid, regulating cell growth, migration, differen-
tiation, and proliferation. Interestingly, S1F, when binding to cell surface receptors, can
also initiate the process of angiogenesis [12]. A reduced concentration of CER in the skin is
commonly associated with pathological skin symptoms, such as dryness and compromised
skin barrier function. This phenomenon is often observed in such conditions as atopic
dermatitis, psoriasis, and xerosis [13]. On the other hand, in different types of psoriasis,
elevated levels of ceramides (C16:0, C18:0, C20:0, C22:0, C24:1), not only in plasma but also
in the skin, were observed. Exceptionally, so far, C12:0-CER is the only sphingolipid that
has been found to be decreased in non-lesional skin vs. lesional skin of psoriatic patients.
The levels of hexosylceramide, or lactosyloeramide, remain unchanged between psoriatic
and non-psoriatic people. The degree of sphingomyelin is abnormal in psoriatic skinina
fatty acid chain length-dependent manner; specifically, the increase in C16:0, C24:1, and
C24:0 sphingomyelins is marked [11].

In addition to their role in the pathogenesis of psoriasis, sphingolipids (mostly CER)
can serve in human serum as indicators of metabolic disorders and atherosclerotic cardiovas-
cular conditions. For instance, diabetic neuropathy is associated with higher plasma levels
of C24 and (26 ceramides, and deoxy-C24 ceramide rates of C18:1 and C18:0 ceramides are
also perceived as essential markers of cardiovascular events in healthy people. Moreover,
an elevated level of C18:1 ceramide is regarded as an indicator of necrosis after coronary
angiography procedures [9]. Furthermore, sphingomyelin and C24:1 are strongly connected
with the cardiovascular death rate. Moreover, increased levels of C22:0 and C24:0 in plasma
may indicate a slight improvement in verbal memory in response to exercise among pa-
tients with coronary artery disease, in whom these cognitive abilities are typically im-
paired. Furthermore, there is an inverse correlation observed between the serum levels of
S1P and atherosclerotic disease. Additionally, deoxysphingolipids could potentially serve
as biomarkers for the exacerbation of diabetes mellitus [9].

In recent years, researchers have predominantly focused on examining lipid levels
in the serum and tissues of individuals with psoriasis. However, the precise connection
between cutaneous and tissue sphingolipids in patients with psoriasis remains unclear.
This present study aims to elucidate the relationship between bioactive sphingolipids in
serum and psoriatic skin, in comparison to unaffected skin, in patients with psoriasis.
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2 Results
21. Study Population

Twenty patients (13 males and 7 females) with active plaque-type psoriasis and twenty-
eight subjects from the control group (8 males and 20 females) wem included in the study.
The mean age in the control group was 45.6 years, while in the psoriatic group, it was
53.2 years. The mean duration of psoriasis was 18.33 years, with a mean body mass of
§7.2 kg, a mean height of 171.3 cm, and a median BMI of 29.9. The majority of psoriatic
patients, n = 9, were overweight (45%), followed by n = & (30%) suffering from obesity, and
n =5 (25%) with a normal weight. Within the psoriatic group, 1 (5%) patient exhibited a
mild form of psoriasis (PASI < 10), 13 (65%) individuals had a moderate form (PASI 10-20),
and & (30%) suffered from severe psoriasis (PAS] > 20). Table 1 presents the primary
clinical characteristics of both the psoriatic and control groups. Our observations revealed
statistically higher values (p < (L05) of BML body mass, TAG, CRF, and TAG in psoriatic
patients when compared to the control group. Table 2 presents concentrations of lipids
measured in the psoriatic lesional skin, non-lesional psoriatic skin, skin of healthy subjects,
and serum of psoriatic and healthy subjects. We observed statistically significant differences
{p = (.05) characterized by elevated levels of CER, 51F, SFA1F, SFA, and SFO in psoriatic
lesional skin when compared to both psoriatic non-lesional skin and the skin of healthy
subjects (Figure 1). Additionally, we found statistically significant variations (p < (.05)
featuring increased levels of CER and 5FO in psoriatic non-lesional skin as compared to
the skin of healthy subjects (Figure 1). Based on the serum sphingolipid concentrations, we
observed a statistically significant difference (p < (L05), characterized by elevated levels of
S1E 5FA, and SFAI1FR, in the serum of psoriatic patients in contrast to the serum of healthy
subjects (Figure 1). In this article, we have focused on the general amount of ceramides,
without measuring the acyl chain composition.

Table 1. Climical and biodhentical charackeristics of the control group (CTRL) and peoriatic patients (P50,

Variables CTEL P&y
Age tyears) 4564 1514 532 1566
Body mass (kgl ELES-E o Frt159%5a
Height {cm) 1712+ 717 1713 + 86
BMI (kg/m2h 251E+ 284 Mo xhdda
CRF {mg/dL} L4+ 083 B2+ 1244 a
Glucose (mgfdL 971 4+ 1658 B9l £ 174
TAG {mgfd L) 819+ 3583 116355 = 4089 2
AST (L) X3+ 853 M x1242
ALT (VL) 211 4 1609 p o
Sex (no. female’no. male) /8 7r13a

ata are F'I.'\'=I=:I'I.‘I=I:| as the mean 4+ standard deviation e—different vs. PS0 (p < 0L05); EM]—'h-nd:,r sy e,
CRP—C reactive '|:u'nt|='|.11._. TﬁG—t‘jE]}n::r.il:E:_. ﬁﬂ—aspa.n:lz transaminase, ALT—alanine transaminase.

Table L Concentration of sphingolipids in the skin (pmol fog of lissoe, mean (standard deviation))
and serum (pmal/ mL of seram, mean (standard deviation))

Sphingolipid CTRL ¢ PSOL_t inl) PS0._t ) CTRL = PSO_s
CER THI(L62) 2406(1360)a GO.10(2T1jab  6GO0052(125424)  GBE2 53 (12B432)
5P 015 (004} .18 [0.07) 041 (L18) ab 25241 (10004)  SZETT(121.23)a
SEA1P .02 (o) {0 [0.01) 07 (.03} ab 33,50 {12.81) 213 (10.95) a
SFA 016 (L4} .23 [0.17) 068 (.43 ab 6.13 (202) 783 (LE7) a
SFD 020M09)  06{D5Y)a 1.9 (L54) abr 2855 (0.49) 33,53 (6.54)
SFA/SED 058(012)  042(01)a 035 (L15) ab 0.24 (1L11) .24 {0.06)

CTRL—oomtrl  subjects; Pﬂ:l—pmr.i.al:ic Pal.'i-:n.b; suffiv_t—tissee; suffic_s—serum;  (nl—non-lesional;
(I}—lesional; CER—ceramide; ﬂP—rpMnﬁmﬁle—]—'Pl'mtha.t; SF..'i.—:lF}LinE;.:l.n.in:_: SFA[F‘—:PI'Li.nHa.nIrE-I-
th-rph.ate; EFA.-’SFID—IPI'Linﬁmhe.-’rP}dnﬁmhe rakia; EFD—:l:r}Li.nE;usinq: a—different va CTEL [p < 0058k
br—different v FSO {p < 0L05).
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Figure 1. Comparison between sphingolipids m healthy (CTRL) and psonatic (PSO) patients’ senum.
(A) Amount of sphinganine (SFA) (pmol/mL of serum). (B) Amount of sphinganine-1-phosphate (SFA1P)
(pmol/mL of serum). (C) Amount of sphangesine-1-phosphate (S1P) (pmol/ml of serum). (D) Amount of
sphingosine (SFO) (pmeol/mlL of serum). (E} Amount of ceramide (CER) (pmol /mL of serum). (F) The ratio
of sphinganine and sphingosine. Significance markess: "a” signifies different va. CTRL (p <0.05).

2.2. Sphingdlipid Parameters

It becomes evident that the concentrations of SFO, SFA, S1F, and SFA1P in the serum
of patients with psoriasis were significantly elevated (p < 0.05) when compared to the
levels of these sphingolipids in healthy individuals (Figure 1 and Table 1). While ceramide
levels were found to be higher in psoriatic patients, the difference did not achieve statistical
significance in comparison to healthy subjects.

We observed negative Pearson’s correlations between various variables in non-lesional
psoriatic skin and the serum of psoriatic patients, all of which were statistically significant.
Specifically, the correlations include SFO_tvs SFO _s (p < 0.027), CER _tvs. SFA_s (p < 0.040),
CER _tvs. SFO_s (p < (.044), and SFO_t vs. SFA_s (p < 0.048) (Figure 2A).

A positive Pearson’s correlation was evident between several variables in lesional
psoriatic skin and the serum of psoriatic patients. Specifically, statistically significant associ-
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ations were observed between CER_tand CER s (p < .026), SFA_tand CER_s (p < 0.006),
and SFO_t and CER _s (p < 0.039) (Figure 2B).

® ... ©

CER =

P50 () and PSO serum P50 (1) and PSO serum CTRL tissue and serum

Figure 2. Correlation matrix (heatmap). Pearson cormelation coefficients depicted as the
shades of blue (positive cormelation) or fed (negative correlation). (A) Correlation matrix
for psonatic non-lesional (PSO (nl)) skin and serum. (B) Correlation matnix for psoriatic
kesional (PSO (1)) skin and serum.  (C) Cormelation matrix for control (CTRL) skin and
serum. CER—ceramide; SIP—sphingosine-1-phosphate; SEA—sphinganine; SFA1P—sphinganine-
1-phosphate; SFO—sphingosine; suffix_s—senum; suffix_t—hssue.

There were no significant correlations between serum and skin sphingolipids in the
healthy skin and serum of the control group (Figure 2C).

We identified significant positive Pearson’s correlations within the serum of both
psoriatic patients and the control group, specifically between S1P and SFA1P. It is note-
worthy that PASI scores did not exhibit significant correlations with sphingolipids in
psoriatic serum. The correlations between erythema, induration, and desquamation with
PASI, as well as SFA and SFO with SFA /SFO, were readily evident due to their calculated
nature (Figure 3A,B).

3
3
-
A

CTRL PSO

Figure 3. Correlation matrix (heatmap). Pearson correlation coefficients are depicted as shades of
blue (positive correlation) or fed (negative correlation). (A) Correlation matrix for non-psoriatic
(CTRL) serum. (B) Correlation matrix for psoiatic (PSO) serum. ALT—alanine transaminase,
AST—aspartate transaminase, BMI—body mass index, CER—ceramide, CRP—C-neactive pro-
tein, GLUC—glucose, SIP—sphingosine-1-phosphate, SFA—sphinganine, SFATP—sphinganine-
1-phosphate, SFO—sphingosine, TAG—triglycerides.
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3. Discussion

In this study, we aimed to elucidate the associations between sphingolipid levels in
both healthy and psoriatic patients, taking into consideration clinical and laboratory data.
We conducted an assessment and comparison of the concentrations of bioactive sphin-
golipids in both lesional and non-lesional skin, as well as serum samples from both healthy
individuals and those with psoriasis. To the best of our know ledge, this comprehensive
analysis has not been previously undertaken.

Our results reveal significant elevations in the serum levels of SFO, SFA, S1P, and
SFA1P among psoriatic patients compared to the control group. In addition, the levels
of ceramides were higher in patients with psoriasis, although this increase did not reach
statistical significance when compared to healthy individuals.

3.1. The Rde of Sphmgosine-1-Phosphate

In our study, we identified elevated S1P levels in serum samples collected from patients
with psoriasis when compared to the serum of healthy individuals (Figure 1). Looking
at the function of S1F, it is a signaling molecule that plays an essential role in regulating
angiogenesis, inflammation cascade, and vascular permeability [14]. In our study, we
discovered a positive correlation between S1P and SFA1P in psoriatic serum (Figure 3).

Moreover, the raised plasma levels of S1P are noted not only in psoriasis but also in
patients with obesity, in comparison to normalweight people. It may be pointed out that
S1P may have an expanded influence on various pathological disorders, and not only in
psoriasis. Clearly, S1P has been well documented to correlate with metabolic iregularities,
such as adiposity or insulin resistance. More precisely, there is a significant link between
S1P and elements of metabolic syndrome; for example, fasting plasma insulin, total and
LDL cholesterol levels, body fat percentage, and waist drcumference are well described [15].
Furthermore, the aforementioned study revealed that psoriatic patients exhibited elevated
serum concentrations of S11} along with increased levels of serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST), when compared to non-psoriatic patients [16].
These findings highlight a potential connection between the level of S1P, liver function, and
metabolic disturbances in psoriatic patients.

S1P is well known for its ability to induce keratinocyte differentiation, exert antiprolif-
erative and pro-inflammatory effects, and inhibit the growth of epidermal cells in mouse
models of psoriasis, as demonstrated by Vaclavkova et al. [17]. Ponesimod is a selective
modulator of sphingosine 1-phosphate receptor 1 (S1PR1). Its main role is blocking the
process of the outflux of T cells from lymphoid organs. It is presumed that the inhibition
of S1PR1 prevents the accumulation of pathogenic lymphocytes in both the skin and cir-
culation, presenting a potentially successful approach for the treatment of psoriasis [17].
Moreover, D' Ambrosio et al. [18] reported promising results from phase [1 studies regarding
the efficacy of ponesimod in relapsing-remitting psoriasis and also on multiple sclerosis.
Their research indicates that lymphocyte reduction can establish the background for a
selective SIPR1 modulator in multiple chronic and autoimmune diseases: for example, pso-
riasis. The quantity of peripheral blood T cells and B blood cells was reduced following the
administration of 8 mg ponesimod. CD3+ and CD20+ counts were depleted significantly
after the administration of 20-75 mg of ponesimod. Summing up, this paper suggests that
ponesimod may lower the inflammatory cells, consequently reducing the inflammation
process in psoriasis, which is of course one of the backgrounds of this skin disease [18].

3.2. Characteristics of Sphingosme and Sphmganine

In our study, we have made an intriguing observation of significantly elevated con-
centrations of both SFA and SFO in psoriatic serum, in comparison to healthy serum
(Figure 1). We spotted a negative Pearson’s correlation between SFO_tvs. SFO_s (p < 0.027),
CER_tvs. SFA s (p < 0.040), CER _tvs. SFO_s (p < 0.044), and SFO_t vs. SFA_s (p < (0.048)
in non-lesional psoriatic skin and the serum of psoriatic patients, which were all statisti-
cally significant (p < 0.05). Moreover, we describe positive Pearson’s correlations between
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SFA_tvs. CER s (p < 0.006) and SFO_t vs. CER_s (p < (.039) in lesional psoriatic skin and
the serum of psoriatic patients, which are all statistically significant. The abovementioned
correlations are presented in Figure 2.

The aforementioned results, detailing lipid abnormalities present in patients with
psoriasis, emphasize the potential correlation between skin and serum lipids in the con-
text of psoriasis and may elucidate the systemic involvement of sphingolipids and their
interactions in this disease.

SFA is manufactured through the enzymatic combination of serine and palmitoyl-CoA
by an enzyme called serine palmityltransferase. Afterwards, SFA is acylated to the CER.
Subsequently, it is metabolized into glucosy lceramide or sphingomyelin and may be next
transformed into SFO and fatty acids via the action of an enzyme called ceramidase [19].
This enzymatic pathway is essential in the regulation and metabolism of sphingolipids
in the human body. However, the relatively modest proportion (5-6% of total lipids) of
these sphingoid bases, namely SFO and SFA, within the stratum corneum, holds significant
importance in cell differentiation and proliferation, the preservation of lipid lamellae
integrity, and antimicrobial protection.

Previous studies investigating the composition of SO and SFA in psoriatic skin
are limited. Regarding the changes in SFO and SFA in psoriatic serum, we are the first
authors to describe these alterations. However, our scores are compatible with the findings
presented by Sung-Hyuk et al. [19], who noticed an elevated amount of SFO and SFA, but
only in psoriatic skin. Furthermore, Sorokin et al. [20] also show similar results regarding
SFA quantity in the skin of psoriatic patients. These consistent findings across limited
research provide strong evidence for the involvement of SFO and SFA in the pathogenesis
of psoriasis. This underscores their potential significance as indicators or targets for
therapeutic interventions in psoriasis [20].

Unfortunately, there are still no relevant data presenting the changes in SFA and SFO in
serum of skin disorders other than psoriasis. Similar to psoriasis, the sphingolipid com-
position of the skin in atopic dermatitis (AD) has also been well studied. Toncicet al. [21]
showed that the amounts of SFO and SFA soar in AD versus in healthy skin. However, no
similar disturbances were described in non-lesioned atopic skin. Interestingly, our previous
study revealed a similar elevation of SFO and SFA in psoriatic lesions, but we additionally
observed an increase in SFO levels in non-lesioned psoriatic skin [22]. In AD, contrary
to our new results, the ratio of SFA/SFO is reduced in healthy skin by comparison to
non-lesioned and lesioned AD skin, which is reported by Toncic et al. [21]. Summing up,
these outcomes underline the remarkable sphingolipid alterations in various skin disorders
and still highlight the tangled role of sphingolipids in the pathogenesis of AD and psoriasis.

3.3. The Characteristics of Ceramides

However, in this study, we did not find any significant differences in CER concen-
tration in psoriatic serum samples compared to healthy individuals (Figure 1). Interest-
ingly, we observed a positive Pearson’s correlation between CER _tvs. CER_s (p < 0.026),
SFA_twvs. CER s (p < 0.006), and SFO_tvs. CER s (p < 0.039) in psoriatic lesional skin and
the serum of psoriatic patients. Additionally, we noted a negative Pearson correlation be-
tween CER_tvs SFA_s (p < 0.040) and CER _t vs. SFO_s (p < 0.044) in non-lesional psoriatic
skin and the serum of psoriatic patients. These correlations are presented in Figure 2.

Tawada et al. [23] reported that CER quantities depend on constant sustainability
between their manufacture formation and degradation. The main cause of the abnormal
production of CER in psoriasis is the reduced activity of ceramide synthase [23]. Alessan-
drini et al. [24] presented that disturbed CER amounts can be also decreased due to a
decrease in sphingomyelinase activity, which is another crucial enzyme, in addition to
ceramide synthase, involved in CER synthesis. Subsequently, these ceramide levels may be
reduced due to the amount of prosaposin, which is a saposin precursor and plays a major
role in the process of the hydrolysis of sphingolipids [24]. According to Lew et al. [13],
in psoriasis, the amount of ceramide in the epidermis is depleted together with c-Jun
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M-terminal kinase and the protein kinase C alpha. (werall, the lower CER can result in the
downregulation of these crucial kinases, which are known for their apoptotic cell signaling
features. Consequently, this may lead to a reduction in sphingomyelinase-induced ce-
ramides and at the same time a boost in the anti-apoptotic and proliferative characteristics
of the psoriatic epidermis. [13].

In ancther study conducted on samples of psoriatic skin by Checa et al. [11], the
authors demonstrated an elevated amount of CER in the skin of psoriatic patients com-
pared to healthy individuals. Their outcome is consistent with that of our previous study;
Matwiejuk et al [22]. However, in contrast, Cho et al. [25] reported that the rate of CER in
the lesional epidermis of psoriatic patients was more decreased than in the unlesioned
epidermis [25]. The lack of significant differences in serum ceramide (CER) levels between
psoriatic patients and healthy samples in our current study may be attributed to several
factors. Cme critical consideration is the potential influence of various factors, such as
differences in sample collection methods, variations in disease severity, and diverse patient
characteristics, all of which could contribute to these similar outcomes. Notably, it should
be highlighted that Cho et al. [25] conducted their investigation with a distinct patient
cohort (10 patients), which is in contrast with our larger sample size (20 patients). This
discrepancy in the number of individuals examined might provide a more comprehensive
and accurate insight compared to the study of Cho et al [25], given our broader representa-
tion of psoriasis-affected patients. Additionally, studies on greater numbers of patients still
need to be performed. Even for patients suffering from AD, which was also described as
disturbed amounts of ceramides, the alteration of ceramides was noted by Toncic et al. [21],
who reported higher quantities of CER and glucosy lceramide. Of course, these impairments
are more marked in psoriatic lesions, but significantly different levels were also noted in
non-lesional skin. In our previous study on psoriatic patients, Mabwiejuk et al. [22] de-
sribed similar ohservations w here the CER level was higher in the lesioned skin companed
to non-lesional psoriatic skin samples and healthy skin However, in the study carried out
on serum, we did not discover elevated levels of CER in healthy patients versus psoriatic
patients. These similar results between the quantity of CER in the skin and serum point
out that changes in CERE metabolism may be similar in inflammatory skin diseases such
as Al and psoriasis. Secondly, the abnormality of CER amounts may contribute to the
disturbed skin barrier and cause the inflammatory proesses. 5till, subsequent studies are
needed to discover how specific mechanisms underly CER metabolism in various skin
diseases and the implications for disease pathogenesis and potential modalities.

The relationship between ceramides in the skin tissue and their influence on serum
ceramide levels is not yet fully understood. In the present study; we found different significant
and negative cormelations between CER_tve. SFA_s (p< (W40) and CER_tvs. SF0 s (p < (W04
in non-kesional psoriatic skin and the serum of psoriatic patients. Moreover, in lesional pso-
riatic skin and the serum of psoriatic patients, we noted a positive Pearson's correlation be-
tween SFA_tvs CER s(p< 0006), CER tvs. CER s (p=0.026), 5SFO_t vs. CER,_s (p = 0L039).
These cormelations are presented in Figure 2. These findings may point out that there are
various connections between different sphingolipids in psoriasis w hich may be the back-
ground pathomechanism of psoriasis. However, it remains unclear how alterations in skin
ceramide metabolism may contribute to alterations in ceramide quantities in the serum
of psoriatic patients. Moreover, CER is engaged in many comorbidities other than psori-
asis and A, including components of metabolic syndrome. Hao et al. [26] stated that a
metabolic syndrome is a group of abnormalities that enhance the chance of cardiovascular
disease and diabetes [25]. Lee et al [77] showed that CER is linked with insulin resistance
(IR}, obesity, dyslipidemia, and other metabolic abnormalities [27]. The melationship be-
tween skin and serum ceramides is complex and intricate. While alterations in ceramide
composition have been observed in both lesional and non-lesional skin of patients with
various dermatological conditions, the precise cause-and-effect dynamics between skin
ceramides and serum ceramides remain elusive. Further research is needed to eluddate the
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potential bidirectional influence of these compartments on each other, shedding light on
their intricate interconnections and implications for skin health and systemic conditions.

We must acknowledge that our study has some limitations and does not offer insights
into the acyl chain composition within ceramides, nor provide data on the levels of erzymes
engaged in sphingolipid biosynthesis. Addressing these limitations in future studies could
contribute to a more comprehensive understanding of the sphingolipid dynamics im the
context of the studied conditions. Furthermore, conducting research with a larger cohort of
patients could help establish the significance and severity of sphingolipid abnormalities
in the context of psoriasis. While our current findings provide valuable insights into
sphingolipid disturbances and their interplay between psoriatic serum and skin, expanding
the sample size would enhance the statistical power and enable us to draw more robust
conclusions regarding the invokement of CER in psoriasis pathogenesis.

4. Materials and Methods

Twenty patients {13 male and 7 female) with active plagque-type psoriasis, with a
mean age of 532, and twenty-eight healthy controls (8 male and 20 female), with a mean
age of 45.6, weme enrolled in the study. The severity of psoriasis was estimated using the
Psoriasis Area and Severity Index (PASI) [28]). Body mass index (BMI) was calculated based
on self-reported weight and height. None of the patients or controls were under dietary
restriction. History of hy pertension, liver disease (e.g, non-alcoholic fatty liver disease
(MAFLDY), heart disease, and diabetes mellitus, and the esults of the laboratory tests were
collected from the hospital records of the patients. Laboratory tests were measured before
treatment. All psoriatic patients gave their written informed consent before enrolment in
the study The study protocol was approved by the local university bicethical committee
(o ATPE 002.500.2021), according to the principles of the Helsinki Declaration Peripheral
blood samples were taken before starting the treatment after overnight fasting. After
centrifugation, the serum was stored at —80 "C until it was analyzed Three mm punch
biopsies wemne obtained from both the non-lesional and lesional skin from the trunk of psori-
atic patients following local anesthesia Samples from healthy patients were collected from
the wound's edge during a planned inguinal hernia operation under general anesthesia.
Furthermore, in line with the PASI scome, we assessed the clinical features of erythema,
induration, and desquamation within the chosen psoriatic lesion for biopsy. The scoring
systemn ranged from 0 to 4.

4.1. Sphingolipid Analysis
The contents of sphingosine, sphinganine, sphingosine-1- phosphate ($1F), and SEA1P were
measured simultaneously using the method of Min et al (2002) [29]. Briefly, tissues were
nized in a solution composed of 25 mM HCl and 1 mM MNaCl. Addified methanol
and internal standards (10 pmol of C17-sphingosine and 30 pmol of C17-sphingosine-1-
phosphate; Avanti Polar Lipids (Alabaster, AL, USA)) were added and the samples wene
ultrasonicated in ice-cold water for 1 min. Lipids were then extracted by the addition of
chloroform, 1 M MNaCl, and 3 N NaOH. The alkaline aqueous phase containing S1F and
SFA1P was transferred to a fresh tube. The residual phosphorylated sphingoid bases in the
chloroform phase werne re-extracted twice with methanol/1 M NaCl {1:1, v/7v) solution and
then all the aqueous fractions were combined. The amount of 51 and SEA1F was deter-
mined indirectly after dephosphorylation to sphingosine and sphinganine, respectively,
with the use of alkaline phosphatase (bovine intestinal mucosa; Fluka (Seelze, Germany)).
To improve the extraction yield of released sphingosine and sphinganine, some chloroform
was carefully placed at the bottom of the reaction tubes. The chlomform fractions contain-
ing free sphingosine and sphinganine or dephosphorylated sphingoid bases weme washed
three times with alkaline water (pH adjusted to 10.0with ammonium hydroxide) and then
evaporated under a nitrogen stream. The dried lipid residues were edissobred in ethanol,
comverted to their o-phthalaldehyde derivatives, and analyzed using a high-performance
liquid chromatography (HPLC) system (PROSTAR; Varian Inc.  (Pale Alto, CA, TI54))
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equipped with a fluorescence detector and C18 reversed-phase column (OMNISPHER 5,
4.6 x 150 mm; Varian Inc.). The isocratic eluent composition of acetonitrile: water (9:1, v/v)
(Merck, Darmstadt, Germany) and a flow rate of 1 mL min ! were used.

The content of ceramide was determined by the procedure previously described by
Baranowski et al. [30]. A small volume of the chloroform phase containing lipids extracted
as described above was transferred to a fresh tube containing 31 pmol of C17-sphingosine
as an internal standard. The samples were evaporated under a nitrogen stream, redissolved
in 1 M KOH in 907 methanol, and heated at 90 °C for 60 min to convert ceramide into
sphingosine. This digestion procedure does not convert complex sphingolipids, such as
sphingomyelin, galactosylceramide, or glucosylceramide, into free sphingoid bases [31].
Samples were then partitioned by the addition of chloroform and water. The upper phase
was discarded and the lower phase was evaporated under nitrogen. The content of free
sphingosine liberated from ceramide was then analyzed using HPLC as described above.
The calibration curve was prepared using N-palmitoy Isphingosine (Avanti Polar Lipids) as
a standard. The chloroform extract used for the analysis of ceramide level also contained
small amounts of free sphingoid bases. Therefore, the content of ceramide was corrected
for the level of free sphingosine determined in the same sample.

42. Statistical Analysis

The obtained data were analyzed using the R (ver. 4.2.2) statistical package. At the
onset of analyses, the continuous data were checked for normality (Shapiro-Wilk test) and
homoscedasticity (Fligner-Killeen test). Based on the above, between-group comparisons
were made using parametric (ANOVA with subsequent pairwise Student’s f-test) or non-
parametric methods (Kruskal-Wallis test with subsequent pairwise Wilcoxon test). The
obtained p-values were adjusted for multiple comparisons (Benjamini-Hochberg correc-
tion). The comrected p-values lower than (.05 were considered to be statistically significant.
The results were presented in the form of box-whisker plots. The dependence between
the variables of interest was determined based on Pearson’s coefficients and depicted
using heatmaps.

5. Conclusions

The observed differences in the sphingolipid profile and the correlations between
bioactive sphingolipids in psoriatic skin and serum, as well as healthy skin and serum,
demonstrate the significant contributions of these lipids to one of the many pathways
involved in the pathogenesis of psoriasis. These varieties, which are more strongly high-
lighted in psoriatic skin and serum, underline the potential basis mentioned earlier in
this article. Moreover, the engagement in the inflammatory process links this etiology of
psoriasis with other diseases such as metabolic syndrome and AD.

Furthermore, the finding that sphingolipid metabolism is impaired not only in the
affected skin but also in serum, at the same time, suggests a broader systemic involvement
and various potential correlations between specific types of sphingolipids. These impli-
cations can lead to lipid metabolism abnormalities, which can be extended further than
the visible psoriatic lesions and might play an important role in the etiology of this disease.
Further studies are necessary to clarify the clinical importance of lipid abnormalities in
psoriasis and their potential usefulness as therapeutic targets.
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Abstrack Psoriasis is a complex, chronde, immunologically mediated disease which involves skin
and joints. Paofiasis is commonly conmected with numerous other diseases such as liver diseases,
metabolic syndrome, impaired glucese tolerancs, diabeles mellites, atherosclencsis, hypertension, and
ischemic heart disease. Intemestingly, comorbidities of paoriasis ae an attention-grabbing isoe. Add:
tionally, it can cause impairment of quality of life and may be associated with depressive disosders,
Altered levels of ceramides in psoriatic skin may lead to anti-apoptotic and pro-proliferative states,
oonsequently leading to an over-proliferation of keratinocy bes and the deve lopment of skin lesions.
The pathophysiology of psoriasis and its comorbidities i not fully understood yet. Sphingolipids
(including eramides) and their disturbed metabolism may be the Lnk bebween peosiasis and its
comorbidities. Overall, the goal of this feview was to discuss the role of sphingolipid disturbamnces in
peoriasis and its comorbidities. Ve searched the PubMed database for relevant articles published
befone the beginning of May 2022, The systematic feview included 65 eligible original articles.

Keywords: psoriasis; ceramide; sphingolipid; sphingosine Lipid signaling; sphingosine 1-phosphate;
sphingosine kinase; sphingooyeling ceramide S1F mceplor

1. Introduction

Hannun et al [1] highlight that the biochemical pathways keading to ceramide gener-
ation have been well studied and described in the past. Ceramides can be produced via
the catabolism of sphingomyelin and glycosphingolipids, as well as via de novo biosynthe-
sis starting from the formation of sphingeid bases and their subsequent M-acylation [1].
Koztowska et al. [2] informed us that ceramides play a role in the pathogenesis of psoriasis
vulgaris and metabolic disorders such as atherosclerosis, obesity, type 2 diabetes, and car-
diovascular diseases. Palmitic ceramide may be involved in the transtormation of hepatitis
steatosis or obesity-dertved insulin resistance [2]. Luczaj et al. [3] found that the level
of prosaposin, which is an essential cofactor in the hydrolysis of sphingolipids, is much
lower in psoriatic plagques compared to non-lesional psoriatic skin [3]. Koatowska et al [2]
revealed that psoriasis is an chronic, inflammatory, immunologically mediated disease
which affects not only skin, but also knee joints, fingernails, etc. Feoriasis can systematically
recurs or flare for a few weeks or months before then subsiding for a while [2].

The Figure 1 shows symptoms of psoriasis including patchy rashes, scaling, and
dry and cracked skin that may bleed. Patients can also suffer from itching, buming,
and soreness. There are several types of psoriasis, such as plaque, nail, guttate, inverse,
pustular, and erythrodermic psoriasis. Peoriasis is characterized by abnormal differentiation
in the cells of the e pidermis and hyperproliferation, vasodilation, and inflammatory cell
infiltration [2]. My#liwiecetal [4] reported that it is well known that psoriasis is linked with
metabolic syndrome, obesity, insulin resistance, or cardiovascular disease. Patients with
involved joints and severe psoriasis may have a higher risk of mortality [4]. Checaetal [5]
and Jeon et al. [6] described the altered levels of sphingolipids and sphingosine 1-phosphate
that were observed in patients suffering from psoriasis [5,6].
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Figure 1L Clinical picture of plaque psofiasis,

2. Materials and Methods

This systematic review was written following the 2020 updated Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines [7,5]. The review
protocol was submitted to the Protocols database (registration number 69618). A medical
literature search of PubMed (1996-present), conducted in the winter and spring of 2022,
was performed using appropriate terms without date limitations. The main subject of
the research was to identify the role of sphingolipid metabolism in the pathogenesis of
psoriasis and its comorbidities: cardiovascular diseases, liver disease, and metabolic disor-
ders. Medical subject headline terms included: “sphingolipid’s metabolism in psoriasis”,
“sphingolipid’s metabolism in heart disease”, “lipids in the pathogenesis of psoriasis”,
“lipidomics psoriasis”, “lipid signaling in psoriasis”, “lipid mediator in psoriasis”, “ psoria-
sis and ceramides”, “psoriasis and S1P”, “psoriasis and sphingosine-1-phosphate”, and
“psoriasis and sphingomyelin”. Non-English publications, duplicated publications, and
articles with low clinical significance were excluded from the analysis. Original animal and
human studies were included in the systematic review. The results of search strings were
merged together and duplicates were removed. Afterwards, the titles and abstracts of the
remaining studies were screened in order to identify relevant articles that addressed the
review subject Afterwards, the titles and abstracts of the remaining studies were indepen-
dently screened by two reviewers (M.M. and H.M.) in order to identify relevant articles
that addressed the review subject. Disagreements between reviewers were resolved by the
opinion of a third reviewer (A.C.). Finally, the selected eligible articles were fully reviewed.

3. Results and Discussion

The search resulted in the retrieval of 2864 records, of which 204 were screened for
relevance and 65 ultimately included in qualitative synthesis, according to Figure 2.
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Figure 2 The search process.

3.1. Ceramudes—An Overview

Lew et al. [9] highlighted from other studies that ceramides have apoptotic and
antiproliferative effects. In psoriasis, the level of ceramides in the epidermis is decreased
along with protein kinase C alpha (PKC-a) and c-Jun N-terminal kinase (JNK). PKC-« and
JNK are apoptotic cell-signaling molecules that are induced by ceramides. According to the
above authors, the loss of ceramides results in downregulation of PKC-a and JNK, which
decreases sphingomyelinase-induced ceramide generation and boosts the proliferative
and anti-apoptotic features of psoriatic epidermises [9]. Yokose et al. [10] reported that
it has been demonstrated that the level of on-hydroxy fatty acid/ phytosphingosine base
ceramide Cer [NP] and the Cer [NP]/[NS] ratio are higher in the stratum corneum (SC)
compared to keratinocytes (KCs) in normal human skin; Cer [NP] is the most abundant
ceramide subclass in the SC, while non-hydroxy fatty acid/sphingosine base ceramide
(Cer [NS]) is the most abundant Cer subclass in KCs [10]. Lee et al. [11] additionally
reported that the genes involved in sphingolipid metabolism had been proven previously
(e.g., ceramide glucosyltransferase (UGCG, also known as glucosylceramide synthase), acid
beta-glucosidase (GBA), and acid sphingomyelinase (SMPD1)); UGCG transfers glucose to
ceramide to form glucosylceramide, GBA plays a role in hydrolyzing glucosylceramide, and
SMPD1 transfers sphingomyelin to ceramide. Moreover, during keratinocyte differentiation,
glucosylceramide is synthesized by the UGCG enzyme, and glucosylceramide is stored
in intracellular lamellar granules and then released into the intercellular space where it is

56



Maabdites 022,12, 1171

dof25

hydrolyzed by GBA to ceramide, the major lipid component of the epidermal barrier [11].
Alessandrini et al. [12] reported on decreased levels of glucosylceramide-b-glucosidase
(GlcCer'ase) that were observed in the skin of patents with psoriasis vulgaris compared to
normal controls. In addition, lesional psoriatic skin showed an increased level of GlcCer'ase
compared to non-lesional skin in all cases, both at the RNA and at the protein level [12].

3.2. Sphingosme 1-Phosphate (S1P) Involvement in Psoriasis Pathogenesis

Jeon et al. [6] found that S1P is a bicactive substance that regulates cell growth and
differentiation. S1P is an essential regulator of the differentiation and proliferation of hu-
man keratinocytes [6]. Moskot et al. [13] suggested that S1P is responsible for angiogenesis,
[1-17 uprising, Th17 cell development, and T cell migration [13]. Koztowska et al. [2] noted
that S1P is an insulin resistance and obesity marker The concentration of S1P in plasma
is correlated with metabolic syndrome in obesity. Patients suffering from psoriasis have
higher levels of S1P than healthy people. It has been demonstrated that the amount of
S1P in psoriatic patients differs depending on the patient’s weight [2]. Sorokin et al. [14]
discovered that decreased S1P levels may be linked with the keratinocyte hyperprolifer-
ation observed in psoriasis. Oxidized low-density lipoprotein (LDL) has been shown to
be stored in psoriatic lesional skin, along with increased levels of low-density lipopro-
tein receptor-related protein 1 (Lrpl) and the apoB protein The increased lipolysis and
B-oxidation noted in patients suffering from psoriasis might be explained by higher skin
tissue demand in bioactive lipid mediators that are involved in revealing inflammation
processes [14]. Ji et al. [15] found that sphingosine-1-phosphate receptor 1 (S1IPR1) mod-
ulators could mitigate psoriatic symptoms in animal models. A selective S1P1 receptor
agonist (Syl1930), which selectively modulates S1PR1, weakened the thickening of back skin
in a sodium laury| sulphate-induced mouse model of psoriasis and induced other strong
antiproliferative and anti-inflammatory effects, such as the alleviation of acanthosis and
parakeratosis and the thickening of the epidermis, in a propranclol-induced guinea pig
psoriasis model when administered orally [15]. Honget al. [16] showed the influence of a
novel SphK1 activator, K6PC-5, on Ca®* signaling in human keratinocytes, as well as on
epidermal proliferation and differentiation in both murine skin and cultured cells. The
activation of SphK1 by K&6PC-5 was revealed while new substances derived from bioactive
and short-chain pseudoceramides were being developed to promote keratinocyte differen-
tiation; K6PC-5 represents a compound with novel activities not anticipated from its simple
short-chain pseudoceramide structure. Interestingly, these results reveal that K6PC-5 and
S1P have an antiproliferative effect on the epidermis of murine skin [16]. Schusteretal. [17]
suggested that attenuated chemokine (C-C motif) ligand 2 (CCL2) production translates
to a lowered influx of Mps (macrophages) into inflamed tissue. M@s and monocytes take
part in auto-immune diseases such as psoriatic arthritis or MS (multiple sclerosis). Ele-
vated CCL2 production in resident Mgs after activation of S1pr4 (sphingosine-1-phosphate
receptor 4) suggests that S1pr4 acts as an enhancer of the initial inflammatory response,
which fits the observation that S1P levels are often elevated in inflammatory diseases [17].
Setyawan et al. [18] proved that treatment with sphingosine 1-phosphate (S1P) receptor
modulators seemed to be associated with decreased rates of thromboembolic events (TEs)
and had a protective effect on TEs; however, significant proof was only found for ischemic
stroke (IS) [18]. Rujimongkon et al [19] demonstrated that sericin reduced sphingosine-1-
phosphate lyase (SPL) expression in psoriatic skin. This result suggests that the expression
of SPL in response to sericin-treated psoriatic skin decreased immune response and ker-
atinocyte proliferation. SPL plays an enzymatic role and is active in immune responses and
autoimmune diseases. SPL deficiency impaired neutrophil trafficking into inflammatory
tissues. Decreasing SPL expression reduces cell proliferation and induces keratinocyte
differentiation. This proof suggests that SPL is mainly active in the immune response
process and functions in the regulation of cell development [19]. Okura et al. [20] found
that fingolimod is similar in chemical structure to S1P and behaves as an antagonist of
subtypes of S1P receptors, for instance S1P receptors 1, 3, 4, and 5, after phosphorylation by
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sphingosine kinase in vivo. It has been shown that application of fingolimod ameliorated
imiquimod (IMQ)-induced psoriatic dermatitis histologically and clinically. After 6 days,
the mRNA expression level of [L-17A was decreased in the skin of fingolimod-treated
mice. Flow cytometric analyses revealed that fingolimod reduced the percentage and the
number of [L-17 producing T cells infiltrating into the skin, whereas it increased them
in inguinal lymph node-induced psoriasis by hindering IL.-17A-producing T cells from
emigrating from the inguinal lymph nodes to the skin [20]. Interestingly, Shin et al. [21]
proved that HWG-35D functions as a highly selective sphingosine kinase 2 (SK2) inhibitor
and blocks ex vivo Th17-development. Viable use at concentrations as low as 100 nM
suggests that the development and optimization of SK2 inhibitors with drug-like properties
for treatment of psoriasis is warranted. However, erythema was not eradicated with half
dosages of HW(G-35D, though thickness and scaling were significantly reduced. In that
study, SK2 inhibition using HWG-35D reduced suppressor of cytokine signaling (SOCS1)
levels during Th17 polarization. SOCS] is critical in regulating Th17 differentiation by
maintaining signal transducer and activator of transcription 3 (STAT3) and small mothers
against decapentaplegic (Smad) transcriptional activities. Th17 differentiation is markedly
reduced in SOCS1-deficient naive CD4* T cells or in suppressor of cytokine signaling 3
(SOCS3) overexpressed T cells [21]. Bochenska et al. [22] demonstrated in their study that
elevated SPHK1 gene activity in psoriatic lesioned skin can generate excessive synthesis of
sphingosine phosphate 1, which results in the production of tumor necrosis factor alpha
(TNF-x). Consequently, it may activate the nuclear factor kappa light chain enhancer of
activated B cells (NF-xB) pathway or secretion of interleukin 8 (IL-8) [22].

3.3. Phospholipids in the Pathogenesis of Psariasis

Shao et al. [23] showed that the fusion of TNF-a and IL-17A is a strong booster of
phospholipase A2 Group IIF (PLA2G2F), phospholipase A2 group IVD (PLA2G4D), and
phospholipase A2 group IVE (PLA2G4E) expression. Lipidomic analyses showed that phos-
pholipase A2 (PLA2) impacts the mobilization of a phospholipid-eicosanoid pool, which
is altered in psoriatic lesions and functions to boost immune responses in keratinocytes.
Mormeover, overexpression of PLA2G2F (one of the sPLA2s) in a transgenic mouse model
led to the progress of chronic epidermal hyperplasia and hyperkeratosis, similar to what
has been observed in the pathology of psoriasis. PLA2G4D, which is a cPLA2, is raised in
psoriatic mast cells and facilitates CD1a expression, which can be identified by lipid-specific
CDla-reactive T cells that result in the production of I1-22 and IL-17A. Therefore, lipid
metabolism and PLA2 enzymes have a pathogenic role in psoriasis. In psoriasis and pityri-
asis rubra pilaris (PRP) skin, the three PLA2s are mainly visualized in the epidermis, with
small effect on other cell types. Of the three upregulated PLA2s where this was explored,
PLA2G2F was identified in skin homeostasis and is expressed in the suprabasal epidermis,
where it is upregulated during calcium-induced differentiation or stimulation with I1.-22.
It is involved in hyperproliferative epithelial diseases such as psoriasis and skin cancers.
PLA2GAD, a cPLA2, was demonstrated to be expressed in psoriatic mast cells, prompt the
release of exosomes, and contribute to the generation of neolipid skin antigens present in
CD1a-reactive T cells, which contributes to the output of IL-22 and 1L-17A. In addition,
resolvin D1, a docosahexaenoic acid (DHA jderived anti-inflammatory eicosanoid, is low-
ered in psoriatic skin and downregulated by PLA2s, which ensures a protective role in
psoriasis-like dermatitis [23]. Li et al. [24] demonstrated that, in different studies, the levels
of leukotriene D4 and leukotriene E3 in serum were significantly higher in psoriasis patients
than in healthy controls. The general content of chenodeoxy cholic acid in psoriasis v ulgaris
was reduced compared to healthy controls. It is assumed that the scarcity of bile acid might
be involved in the pathogenesis of psoriasis [24]. Farwanah et al. [25] note that the ceramide
amount in the uninvolved skin of atopic dermatitis (AD) and psoriasis patients is reduced
when compared to healthy skin, with the reduction being more emphasized in psoriasis
patients [25]. Moon et al. [26] demonstrated that sphingosine and sphinganine amounts
are significantly elevated in psoriatic epidermis compared to non-lesional epidermis and
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that boosted expression of ceramides is positively linked with the clinical severity of psori-
asis [26]. Interestingly, Luczaj et al. [27] demonstrated that the levels of several species of
different groups of phospholipids, including phosphatidylcholines (PC), phosphatidyli-
nositols (PI), phosphatidy Iserines (PS), and ether-linked phosphoethanolamine (PEo), are
decreased in the keratinocytes of patients suffering from psoriasis. The decrease in PC
content may be due to the increased activity of lecithin-cholesterol acy Itransferase (LCAT),
which carries fatty acids from PC to cholesterol. Different possible mechanisms leading to a
reduction in PC levels may be connected with the movement of acyl chains from PC to SM
that is catalyzed by PC-SM transacylase, which is an enzyme also occurring in keratinocytes.
The process of phospholipid transformation catalyzed by cyclooxygenase and lipoxygenase
results in the generation of D-series prostaglandins and ]-series prostaglandins. These
mediators, through various metabolic pathways, boost apoptosis of keratinocytes. More-
over, reactive oxygen species (ROS)-dependent lipid peroxidation end creates, namely
4-hydroxy-2-onenal (4-HNE) and 4 hydroy hexenal (4HHE), which improve apoptosis
through their commitment in the receptor pathway of apoptosis. Increased ROS production
and reduced antioxidant capacity results in higher lipid peroxidation. Consequently, this
increase may explain the reduction in PS and PI levels noted in keratinocytes of patients
with psoriasis. In that study it was also suggested that the scarcity of Pl species could be
the result of their increased phosphorylation to phosphoinositides by phosphatidylinositol
kinases with elevated activity in the psoriatic epidermis. Furthermore, that analysis shows
that ultraviolet B (UVB) irradiation causes upregulation of PC species, PC plasmalogens
(PCp), and PEo species, all of which are downregulated in non-irradiated psoriatic ker-
atinocytes. One possible explanation for this may be a significant rise in lipid peroxidation
in the keratinocytes of patients suffering from psoriasis, which was recently reported. Treat-
ment of keratinocytes from psoriatic patients with cannabidiols (CBD) leads to successive
significant reductions in the levels of PC, PS, and most PEo species in the continuation
of the pro-apoptotic changes observed in these cells during the development of psoriasis.
These changes are compliant with the increased oxidative stress and inflammation process
in psoriatic keratinocytes treated with CBD. Regardless of the general tendency towards a
reduction in phospholipid levels, the content of PEo molecular species, namely PEo (36:1)
and PEo (4(x4), is considerably elevated in psoriatic keratinocy tes treated with CBD. This
finding indicates that treatment with CBD partially prevents the upregulation of PC, PCp,
and PEo, as seen in keratinocytes of healthy individuals exposed to UVB radiation. How-
ever, treatment of UVB-irradiated psoriatic keratinocy tes with CBD results in a significant
decline in the level of SM. In contrast, the increase in SM observed in psoriatic keratinocytes
not exposed to UV B radiation may suggest the potential role of CBD in increasing epider-
mal water loss. This lack of water can lead to cell death, which is characteristic for psoriatic
keratinocy tes. Therefore, it is suggested that the discovered response of keratinocytes in
psoriasis patients to CBD treatment is more helpful when performed in the absence of UVB
phototherapy. Nevertheless, results of the latest studies on psoriatic patients have proven
that topical treatment with an ointment enriched in CBD greatly improves skin parameters,
symptoms, and the PASI. Psoriatic keratinocytes represent an increase (in negative zeta
potential) compared to control keratinocytes, probably due to changes in the composition
of the membrane of phospholipids. Negative zeta potential indicates translocation of PS to
the outer layer of the membrane. CBD treatment significantly reduced the negative zeta
potential. This result was only noted in keratinocytes from patients with psoriasis. With
UVB irradiation, the negative zeta potential skyrocketed remarkably in comparison to the
control keratinocytes. Control keratinocytes treated with CBD after UVB irradiation were
characterized by substantially reduced negative zeta potential (by up to 27%) compared
to irradiated keratinocytes. Irradiation with UVB caused a decline in the negative zeta
potential of psoriatic keratinocytes (by 25%) compared to the psoriatic group. In contrast,
treatment with CBD after UVB irradiation did not result in a statistically significant al-
teration in negative zeta potential, which contrasts with psoriatic keratinocytes treated
with CBD after UVB exposure [27]. Zenget al. [28] found that lysoglycerophospholipids
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(for example as lysophosphatidic acid (LPA) and lysophosphatidylcholine (LPC)) and
gly cerophospholipid metabolism (including phosphatidic acid (PA), phosphatidyicholine
(PC), and phosphatidylinositol (PI)) were substantially heightened in plasma from patients
with psoriasis. LPC and LPA are the most prominent lysoglycerophospholipids and are
considered to be inflammatory lipids, which take part in several immune-mediated dis-
eases such as atherosclerosis and the autoimmune disease systemic lupus erythematosus
(SLE). In that study, the authors found that LPC was significantly heightened in psoriasis
plasma and that the opposite was seen for PC [28]. Kim et al [29] provided evidence
that lysophosphatidic acid receptor 5 (LPARS) takes part in NOD-like receptor family
pyrin domain containing 3 (NLRP3) inflammasome activation in macrophages of psoriatic
lesions and in keratinocyte activation to output inflammatory oy tokines, which results in
psoriasis pathogenesis. During tests on the effects of ki16425, an LPAR1/3 antagonist, on
IMQ-induced psoriasis-like mice, ki16425 was shown to mitigate IMQ-induced psoriasis-
like symptoms, mostly by inhibiting keratinocyte hyperproliferation. The authors also
found that ki16425 significantly inhibited mRNA expression of inflammatory cytokines
such as TNE-g, [L-6, IL-17, and IL-36y in skin lesions, as well as PASI levels. IL-36y, an
IL-1 family cytokine, is secreted from keratinocy tes stimulated by TNF-a and I1-17 in the
psoriatic epidermis to enable T helper subset polarization and promote self-amplifying
loops. LPA boosted Rho-associated protein kinase 2 (ROCK2) and PI3K/ AKT signaling
pathway-mediated cell cycle transformation and proliferation in keratinocy tes. Ki16425 or
LPAR1 knockdown inhibited these processes and stopped cell proliferation, hence leading
to lower IMQ-induced psoriasis-like symptoms [29]. Pang et al [3)] found that, in a Chinese
community, the fasting serum values for total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and apolipoprotein A-I
(ApoA-I) in a patient group with vulgaris psoriasis were all significantly reduced compared
to those in healthy controls. The levels of fasting serum triglycerides (TG) and apolipopro-
tein B100 (ApoByy) did not show any significant discrepancies between the patient group
and healthy controls. In that study, 86 patients with psoriasis were divided into three
groups based on PASI score: mild (PASI < 12, n = 11), moderate (PASI > 12 and <30, n = 54),
and severe (PASI > 30, n = 21) groups. In the first group, the levels of ApoA-I and HDL-C
were decreased compared to the healthy control group. In the moderate and the severe
group, the values for TC, LDL-C, HDI-C, and ApoA-I were all lower than the healthy
control group. The levels of TG and ApoByy, remained unchanged with disease status
when compared to the healthy control group. Interestingly, comparing the different groups
of psoriasis patients, the levels of HDL-C and ApoA-I varied substantially. Spedifically, the
values for HDL-C and ApoA-I were remarkably lower in the severe group compared to
the moderate group [30]. Ferretti et al. [31] noted higher levels of lipoprotein(a) (Lp(a)) in
the serum of patients with psoriasis compared to control group. Elevated levels of lipid
hydroperoxides and lower paraoxonase 1 (PON1) activity were observed in the serum
of patients in contrast to healthy subjects, confirming that psoriasis is associated with
oxidative stress. The imbalance between oxidative stress and antioxidant enzymes and
the elevation of Lp(a) serum levels were related to the extent and severity of psoriasis.
Finally, outcomes demonstrated that Lp(a) levels were positively correlated with markers
of lipid peroxidation and negatively related to PON1 activity, implying that subjects with
higher levels of Lp(a) are more exposed to oxidative damage [31] Tyrrell et al. [32] revealed
that zic family member 1 (ZIC1) was marked with a probable main regulator of many
genes that are present in the oxidized ceramide pathway. This is made of several enzymes
that directly oxygenate ceramides ALOX12B, ALOXE3, and SDRIC7, as well as down-
stream genes such as TGM1, which encodes the transglutaminase that couples hydrolyzed
omega hydroxy| ceramide to involucrin (IVL) and other comeocyte lipid envelope (CLE)
proteins. Some genes are upregulated in psoriasis, for instance, antimicrobial proteins,
SERPINs, and S100s. Another zinc finger protein, ZNF450, manages to act as a keratinocyte
proliferation regulator, and mutations in ZNF450 were implicated in the development of
psoriasis [32] Yamamoto et al. [33] demonstrated that, in psoriasis and skin cancer, the
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seaeted phospholipase (sPLA-1IF) is upregulated in the thickened epidermis and prompts
epidermal hyperplasia through production of the unique lysophospholipid plasmalogen
lysophosphatidy lethanolamine (P-LPE). Some alterations in Pla2g2 ™/~ skin under normal
conditions were enhanced to examine the impact of Pla2g2¢ scarcity on these skin disorders.
However, neither imiquimod (IMQ)-induced psoriasis nor dinitrofluoroberzene (DNFB)-
induced contact dermatitis were agitated in PlaZg2e/ ~ mice in comparison with Pla2g2e*/*
mice. This was in contrast to Pla2g2f~/~ mice, where ear swelling was significantly amelio-
rated in both models. Moreover, although the level of P-LPE, a main metabolite produced
by sPLA-IIE was selectively reduced in IMQ-treated PlaZg2f ~/~ skin relative to WT mice,

as noted previously, the levels of P-LPE and other lipid metabolites were similar to the
psoriatic skins of Pla2g2¢~/~ and WT mice. Unlike sPLA,-IIF that promotes epidermal
hyperplasia, sPLA;-1IE plays a minimal role in these skin disorders, further emphasiz-
ing the functional segregation of these two sPLA2s in the skin. Furthermore, Pla2g2f /-

mice display attenuated psoriasis with a concomitant reduction in the lysophospholipid
P-LPE, whereas skin edema and lipid profiles in these disease models are barely affected in
Pla2g2e~/~ mice. These differences can be clarified, at least in part, by explicit localizations
of these two sPLA;s in skin niches as well as by their distinct substrate specificities, which
could have different impacts on epidermal homeostasis and diseases. This belief also
contrasts with the worsening of psoriasis and contact dermatitis with lifted Th1/Th17
immune responses in mice missing sPLA;-1ID, a “resolving sPLA;" that is expressed in
dendritic cells and which regulates the functions of immune cells rather than keratinocytes
by producing w3 polyunsaturated fatty acids (PUFA)-derived pro-resolving lipid media-
tors. In contrast to sPLAx-IIE, which selectively gathers P-LPE in psoriatic skin, sPLA,-1IE
appears to mobilize different unsaturated fatty acids and lysophosphatidylethanolamines
(LPEs) in normal skin. Consistent with these in vivo data, sSPLA-IIE unleashes these fatty
acids and LPEs in an in vitro enzyme label using a skin-extracted phospholipid mixtumwe as
a substrate. Given its spatiotemporal localization, it is tempting to speculate that sPLA,-11E
conveys unsaturated fatty acids and LPEs in hair follicles during anagen. It has been
reported that several PUFA metabolites (e.g., prostaglandins) or LPA variably affect hair
growth, quality, and cycling. However, the skin levels of PUFA metabolites and LPA are
not profoundly impacted by Pla2g2e deficiency, indicating that sSPLA-IIE-derived PUFAs
are largely uncoupled from downstream lipid mediators [33]. Gaire et al [34] reported
that suppressing LPA 5 activity with a pharmacological antagonist alleviated imiquimod
(IMQ-induced) psoriasis-like symptoms. It also attenuated macrophage infiltration into
psoriasis lesions. Activation of LPAy signaling was found to upregulate macrophage
NLRP3 expression in psoriasis lesions. Interestingly, in vitro studies revealed that LPA
could activate NLRP3 inflammasome in lipopolysaccharide (LPS)-primed macrophages
through LPAs [34]. Syed et al. [35] described that, in psoriatic skin, a positive combination
of sphingosine kinases (SPHKs) and NLRP3 inflammasome components was noted, with
some of these representing targets of NF-kB signaling. Other NF-xB target genes featured
in mosaic images, both in healthy and psoriatic skin, pointing out that regulation of NLRP3
inflammasome components might involve other signaling pathways than NF-kB alone [35].

Ogawa et al. [35] found decreased expression of the differentiation-specific proteins keratin
1, involucrin, and loricrin in epidermal fatty acid-binding protein (E-FABP)/keratinocytes
relative to E-FABP/ keratinocytes. E-FABP expression was elevated in response to increased
lipid traffic, which is related to abnormal keratinocyte proliferation and differentiation in
psoriasis. It was proven that E-FABP enhances keratinocyte differentiation by boosting the
transcriptional activity of peroxisome proliferator-activated receptors (PPARs) by transport-
ing fatty acids directly to PPARs. Altered fatty acid metabolism and abnormal keratinocyte
differencing in psoriatic skin may be elated to this drastic upregulation of E-FABP expres-
sion in psoriasis. Many saturated fatty acids are less abundant in E-FABP/ keratinocy tes,
which is consistent with a previous report showing that E-FABP preferentially binds to
saturated fatty acids in vitro. This is a remarkable correlation between E-FABP and fatty
acids and the increased expression of E-FABP in psoriasis, and the pathogenesis of psoriasis
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may be influenced by E-FABP activity through the impaired metabolism of fatty acids and
their derivatives [36]. Shou et al. [37] noted the pathogenic role of ferroptosis in sensitizing
Th22/Th17-type oytokines, thereby providing candidate markers of psoriasis aggravation.
Ferroptosis is a non-apoptotic form of programmed cell death, which is associated with the
exertion of damage-associated molecular patterns (DAMPs) and alarmins. The paradigm of
ferroptosis comprises lipid peroxidation accumulation and iron overload. It was suggested
that the induction of ferroptosis, especially lipid peroxidation of psoriatic keratinocytes,
leads to inflammatory responses, which could be rescued by ferroptosis inhibitor Fer-1.
Notably, inhibition of ferroptosis with ferrostatin-1 (Fer-1) is beneficial for the treatment of
psoriasis. Psoriasis is connected with irregularities in lipid metabolism, free radical genera-
tion, and lymphokine production. The levels of nitric oxide, ROS, malondialdehyde (MDA),
and epidermal iron in psoriasis patients were increased, while at the same time the levels
of superoxide dismutase, glutathione peroxidase activity, glutathione peroxidase 4 (GPX4)
expression, and total antioxidant capacity were decreased. These levels correlated with
the severity of the disease. Interestingly, in that study, a significant elevation in Acy-CoA
Synthetase Long Chain Family Member 4 (ACSLA4) and 4-HNE-modified protein levels was
observed, as well as a reduction in GPX4 in psoriatic lesions, which are crucial regulators
in the process of ferroptosis [¥7].

34. Sphingdipids in the Pathogenesis of Psoriasis

Moskot et al. [13] stated that an epidermal barrier in psoriasis is known for amended
sphingolipid levels. In the composition of ceramides in psoriasis, very long chain
(VLC) ceramides and non-hydroxy fatty acid/sphingosine base ceramide CER[NS]
are increased, and ultra-long chain (ULC) ceramides are decreased. In psoriasis, a
common phenomenon is trans epidermal water loss (TEWL) and lower retention capac-
ity, which is due to lower levels of phytosphingosine-carrying ceramides, for instance
on-hydroxy fatty acid/phytosphingosine base ceramide Cer[NF], alpha-hydroxy fatty
acid/ phytosphingosine base ceramide Cer[AP], and acylceramides (acylCer). Decreased
acy ICer reflects hy perproliferation in psoriasis and the permeability barrier, and the reduced
amount of ceramides may generally be reflected by boosted ceramide degradation [13].
Holleran et al. [35] revealed that, in psoriasis, a decrease in ceramide synthases (CERS),
elongases (ELOVLs), very long FAs (longer than C26), ceramides NP, and on-hydroxy
fatty acid /6-hydroxy-sphingosine base NH was observed, although it is worth noting
that ceramides NS with shorter FAs (shorter than C24) are increased. Those changes all
correlated with the abnormal function of the epidermis. It is also proven that ceramide
synthase 3 (CERS3) and ELOV14 are decreased in interferon gamma (IFN-y) stimulated
keratinocytes. Nevertheless, IFN-vy is increased in psoriatic skin and may be related to
epidermal dysfunction. These changes may lead to inflammation, epidermal hyperpla-
sia, and, finally, to the exacerbation of psoriasis. Looking at the inflammatory process
in psoriatic skin, it is worth mentioning that levels of 11-6 and IL-8 are increased, both
of which are typical psoriasis-associated proinflammatory cytokines. This rise is caused
by psoriasis-like HPKs (Human Primary Keratinocytes), and even the psoriasis marker
DEFB4A was also observed to have increased. That definitely shows that keratinocytes
from psoriatic lesions are very similar in their function to psoriasis-like HPKs. In psori-
atic non-lesional skin, decreased mRNA expression of glucosylceramide-B-glucosidase is
observed compared to healthy skin. Interestingly, the mRNA level of this enzyme was
higher in psoriatic plaques than in non-lesional skin. Psoriatic lesions (both active-type
and chronic-type plaques) were characterized by a reduction in prosaposin in comparison
to psoriatic non-lesional skin and healthy skin. Prosaposin, an essential forerunner of
saposin and a nonenzymatic cofactor, is required in the process of sphingolipid hydrolysis
by, for example, B-glucocerebrosidase. The enzymatic transformation of glucosylceramides
to ceramides may be disturbed by reduced levels of prosaposin and saposin in psoriatic
skin [38]. According to Wang et al [39], PsA (psoriasis arthritis) patients had significantly
higher levels of ApoB, TC, and LDL and a higher ApoB/ApoA1 ratio than psoriasis without
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arthritis (PsO) patients [39]. MyS&liwiec et al. [40] observed lower concentrations of fatty
acids in psoriatic patients and in the PsA group. It was noted that ample amounts of
interferon-y were present in psoriatic skin lesions. This decreases the mRNA expression
of elongases of long-chain fatty acids (FA), which is involved in FA metabolism and chain
elongation. This could have led to the observed FA profile in that analysis. Higher per-
centages of saturated fatty acids (SFA) and subdivided into monounsaturated fatty acids
(MUFA) and a lower percentage of polyunsaturated FA (PUFA) in both psoriatic groups
compared to the healthy controls were also observed. It is widely known that SFA have
proinflammatory effects. In contrast, MUFA are believed to have an anti-inflammatory
function. Ficosanoids, which are derived from n-6 PUFA arachidonic acid (prostaglandins
and leukotrienes), can worsen inflammatory processes, and oxylipins generated from n-3
PUFA (resolvins, maresins, protectins) characterize anti-inflammatory features. The noticed
rise in SFA percentage in the PsA group may show a potential connection between PsA
and the increased risk of metabolic comorbidity, as SFA are generally linked to higher
cardiometabolic risk. The significant distinction in FA profile between psoriasis and PsA in
that study was the higher SFA /UFA ratio in the PsA group. It was proven that SFA/UFA
ratio is higher in obese psoriatic patients and in individuals with hypertension. Moreover,
SFA /UFA ratio correlated positively with disease duration. The authors suggested that
the higher SFA /UFA ratio in psoriatic arthritis may indicate a cardiometabolic risk pro-
file in psoriasis and in psoriatic arthritis [40]. Souto-Carneiro et al. [41] found that lipid
B-methylenes, lipid a-methylenes, and lipid polyunsaturated ally lic methylenes express
substantially differently in PsA and seronegative rheumatoid arthritis (negRA) patients,
with all methylenes higher in PsA patients. Lipid B-methylenes and lipid a-methylenes can
mostly be associated with changes in the levels of lipids in the serum. Since they reflect the
lipid B-methylenes and a-methylenes common to most medium and long-chain fatty acids,
the lipid polyunsaturated allylic methylenes reflect polyunsaturated ally lic methylenes
because of the presence of PUFAs, which are known to play a central role in the home-
ostasis of the immune system. PUFAs have been associated with both proinflammatory
(wé&-PUFASs) and anti-inflammatory (w3-PUFAs) capabilities [41]. Gao et al. [42] reported
that, in the early stages of psoriasis, PLA2GAB expression rose due to stress response,
which caused abnormal lipid metabolism. The release of free fatty acids and lysophos-
pholipids can be presented to CD1b through activation of myeloid dendritic cells. This
causes naive CD8p T cells and Th17 to produce inflammatory factors such as [1-17 and
[L-36. The increase in the local concentration of inflammatory factors is involved in lipid
metabolism and immunological dysregulation response, further aggravating inflammation
of the skin lesion site and leading to excessive proliferation of keratinocytes. After using
an siRNA emulsifier (siRNA505 PLA2CG4B liposome emulsifier and betamethasone), the
fluorescence intensity of PLA2G4B decreased significantly, which means that the emulsifier
can penetrate the skin surface to play a key role in that process [42]. Tawada et al. [43]
demonstrated that IFN-y downregulates elongation of very long chain fatty acids protein 1
(ELOVL1) and CERS3, which in tumn lowers the levels of CERs with long-chain fatty acids
in human skin. Additionally, the authors showed that the proportion of CER[NH] with a
total carbon number between 40 and 43 (C40-C43 CER[NH]) was elevated, whereas that
of C47-C50 CER[NH] was decreased in AD and psoriasis patients compared to healthy
controls. The proportion of C44-C46 CER[NH] was decreased only in psoriasis patients.
Similar changes in CER[ADS]/[NP] and CER[AP] levels were observed in psoriasis but
not in AD; the proportion of C38-C43 CER[ADS]/[NP] and C38-C42 CER[AFP] was in-
creased, whereas that of C49-C52 CER[ADS]/[NP] and C45-C48 CER[AP] was decreased.
A significant difference in the proportion of C44-C48 CER[ADS]/[NFP] was also observed
between psoriasis patients and controls. No obvious difference was observed in the pro-
portion profiles of CER[AH]/ [NS] and CER[NDS]/[AS] among psoriasis, AD, and control
groups [43]. Additionally, Utsunomiya et al. [44] showed that acylceramide (acylCer) and
its derivative protein-bound ceramide have an essential role in skin permeability barrier
formation. Modestly reduced levels of some ceramide species, including esterified omega-
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hydroxyacyl-sphingosine (EOS) which is a representative acylceramide, were consistent
with mild skin barrier dysfunction in dermokine (DMKN)-afy-/- mice. Additionally,
the lipid droplets detected in the stratum corneum may be reflecting the defective secre-
tion of lamellar body content. Furthermore, levels of protein-bound 16 ceramide were
also modestly decreased, and this may be associated with the slight fragility of CE in
DMKN-afy- /- mice. These findings suggest that DMKN isoforms are essential regulators
of barrier function and skin inflammation. DMKN-deficient mice may be useful forevalu-
ating disease pathogenesis and preclinical assessment of treatments aimed at specifically
targeting molecular drivers of congenital ichthy osis and psoriasis. Furthermore, recombi-
nant DMKN or a therapeutic strategy to enhance DMKN function may be effective for these
skin disorders [44]. Del Rosso et al. [45] found that an application of a ceramide/ keratoly tic-
containing cream and/or cleanser provided significant patient-perceived benefits within
two weeks in patients dealing with psoriasis. Moisturizers/barrier repair formulations
and keratolytic/desmolytic agents are clinically recognized as valuable topical treatment
agents for psoriasis. Ceramide-containing products offer beneficial effects in improving
barrier function, reducing TEWL, and maintaining SC hydration. In that study, nearly
all patients responded positively to the aesthetic attributes of each formulation (ie, non-
greasy, absorbed quickly and easily) and overall product performance (ie., skin looks and
feels healthier). Additionally, a treatment regimen of twice-daily cream application with
twice-weekly cleanser use appeared to provide additional benefits based on the perceptions
of the study patients. Patients responded positively regarding the use of both products
together, with self-reported improvements in their skin (e.g., improved feel, appearance,
and symptom relief), even in those who experienced psoriatic flares. Further clinical studies
using the ceramide / keratoly tic-containing cream and deanser regimen in combination with
topical therapy in patients with psoriasis would provide dearer insight into the importance
of barrier repair in patients with psoriasis and the potential benefit of this approach in
reducing flares of the disease [45]. Choi et al [46] and Motta et al. [47] noted that the major
change in ceramide composition in psoriasis was associated with a significant drop in the
percentage of phytosphingosine-carrying ceramides (3 and 61) compared to normal stratum
comeum, together with increases in some sphingosine-carrying ceramides (21, 211, and 5I).
Phytosphingosine-carrying ceramides accounted for 25% of total ceramides in the psoriatic
scale versus 4% in normal stratum corneum. In another study, the ceramide fractions and
transepidermal water loss in psoriatic and normal stratum comeum were compared. In all
types of psoriatic scale, ceramide 1, 3, 4, 511, and 6l content was decreased, and ceramide
2, 211, and 5I content was increased. The mean transepidermal water loss value of scaling
psoriatic plaques was 11.5 g/cm?/h, compared to 4.3 g/cm?/h in controls. They also
compared the total content of the three main intercellular lipids in psoriatic scales and
normal human stratum corneum. The molar ratio of free fatty acid/cholesterol/ ceramide
in normal human stratum corneum was 41:1.3:1 compared with 2.21.3:1 in psoriatic scales.
The relative free fatty acid content was much lower in psoriatic scales compared to normal
human stratum corneum, while ceramide and cholesterol content was slightly increased
in psoriatic scales compared to normal human stratum corneum. These investigators also
identified a change in sphingomyelinase expression in psoriatic skin stratum comeum. In
psoriatic lesional skin, immune localization of sphingomyelinase was definitively lowered
in the stratum comeum. Taken together, these findings suggest that, in patients with psori-
asis, a decrease in prosaposin and sphingomyelinase might lead to a decrease in ceramide
1 and other ceramides, as has been observed in psoriatic plaques [46,47]. Cho et al [45]
mention that the level of Cer [NP] and the Cer [NFP]/[NS] ratio are higher in the Striatum
corneum (SC) compared to keratinocytes (KCs) in normal human skin and that Cer [NP] is
the most abundant Cer subclass in the SC, while Cer [NS] is the most abundant Cer subclass
in KCs. Ceramides bearing the moieties of amide-linked non-hydroxy acid, o-hydroxy
acid, or w-hydroxy acid and ester-linked fatty acids on sphingosine provide the driving
force for lamellar assembly, and these structural moieties are thought to be important in
maintaining the structural integrity of the epidermal barrier against water loss through the
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skin. Assessment of the lesional epidermis of psoriasis patients revealed no alteration in
the levels of linoleic acid (LA) or other fatty acids compared to the non-lesional epidermis
of the same patients. In addition, no relationship was observed between the levels of fatty
acids and the PASI score in mild to moderate psoriasis. On the other hand, the level of
ceramide synthesis was significantly reduced in the lesional epidermis of patients. These
results are in concordance with the results of earlier studies in which decreases in the levels
of ceramides, specifically ceramide 1, 4, and 5, have been shown to be associated with
increased transepidermal water loss in the psoriatic epidermis. Furthermore, a positive cor-
relation between the percentage reduction in ceramide synthesis in the lesional epidermis
and clinical severity was demonstrated in that study [48]. Tessema et al. [49] reported that
lecithin-based microemulsions (MEs) were observed to have boosted the penetration of oat
CERs in vitro and ex vivo. Moreover, the starch-based nanoparticles (NPs) sustained the
wrelease of oat CERs. In both in vitro as well as ex vivo observations, cat CERs from ME gel
have shown better degrees of penetration compared to the NP gel. The gel formulations,
in general, have shown PhytoCERs targeting into the SC. Therefore, they can be used
when localizing the CERs in upper epidermal stratums. To sum up, this analysis gave
an insight into the skin permeation profile of cat CERs, which is essential for showing
their best use in improving the barrier of affected skin [49]. Egger et al. [50] highlight
that caveolae and caveolin-1 (Cav1) are known to be involved in endocytosis. They are
flask-shaped invaginations of the cell membrane rich in cholesterol and sphingomyelin.
Moreover, Cav1 is extremely stable at the cellular membrane, and only some Cav1 rich
vesicles actually become internalized. Cav1 can stabilize cellular membranes and slow
down membrane invagination, budding, and vesicle internalization. Cavl participates in
inhibiting keratinocyte differentiation and raises intriguing possibilities for targeting Cav1
in cutaneous disorders manifested by abnormal differentiation and proliferation, such as
psoriasis and hy pertrophic scarring. Interestingly, Cav1 also locates itself on melanocytes
and its expression can be induced by UV exposure, where it leads to changes in cell mor-
phology and increased melanin transfer and skin pigmentation as a result of changes in
cAMP production. Soon after, evidence began to emernge demonstrating the connection be-
tween downregulated Cav1 and excessive epidermal hyperplasia that is classically seen in
psoriasis. Histological analyses of psoriatic skin lesions demonstrated lowered expression
of Cav1 compared to unaffected skin. Additionally, one study found markedly decreased
expression of Cavl in different ty pes of psoriasis, including psoriasis vulgaris, localized
pustular psoriasis (PP), and erythrodermic psoriasis, with psoriasis vulgaris having the
most significant downregulation of Cavl expression compared to the other two types.
There was a significant reduction in Cav1 expression in lesional skin compared to non-
lesional skin [50]. Geilen et al. [51] revealed that hydrolysis of approximately 25% of total
cellular sphingomyelin was observed after 1a,25-dihydroxyvitamin D treatment, and than
SM levels came back to control levels. Similar results were obtained regarding primary
keratinocytes. The amount of hydrolyzed SM and the time course for SM hydrolysis
are in accordance with results obtained in the leukemic cell line (HL-60). TNFa, another
wellkknown inducer of the SM cycle, also activated SM hydrolysis in keratinocytes and
immortalized human keratinocyte cell line (HaCaT) cells. We provide evidence that the SM
cycle, a signaling pathway originally described in H1-60 cells, is also found in the immortal-
ized human keratinocyte cell line (HaCaT) and in human keratinocytes. In addition to the
known inducers of SM hydrolysis, 1a,25-dihydroxyvitamin D) and TNF-« both responded
to the antiproliferative, synthetic vitamin D analog calcipotriol. Interestingly, acetylsph-
ingosine, which is a short-chain ceramide similar to the naturally occurring breakdown
product of SM hydrolysis, mimicked the effects of calcipotriol and |,25-dihydroxyvitamin
D on cell proliferation [51]. Zhang et al. [52] reported that glucose transporter 1 (GLUT1)
was also essential for proliferation in human keratinocytes in vitro, indicating that psoriatic
lesions have bigger requirements for glucose uptake and metabolism, as evidenced by
increased Glut1 expression and PET scans. Confirmation that glycosylated ceramides and
UDP-glucose are essential intermediates for epidermal ceramide maturation, lamellar body
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formation, and stratum corneum development has been shown in analyses of epidermal
lipids conducted in previous reports. Interestingly, liquid chromatography-mass spectrom-
etry and liquid chromatography-tandem mass spectrometry (LC-MS/MS) revealed that
the epidermis of K14.Gluf] mice demonstrated normal levels of phospholipids, lower levels
of free ceramides and sphingoidbases, and increased levels of sphingomyelins. Moreover,
while hexosylceramide levels were much lower in keratinocytes from K14.Glut] mice, they
were not significantly decreased in the epidermis of K14.Glut 1 neonatal mice compared to
WT. Specifically, glycosylated ceramides have been essential for the proper formation of an
intact stratum corneum, as the deletion of glucosylceramide synthase (Ugcg) results in a
disruption of normal ceramide metabolism, aberrant stratum corneum development, and
perinatal lethality. Despite defects in hexosyloeramide synthesis in vitro, it was proven that
the skin barrier was intact, indicating that the epidermis is able to maintain sufficient levels
of ceramides for the maturation of epidermal ceramides even in the absence of Glut1 [52].
Li et al. [53], in their results of a multicenter evaluator-blinded randomized controlled trial
(RCT), demonstrated the superiority of the linoleic acid-ceramide-containing moisturizer
(LA-Cer) in continuous improvement of PASI 50 response after topical glucocorticoid (GC)
use over the control group. Interestingly, the topical linoleic acid-ceramide moisturizer
(LA-Cer) prevented relapses and adverse events (AEs) after the end of corticotherapy [53].
Liu et al. [54] demonstrated that both PC and PS were lowered in the IMQ-induced groups
but upregulated by (R)-salbutamol treatment, which indicates that (R}-salbutamol conferred
anti-psoriatic effects by modulating the metabolism of glycerophospholipids. In previous
articles, the importance of sphingolipids in innate immunity regulation was shown, es-
pecially in T cell differentiation and programming. In that study, it was discovered that
(R}-salbutamol acted against IMQ-induced psoriasis by regulating the Th17/Treg axis. The
metabolomics results suggest that the regulation of Th17/Tregs by (R)-salbutamol may par-
ticipate in sphingolipid metabolism. The biomarkers which were identified in this article,
either in IMQ-induced mouse psoriasis or after (R)-salbutamol treatment, could be useful
in identifying pathways and mechanisms mediating the pathogenesis of psoriasis [54].
Simoni et al. [55] reported that psoriasis coexists with invariant natural killer T (iNK T)
cell activation. Additionally, the disease is characterized by elevated CD1d expression in
psoriatic lesions. Interestingly, CD4™ iNK T cells infiltrate lesions in psoriasis and might
be pathogenic. This suggests that protection or worsening of autoimmune diseases by
iNK T cells may be due to disequilibrium between the different subsets. Microbial infec-
tions enhance the expression of glucosylceramide synthase, leading to the synthesis of
B-glhucosylceramide (B-GlcCer). Moreover, this self-glycolipid presented by CD1d acti-
vates iNK T cells and promotes their proliferation. iNK T cell function may be activated
by boosting the expression of glucosylceramide synthase that increases presentation of
self-glycolipids, which are able to activate INK T cells [55]. Breiden et al [56] note that the
final step of triacylglycenide biosynthesis is the acylation of diacylglyceride by acyl-CoA
into diacy lglycerol acyltransferase 2 (DGAT 2). This is decreased in human skin affected
with psoriasis. DGAT 2 shortages in mice lead to disturbed barrier function with increased
transepidermal water loss due to drastically reduced total linoleic acid and acylceramide
content [56]. Hong et al. [57] measured the expression of SPT and ceramidase in both
psoriatic epidermis and non-lesional epidermis. It was concluded that SPT levels were
significantly decreased in psoriatic skin. However, the levels of ceramidase showed no
significant difference between psoriatic epidermis and non-lesional epidermis. The rela-
tionship between PASI score and decreased levels of SPT was also described to highlight
the role of decreased SPT in the severity of psoriasis. The link between the percentage
reduction in the ratio of SPT/tubulin in the lesional epidermis and the PASI scores showed
a significantly negative cormelation. Looking at those results, lowered levels of ceramide in
psoriatic skin are responsible for decreased levels of SPT in psoriatic skin lesions, and their
levels of reduction are highly related to the clinical severity of psoriasis [57].
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3.5. Sphingdlipids in Psoriasis and Obesity and Metabolic Syndrome

Kozlowska et al. [2] reported that lignoceric ceramide (C24:0) and palmitoleic ce-
ramide (C16:1) were inversely correlated with the severity of psoriasis measured by PASI
in overweight patients. Lignoceric ceramide is a key factor in maintaining the right epi-
dermal barrier The negative correlation between C24:0 and inflammatory markers is
well known. Ceramide C24:0 inhibits inflammation and the transformation of insulin
resistance and maintains the proper homeostasis of the liver. Nervonic ceramide (C24:1)
positively correlates with PAS with normal body weight. C24:1 is an inflammatory marker
and possesses a prognostic value in predicting the course of psoriasis. There is a positive
connection between C24:1 and CRP in both normal weight and obese patients. Ceramide
(C24:1 is regarded as a protective and anti-inflammatory substance. C24:1 metabolism
disturbances may lead to diabetes complications. There was a noticeable decrease in the
level of C24:1 in type 1 diabetes, w hich increased after insulin treatment In patients with
normal weight, an inverse correlation between eicosapentaenoic ceramide (C2(:5) and
PASI occurs. The amount of ceramides may be altered under eicosapentaenoic acid (EPA)
and DHA supplementation [2]. Koziowska et al. [58] reported that the highest level of
S1P was found among normal weight psoriatic patients in comparison to obese psoriatic
patients, with an assumption that higher S1P cell uptake exists in obese patients and may
lead to reduced insulin sensitivity. Additionally, they reported that there is a well-known
connection between metabolic disturbances and Cer profile. In patients with obesity and
comorbidities such as type 2 diabetes mellitus (T2DM), an elevated level of ceramides
and its subspecies was observed compared to healthy patients. During gastric bypass,
lowered plasma levels of C14:0, C16:0, C2(:0, and C24:0 in those patients were also ob-
served. The reduction in C24:0 was linked with increased insulin sensitivity and weight
reduction. In young obese adults, a positive link between y-glutamyl transpeptidase and
C24 was observed. The levels of C14:0, C16:0, C22:0, and C24:0 were elevated in prediabetic
and diabetic nonhuman primates, and the levels of these ceramides correlate with the
homeostasis model assessment of insulin resistance (HOMA-R). In conclusion, C24:0 and
C14:0 possess a great influence on creating metabolic disturbances, including for patients
suffering from psoriasis [58]. Majumdar et al. [59] report that the level of S1P in plasma
may be nstable in the insulin-resistant state. High levels of glucose induce sphingosine
kinase (Sphk) in vascular endothelial cells in vitro, which generates S1P that subsequently
activates vascular endothelial cell growth. It has been proven that a balance between S1P
and sphingolipid metabolites is related to cell death and survival, which may lead to the
conclusion that those metabolites function as moderators/ regulators of insulin resistance
and atherogenesis associated with the chronic inflammatory state of obesity [59].

3.6. Sphingdlipids in Psoriasis and Liver [Xseases

Koziowska et al. [58] report that C14:0 and C24:0 ceramides are involved in the
pathogenesis of liver disease. The level of ceramides correlates directly with alanine
aminotransferase (ALT) concentration. Myristic ceramide (C14:0) possesses the strongest
correlation, which was observed in relation to ALT level. C14:0is widely considered as a
novel biomarker of hepatosteatosis, independent of obesity. Under those circumstances,
the high level of C14:0 recorded in patients suffering from psoriasis may be related to liver
disease, and it can inform us about progressing or incoming liver disease. Interestingly,
it was observed that total serum Cer concentration in patients with psoriasis did not
correlate with the ALT level in serum. The serum concentration of myristic ceramide
(C14:0) and sphingosine-1-phosphate was higher in patients with high-level ALT than
in healthy controls. The serum concentration of lignoceric ceramide (C24:0) correlates
positively with the ALT level. To sum up, patients dealing with psoriasis are susceptible to
the evolution and transformation of liver disease. Altering levels of ceramides in patient
serum with psoriasis may indicate the triggering liver disease [58].
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37. Sphingdipids in Psoriasis and Heart Disease

Hadas et al. [60] revealed that increased ceramide levels in heart tissues during acute
myocardial infarction (MI) were associated with higher cell death rates in the left ventricle
(LV) and deteriorated cardiac function. Ceramidase, the enzyme which hydrolyzes pro-
apoptotic ceramide, generates sphingosine, which is phosphorylated by Sphk to create
the pro-survival molecule S1P. It is believed that acid ceramidase (AC) overexpression
can alleviate the negative effects of elevated ceramide and promote cell survival, thereby
providing cardioprotection after myocardial infarction. High amounts of ceramides in
plasma concentrations is associated with a higher probability of MI recurrence and death.
High cellular ceramide levels may trigger programmed cell death. It is widely known that
ceramide levels are high in the heart tissues of rodents and humans during acute MI, and
that blocking de novo ceramide synthesis in rodents can improve heart function post ML
Moderate concentrations of ceramidase and sphingosine kinase inhibitors were not toxic to
nrCMs (neonatal rat cardiomiocytes) under normal culture conditions. However, incubat-
ing nrCM cells with a higher or lower concentrations of the two inhibitors together induced
cell death. Restraining these enzymes may have caused ceramide and/or sphingosine to
rise to toxic levels. A combination of hypoxia and enzyme inhibition may boost the rate of
pro-apoptotic sphingolipid accumulation and cell death. Restraining AC activity in mouse
hearts led to elevated cardiac cell death 24 h post ML Those results show that AC activity is
an essential cardioprotective element in ischemic heart disease, enhances heart function
post M, and moderately diminishes the infarct area and inflammation levels following
myocardial injury. Inhibiting AC after an Ml episode significantly decreases survival, sug-
gesting AC's active role is vital to mouse survival post ML S1P receptor 2 (S1pr2) or Sphk2
overexpression did not significantly diminish cardiac cell death either in vitro or in vivo.
Sphk1 is, thus, effective for preventing apoptotic death but is not redundant in relation to
Sphk2 for this function. Sphk1 interacts with TNF receptor-associated factor 2 (TRAF2).
and this mutual interaction tends to trigger TRAF2's anti-apoptotic activity. Our pathway
analysis for sphingolipid signal transduction revealed upregulated TRAF2 post ML It has
been recently proven that TRAF2 possesses a cardioprotective role [60]. Poss et al. [61]
note that the best-characterized ceramide score is CERT1, though most of the ceramide
species contained within CERT1 werwe predictive of CAD. Cer (18:1/24:0) is a good marker
of CAD [61]. Kovilakath et al. [62] highlight that S1P signaling components such as S1PR1,
sphingosine 1-phosphate receptor 2 (S1PR2), and sphingolipid transporter 2 (SPNS2) are
important for cardiomyocyte development and myocardial precursor migration to the
ventral midline of the embryo, where they migrate into the primitive heart tube. Proper
concentrations of S1P must be maintained for correct development of cardiac valve precur-
sors. Initial studies, including our own, have shown that inhibition of overall sphingolipid
biosynthesis prevented cardiac lipotoxicity, suggesting that merely reducing ceramides
in the lipotoxic heart may be a “silver bullet”. A cardiomyocyte-specific serine palmitoyl-
transferase long-chain base subunit 2 (SPTLC2) null mouse model showed an exacerbated
cardiac phenotype. In addition to ceramides, however, alterations in dihydroceramides,
ceramide-1-phopshates, sphingomyelins, and glycosphingolipids likely play disparate
roles in cardiac pathology. Long-chain ceramides and very long-chain ceramides and
sphingomyelins are associated with severe cardiac complications. Ceramide (d18:1/16:0),
(d18:1/18:0), and (d18:1/24:1) levels were associated with major adverse CVD events.
Ceramide (d18:1/22:0) was not associated. There was an increased plasma concentration of
C16:0 and C18:0 ceramides in participants with heart failure with preserved ejection fraction
(HFpEF). Levels of ceramides and sphingomyelins with a 16-carbon acyl chain length were
directly associated with higher risks of mortality from CVD. In contrast, it was observed
that levels of ceramides with a 22- or 24-carbon acyl chain length and SM with a 20-, 22-,
or 24-carbon acyl chain were associated with lower risks of CVD mortality. While these
biomarkers and diagnostic indicators represent advances in identifying and diagnosing
CVD, there exists a distinction between long chain (ie., C16-C18) and very long chain
(i.e, C20-C24) ceramides, which are generated by different ceramide synthase isoforms
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(CERS1/5/6 vs. Cer52/4, respectively). Generally, a lot of circulating lipids are created
in the liver, a detailed study of which demonstrates that circulating ceramides but not
sphingomyelins come from the endothelium of blood vessels. Endothelia are functionally
abnormal in CVDs, which may lead to the plasma sphingolipid profile reported in heart
failure [62]. Altekin et al. [63] mention that chronic skin inflammation in patients suffering
from psoriasis may lead to atherosclerosis. Interestingly, it was shown that pulse wave
velocity (PWV) and the average and maximum carotid intima media thickness (CIMT)
values of psoriasis patients were higher than in the healthy group [63]. Shao et al. [23]
demonstrated that the ApoB/ ApoA1 ratio is a strong and new risk factor for cardiovas-
cular disease (CVD). Data from Indian patients with acute myocardial infarction (AMI)
showed that the ApoB/ ApoA1 ratio was a better indicator of CAD risk than other lipid
ratios, including the TC/HDL-C and LDL/HDL-C ratios. Furthermore, the ApoB/ ApoAl
ratio was associated with femoral artery atherosclerosis [23] [lanbey et al. [64] note that
chitotriosidase (ChT) activity was found to be higher in patients with hy pertension than in
those with other comorbidities, such as psoriatic arthritis, diabetes mellitus, or hypothy-
roidism. The higher activity of ChT in hy pertension suggests that macrophages may play a
greater role in the pathogenesis of hypertension. ChT is an enzyme excreted by activated
macrophages and neutrophils as a response to proinflammatory signals [64]. Lasaetal [65]
found twenty-two studies that assessed bradycardia in 9047 patients exposed to an S1P
modulator. Selective 51P1 modulators showed a substantially increased risk of bradycardia.
Additionally, seventeen studies assessed the atrioventricular (AV) block in 7662 patients
exposed to an S1P modulator (fingolimod, ozanimod, siponimod, ponesimod, amiselimod,
etrasimod) [65].

The basic characteristics of the original papers in relation to the researched topic are
summarized in Tables 1-7 below.

Table L Summary of the studies on the role of ceramides in the pathogenesis of psoriasis

Author Year Population Key Observation
Ceramides—An Overview
Ceramides can be produced via the catabolism of
sphingomyelin and glycosphingolipids, as well as
Hannun et al [1] 2018 Mammalian cells via de novo biosy nthesis starting from the formation
of sphingoid bases and their
subse quent N-acylation.

A significantly higher percentage of MUFA and a

al- 55 patients with active Plagae 1o ver percent of PUFA was demonstrated in both

s , A .
Mystviestal: 1) 2085 P""“’:‘Zﬁ(l";’;? z uy: x e groups of psoriatic patients (with and without
obesity) compared to the healthy control subjects.
i , e Decreased levels of ceramides have been m:ported in
Lew et al. [9] 2006 B eIy panimis; Sanan skin conditions involving dryness and barrier

19to 33 years fisruption, such as psoriasi

Stratum corneum tape-stripping:

nl = 16, healthy control subjects; The level of Cer [NP] and the Cer [NP]/ [NS] ratio

Yokose et al [10] 2020 n2 = 10, PSO patients; 3 = 8, Cer am lﬁghermlheSCcumqudw KCs in normal
profiles of AD patients Nasa s,
Keratinocy tes; epidermal growth e : : o o
factog, bovine pituitary extract; 5 RAmhxbxbkcralmocyh‘ dxffdenhatmnmd lipid
Lee etal [11] 2009 g of total RNA metabolism associated with the formation of
antibiotic-antimycotic epidermal barfier function.
-5 male subjects with psoriasis  The mRNA expression of GlcCer'ase is decreased in
Alessandriniet al [12] 2004 vulgaris; skin biopsies from psoriatic epidermis; its level is higher in lesional
lesional and non-lesional skin compared with non-lesional psoriatic skin.

Abbreviatiorr Cer—ceramides, RA—metinoids; CPE—ceramide phosphoethanolamine; GE—Gentiana lutea
extract; ELOVL—elongase; nl—healthy group; n, n2, n3—study group.
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Table 2 Summary of the studses on sphingosine 1-phosphate (S1P) involvement in the pathogenesis
of psoriasis,

Author Year Population Key Observation

Sphingosine 1-phosphate (S1P) Involvement in Human Diseases

The S1P concentration was higher in psoriatic patients
nl- 32 healthy controls; n2- 85 with normal body weight and those overweight than

Koztowska et al. [2] 2019 patients with active in the control group. In psoriatic patients with normal

plaque-ty pe psoriasis. body weight, nervonic eeramide (C24:1) cornelated

with PASL
_ HEKn cells. SIPis aasocia.ted wi?h u\hxbxbun uf.oe_ll pt.diferatim
Jeon et al. [6] 2020 Fig IR and induction of differentiation in
s ] human keratinocytes.
S1P is responsible for angiogenesis, IL-17 uprising,
Moskotet al. [13] 2018 NPC1 mice. SPT-cKO mice. Th17 cell development, T cell migration,
and angiogenesis.

Decneased sphingosine-1-phosphate levels developed

& > X 2 9 OGO & FPpLTTow & 2 o ‘ ity

Sorokin et al. [14] 2018 nl- 30 healthy controls. n2- 680 by excessive sphingosine-1-phosphate lyase activity,

psoriasis patients. which may be associated with the keratinocyte

hyperproliferation seen in psoriasis.

Ji et al [15]

n2- Female KM mice, 6-8
2018 weeks old; n3- Female

guined pigs.

Sy 1930, which selectively modulates SIPR],
ameliorates acanthosis and parakeratosis.

Hoagetal. [16]

N S SphK1 activ ator K6PC-5 mfluences CaZ signaling in
2009 % Ad:l_; .f;mahl h::.‘:‘s? — human keratinocytes as well as epidermal
b & diffe pentiation and proliferation.

Schusteret al. [17]

= Mice wen euthanized and

2 % g
2020 i Sos hacyested afier Attenuated CCL2 production translates to reduced

mfiltration of M@s into the inflame d tissue.

24, or 72 h for further analysis.
nl- 182,431 patients, IMD £ 2l . : A ot
Setyawan et al. [18] 2021 cobinitnd: 180431 parients,  Prungosine L-phosphale seceptos modulatocs weoe
s TMADY kA associated with decreased rates of TEs.
=5 n2 = — p
Ruimongkonetal [19] 2021 =026 SAN M goriiin reduced SPLexprussion in peoriatic skin
- murine. Psoriasiform Administration of fingolimod ame liorated
Okura et al [20] 2021 dermatitis was induced by IMQ-induced psoriatic de rmatitis clinically and
imigquimod application histologacally.
. A ’ - Eight-week-old male HWG-35D significantly reduced thickness and scaling
Shin et al [21] 2020 C57BL./6 mice. in patients with psoriasis.
Increased SPHK1 gene activity m psoriatic lesions,
Bochenska etal [22] 2019 HaCaT cell line. mesulting in the production of tumor necrosis

factor alpha.

Abbreviations: NKT—natural killer T cells; IMD—immume-mediated diseases; HEKn—human neonatal epidermal
keratinocyte; SPT-cKO mice—serine palmitoyitransierase-conditional knockout; NPCl—Niemann—Pick discase
type C; nl—healthy group; n, n2, n3, nd, nS—study groups.

Table 3. Summary of the studies on phospholipid metabolism in psoriasis.

Author

Year Population Key Observation

Phospholipid Metabolism in Psoriasis

Shao et al [23]

Combination of TNF-« and IL-17A is a strong nduwcer
of PLA2G2F, PLA2GAD, and PLA2GAE expression,
and these PLA2s play a major role in the
proinflammatory effects of [L-17A and TNF-« on
the epidermis.

nl=3:n2=22 PP;
n3 =13 PRP
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Table 3. Cont.

Author

Year

Population

Key Observation

Phospholipid Metabolism in Psoriasis

nl-75 healthy volunteers;

Chenodeoxycholic acid in psoriasis vulgaris was
lower than in healthy controls; leukotriene D4 and

SR 2 e ety Llukotriene E3 in sefum were significantly higher in
e mmre psofiasis patients.
x U = e The ceramide amount in the uninvolved skin of atopic
S e a8 i Al 7 patentss 2 7RO gormatiis (153 + 40 ug/em?) and psociasis (11.4 +
sarad = e with PPP 3.5 ug/em®) patients is reduced when compared to
healthy skin (16.2 + 3.5 pg/cm?).
s e The sphingosine and sphinganine amounts ane
Moon et al. [26] 2013 el comerisise significantly elevated in psoriatic epide rmis compared
P 5 to non-lesional epidermis
A6 haticaia 12 € The levels of several speces of different classes of
bLuczajet al. [27] 2020 , e G S phospholipids, including PC, P1, PS, and PEo, are
prodasts valgans peduced in the keratinocy ks of patients with psofiasis.
S — nl- 45 patients; n2- LPA and PA are dramatically increased in psoriasis
Sag o 45, psoriasis patients compared to healthy controls.
Six-week-old male Balb/c
miace; nl- mace; n2- mice, IMQ- LPA induced ROCK2 and PI3K/AKT signaling
Kim D. et al [29] 2021 vehicle-treated group; n3- pathway-mediated cell oy cle transformation and
ey mm Il.\:.(‘} proliferation in keratinocytes
rated group
The fasting serum values of TC, HDL-C, LDL-C, and
ApoA-l for the patient group were all significantly
Pang et al. [20] 2015 nl- 84 patients; n2- 86 patients lower than these in healthy controls. The levels of
St % with psoriasis fasting serum TG and ApoByg did not show any
significant difference between the patient group and
healthy controls.
Higher kevels of lipid hydroperoxides and lower
Fermtti et al. [31] 2012 nl- 25 patients; n2- 23 patients  PON1 activity were observed in the serum of patients,
§ = with psoriasis Higher levels of Lp(a) in the serum of patients with
psoriasis compared with controls,
" e nl- 5 patients; n2- 9 patients ZIC1 may play a central role in upregulating their
grelletal 22 201 i pakiads bt 4 piociatn
n- Male BALB/ ¢ mice, 6 Suppressing LPAy activity with a pharmacological
Gaine et al [34] 2020 weeks old, Orient Bio, antagonist alleviated IMQ-induced
Gyeonggi-do, Korea psoriasis-like symptoms.
M 3 z In psoniasis and skin cancer, sPLA2-IIF is upregulated
Yamamoto et al. [33] 2016 e MS}B‘:EE_/ ‘l:“kb‘f’)“’“" in the thickened e pidermis and promotes epidermal
i hyperplasia through production of the unique P-LPE
o M : h Disect involvement of SPHKSs in macrophage NLRP3
Sved etal [35 2020 ST - ‘fri ; inflammasome activation provides a rationale for
pederal 125 N ‘::eu:l;)hcy d:m:: therapeutic targeting of these kinases in cancer
y and mflammation.
E-FABP affects keratinocyte differentiation, which
Ogawa et al. [36] 2011 - E-FABP-/- mice suggests that E-FABP may have a role in the
pathogenesis of psofiasis,
nl- 10 patients; n2- § patients A AR G e
Sl - Yy with psoriasis; n3- female n;;: Pt “_’k o‘ futecy =2 D < ,
hou et al. [37] 2021 BALB/c-Mice at 6-8 weeks Th22/Th17-ty pe cytokines was described, theneby
of age providing candidate markers of psoriasis aggravation.
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Table 3. Cont.

Author

Year

Population

Key Observation

Phospholipid Metabolism in Psoriasis

Utsunomiyaet al. [44]

2020

n2- DMKN-By-/-mice; n3-
DMKN-afy-/- mice

Modestly neduced levels of some ceramide species,
mcluding EOS (a representative acylCer), wene
consistent with mild skin barrier dysfunction in
DMKN-fy-/- mice.

Abbreviations:  IMQ-Ki—IMQ with kil6d25-treated group; FMQ-\Eh—[MO with vehicke-treaed group;
nl—healthy group; n, n2, nj, nd, n5—study groups.

Table 4 Summary of the studies on sphingolipid metabolism in psoriasis.

Author Year Population Key Observation
Psoriasis
S1P concentration was higher in psoriatic patients
B PO re T - with normal body weight and those overweight than
Kozhowska et al. [2] ang M Ipatients; ik 88 paBents s the control group. In psoriatic patients with normal
s i body weight, nervonic eeramide (C241) corelated
with PASL
The results showed higher levels of CER[NS],
3 e o CER[NP], CER[AS], CER[ADS], CER[AP], and
Luczaj et al. [3] 2020 = 6&“‘”“‘.’&‘.‘? D petia. CER[EOS] in the keratinocytes of patients with
with psoriasis vulgans oo g .
psoriasis, while the CER[NDS] level was lowered
compared to the control samples.
i S1P is responsible for angiogenesis, [L-17 uprising,
/X :
Moskatetal [17] 2018 ek, Th17 cell development, T cell migration,
~KO mice and angiogenesi
The amount of ceramides in the human epidermis is
controlled by a stability in the activity of ceramide
generating erwymes (for instance
Choet al. [45] 2004 - 10 patients with £-glucocerebrosidase, serine palmatoy | transferase,
) a3 plaque-type psoriasis sphingomyelinase) and the degradative enzyme (for
example ceramidase). Ceramides in the stratum
comeum are originally descended from
sphingomyelin and B-glucosylceramides.
Mammalian skin; The enzymatic transformation of glucosyleeramides to
Holleran et al [35] 2016 FAN-deficient mice; ceramides may be disturbed by reduced levels of
prosaposin-deficient mice prosaposin and saposin in psoriatic skin.
nl- 32 healthy patients; n2- 32 Ceramides with chain lengths of 16-24 wen higher in
’ » patents with mild psoriasis;  seven patients with psoriasis. Circulating levels of the
ERE dral o n3- 32 patients with Cragceramide were significantly decreased in severe
sevefe psofiasis psoriasis and treatment festored levels to normaley.
. n- 20 BALB/C male mice A successful knockdown of the PLA2GAB gene by
O — (8 weeks old) siRNA-505 candidates.
RIS Chenodeoxycholic acid in psoriasis vulgaris was
Lietal [24] 2017 2 h“l:!‘) gam'.-:u\:.s, 02-75  Jower than in healthy controls; leukotriene D4 and
e 2 EN T leukotriene E3 in s rum were significantly higher in
E 5 psonasis patients,
: : Lipid g-methylenes and lipid c-methylenes can
. ’ vy . 2,
Souto-Cameitoetal [41] 2020 e ”,\gf'?‘i"fn‘;’,‘['f‘mf: BRA;  mostly be associated with changes in the levels of
= lipids i the serum
Shouet al. [37] 2021 B'xtém‘::al. ';'_éc‘:;‘:s Th22/Th17-ty pe cytokines was described, thereby
providing candidate marke s of psoriasis aggravation.
of age 5 4]
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Table &4 Cont.

Author

Year

Population

Key Observation

Psoriasis

nl- 32 healthy patients; n2- 54

An abnormal FA profile with a higher SFA/UFA ratio
in PsA compared to psoriasis without arthritis; lower

P . M4 active plaque-type psoriasis; : : 58 :
Mysliwiec et al [40] 2019 123~ 40 without PsA: n2b- 14 cm:;lg;:!;m'\ of PUFA and lul.,hel:cmntrahLm of
ith PsA ! in psoriasis and PsA compared to
b healthy control.
; ; In this study, application of a
: = 33 with a history of . : R
Del Rosso et al. [45] 2017 21 Lials oenstan ceramide/ ke ratoly tic-containing cream showed
mild-to-moderale poociasis (. fits within two weeks in patients with paociasis.
Comparison of the lipid A major alteration to e ramide composition in
: structure of the skin in atopic psofiasis was associated with a significant
2
Chat stel: 9] o dermatitis, psoriasis, and decnease in the percentage of
healthy controls phytosphingosine-carrying ceramides.
The level of ceramide synthesis is significantly
_ x R reduced in the lesional epidermis, which is sensitive
Choet al. [45] 2004 n- 10 psoriatic patients encugh to make an inverse correlation with clinical
severity in mild to moderate status psofiasis.
ME was shown to improve the penetration of cat
s ree Soybean GleCER (> 9% CERs in vitro as well as ex vive companed to the other
; 2 ¢
el oionS bt =8 by TLC) formulations. On the other hand, the NPs sustained
the release of cat CERs.
Patients with psoriasis and T s ?
= ; SE There was a significant reduction in Cavl expression
Eggeretal [50] e o] it in Jesional skin compared to non-kesional skin.
Cav 1-null mice
The known inducers of SM hydrolysis, 1
s HaCaT cells, human a,25_dihydroxyvitamin D and TNFa, both responded
Eeleqetal ) e keratynocytes to the antiproliferative, synthetic vitamin D
analog, calcipotriol
X GLUT! was also essential for proliferation in human
Zhanget al [52] 2018 Glut1fl/ 1 mace Kecatioertod ia Gilen
n- 178 patients with LA-Cer moisturizer alleviated psoriasis by
Lietal [53] 2020 mild-to-moderate maintaining and prolonging the improvement
psoriasis valgaris achieved by topical GC treatment.
. " 5-11 weeks-old BALB/ ¢ Demonstrates a significant anti-psoriasis effect by
2 )
i 2020 g male mice weighing 20-25 (R)-salbutamol.
Mice- no data available : : R oS
i e ¢ ¢ Lac ok CD4* INK T cells infiltrate Jesions in psoriasis and
al. [55 2 . i
Simoniet al. [55] 2013 patients with psoriasis, MS, atherosclefosis and might be pathogenic.
SLE,RA
Transepidermal water loss is due to the drastically
Baeiden et al [56] 2014 Mice- no data available reduced content of total linoleic acid
and acylceramides.
: In all ty pes of psoriatic scale, CER 1,3, 4 5n, and 6
Motta et al. [47] 1994 al-6 '“‘:‘ZCP"“;“::; n2-6 content was decreased, while CER 2h 2n, and 5
paot g content was increased.
Levels of SPT expression m the lesional epidernus
Hoagetal [57] 2007 n- 24 patients with psoriasis were significantly lower than those in the
nor-lesional epidermas.
nl- 22 healthy patients; n2-15  IFN-y downeegulates ELOVL] and CERS3, which in
Tawada et al [43] 2014 psoriatic patients; n3- 15 with  tum reduces the levels of CERs with long-chain fatty

AD patients

acids in human skin.

Abbreviations: SPT-cKO mice—serine

palmitoyltransferase-condibional knockout; NPCl—Niemann- Fick discase

type C; FAN—factor associated with neutral sphingomyelinase activity-deficent mice; nl—healthy group; n, n2,
n2a, n2b, n3, nd, nS—study groups
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