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ABSTRACT 

Decrease of Ceramides with Long-Chain Fatty Acids in 

Psoriasis: Possible Inhibitory Effect of Interferon Gamma 

on Chain Elongation 

 

Bo-Kyung Kim 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung Ku Ahn) 

 

Reportedly, decreases in fatty acid (FA) chain length of ceramide (CER) are associated 

with interferon-γ (IFN-γ), which shows increased expression in psoriasis. However, the 

underlying mechanism of this association remain unclear. Therefore, in this study, we 

aimed to clarify this association between FA chain length of CER , IFN-γ, and the major 
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transcriptional factors involving psoriasis. CER profiling according to FA chain length 

and class was performed in murine epidermis (n = 10 BALB/c mice topically treated with 

imiquimod (IMQ), n = 10 controls) and human stratum corneum (SC) (n = 12 psoriasis, n 

= 11 controls). The expression of lipid synthetic enzymes, including elongases (ELOVLs), 

in murine epidermis was also measured using RT-PCR. Furthermore, the association of 

IFN-γ with various enzymes and transcription factors involved in the generation of long-

chain CERs was also investigated using in vitro keratinocyte. A significant decrease in the 

percentage of long-chain CERs was observed in psoriasis-like murine epidermis and 

human psoriatic SC. Additionally, the expression levels of ELOVL1, ELOVL4, and 

ceramide synthase3 (CerS3) were significantly decreased in psoriasis-like murine 

epidermis and IFN-γ-treated keratinocyte. There was also a significant decrease in the 

expression of transcriptional factors, including peroxisome proliferator-activated receptor 

(PPAR), in IFN-γ treated keratinocyte. Thus, it could be suggested that IFN-γ may 

regulate ELOVL and CerS levels by down-regulating the transcriptional factors. 

Additionally, given the possible involvement of PPARs or liver X receptor agonist in the 

CER elongation process, they may serve as potential therapeutic agents for lengthening 

the CER FAs in psoriasis. 

_________________________________________________________________ 

Keywords: Psoriasis, Ceramide, Fatty acid chain length, Interferon gamma, Elongase  



3 
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(Directed by Professor Sung Ku Ahn) 

 

I. Introduction 

 

Based on the significant genomic signature of interferon-γ (IFN-γ) in lesional skin, 

psoriasis is considered a predominant type-1 and T helper 17 cell-mediated inflammatory 
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disease.1-5 Similar to atopic dermatitis (AD), psoriasis is also characterised by decreased 

levels of ceramides (CERs) as well as the alterations in fatty acid (FA) chain lengths.4, 6, 7 

Given that the dysregulation of CER synthesis interrupts epidermal barrier function, 

causing epidermal hyperplasia, it has been considered that alterations in CER synthesis 

induce or aggravate the factors that are responsible for psoriasis.2, 3 

Three lipid classes of stratum corneum (SC)—cholesterol, CERs, and free fatty acids 

(FFAs)—play major roles in barrier function. Among them, CERs account for 

approximately 50% of SC lipid content by weight,8-11 and they comprise sphingoid 

moieties (sphingosine, dihydrosphingosine, phytosphingosine, and 6-hydroxy-

sphingosine) as well as FA moieties (non-hydroxy, α-hydroxy, ω-hydroxy, and ester-

linked ω-hydroxy) with carbon chains of various lengths. Specifically, there exist at least 

12 classes of CERs, consisting of more than 300 species.12 Each CER class is represented 

by two or three letters; the front letter(s) designate the acyl chain, namely, non-hydroxy 

FA (N), α-hydroxy FA (A), ω-hydroxy FA (O), or esterified ω-hydroxy FA (EO), whereas 

the last letter(s) indicate the sphingoid base, namely, sphingosine (S), sphinganine (dS), 

phytosphingosine (P), or (6R)-6-hydroxysphingosine (H). For example, CER[Nds] 

corresponds to a CER class with N and dS. The four O-type CERs of SC do not exist in 

the free form, given that they form an ester-linkage via their ω-hydroxyl group with the 

glutamate residues of proteins in a cornified envelope.13 Therefore, CERs in SC are 

classified as either free or bound based on their location, namely, CERs in the 

extracellular lipid lamellae and CERs combined with corneocyte, respectively.10 The O-
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type CERs usually belong to the bound CER group.11 

Each CER class exhibits a different chain length based on the number of carbon 

atoms in their fatty acid and sphingoid moieties. Because sphingoid bases are usually 18-

carbon-atoms-long, the length of the FA moieties determine the total chain length of 

CERs. FAs with ≥C22 are called very long-chain FAs (VLCFAs), whereas those with 

≥C26 are referred to as ultra-long-chain FAs (ULCFAs).14, 15 Importantly, the length of the 

FA chain in CERs is correlated with barrier function.7 Although both free and bound 

lipids play equally important roles in the skin barrier function, protein-bound CERs, 

comprising ULC ω-hydroxy FA moieties, play a specific role in barrier function owing to 

their high hydrophobicity and organisational stability. Additionally, among several lipid 

synthetic enzymes, those that are particularly related to the carbon chain length of CERs 

include elongase (ELOVL) and CER synthase (CerS). Specifically, on the one hand, 

ELOVLs 1–7 catalyse the first and rate-limiting step in the FA elongation cycle.15 On the 

other hand, CerSs 1–6 catalyse the formation of CER from sphinganine and acyl-CoA 

substrates. Among these enzymes, ELOVL1, ELOVL4, and CerS3 exhibit high 

selectivity towards the VLC (C22:0–C24:0) and ULC (more than C26:0) acyl-CoA 

substrates,11 and the down-regulation of ELOVLs and CerS3 can cause the shortening of 

CER FA chain length, thereby leading to severe barrier dysfunction. 

IFN-γ-induced suppression of ELOVLs and CerS3 is considered to be the likely 

cause of the observed decrease in skin lesion CER content and the decrease in FA chain 

length in psoriasis.2, 16-18 IFN-γ regulates lipid synthesis by inducing a decrease in the 
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expression of PPAR, liver X receptor (LXR), and sterol regulatory element-binding 

proteins (SREBPs) in adipocytes.19 Furthermore, the PPAR, LXR, and SREBP signalling 

pathways are considered important in the transcriptional regulation of epidermal ELOVLs 

and CerSs,20 implying that IFN-γ may also induce the alteration of the various enzymes 

and transcription factors involved in the biosynthesis of long-chain CERs. However, little 

is known regarding the mechanism of action as well as the changes in CER FA chain 

length in psoriatic epidermis. Hence, herein, we examined the changes in the FA length 

profile of free and bound CERs as well as the correlation between the FA chain length of 

CERs and the various enzymes that are associated with CER synthesis and chain 

elongation. Particularly, the focus was restricted to the changes in the expression of 

ELOVLs and CerS3, which are exclusively required for the synthesis of long-chain CERs. 

The experiments were conducted using an imiquimod (IMQ)-treated murine psoriasis 

model, human patients with psoriasis, and an in vitro keratinocyte culture. Finally, the 

role of IFN-γ in inducing the alteration of the levels of the various enzymes and 

transcription factors that are associated with the biosynthesis of long-chain CERs was 

investigated.  
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II. Methods 

 

1.  Imiquimod-induced psoriasis murine model 

 

Eight-week-old female mice (BALB/c) were housed in the animal laboratory of the 

Wonju College of Medicine, Yonsei University. The Yonsei University Wonju Campus 

Institutional Animal Care and Use Committee approved the animal experiments (YWC-

140618-1). All animal experiments were conducted in accordance with policies of the 

national guidelines for the care and use of laboratory animals. The mice were divided into 

two groups, each comprising 10 mice: the vehicle-treated and IMQ-treated groups. The 

mice received a daily topical dose of 62.5 mg of commercially available 5% IMQ cream 

(Aldara; 3M Pharmaceuticals, CA, USA) on their shaved backs and right ears for seven 

consecutive days.21 Contrastingly, the mice in the control group were treated with a 

control vehicle cream (Vaseline; Unilever, London, UK) following a similar protocol. 

After 24 h of the last treatment application, erythema score was measured using a Skin-

Colorimeter® (CL400, Courage and Khazaka Electronics, Cologne, Germany), and trans-

epidermal water loss (TEWL) on the back the mice was measured using Aquaflux® 

(AF200, Biox, London, UK). Furthermore, the ear thickness and the skin-fold thickness 

of the mice were measured as an independent parameter of skin inflammation using a 

micrometre (Mitutoyo, Kawasaki, Japan). After the functional study, the mice were 
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sacrificed and skin samples were obtained from the dorsal area. 

 

2. Subjects and sample collection from the human skin  

 

This study was approved by the ethics committee of Dankook University College of 

Medicine (DKUH 2015-02-017-001) and was conducted in compliance with the 

principles of the Declaration of Helsinki. Written informed consent was obtained from all 

volunteers and patients. Samples were collected from 12 subjects with psoriasis and 11 

healthy individuals without a history of skin disorder. To obtain SC specimens, a 

polyphenylene sulfide film tape (Nichiban, Tokyo, Japan) with an area of 10 mm x 60 

mm was pressed on the lesional and non-lesional skin of patients with psoriasis or on the 

inner forearms of healthy individuals and stripped; consecutively, the process was 

repeated 10 times at the same site. The tapes were stored at -40 °C until lipid extraction. 

 

3. Isolation of murine epidermis model 

 

Skin samples excised from the dorsal area of mice were immediately placed in Petri 

dishes, with the epidermis side facing down. Subcutaneous fat was removed using a 

scalpel, and thereafter, the skin samples were placed in 10 mL of 10 mM 
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ethylenediaminetetraacetic acid in phosphate-buffered saline, with the epidermis side 

facing up. All the samples were then incubated at 37 °C for 35 min to allow the separation 

of the epidermis from the dermis. The epidermis was scraped off using a scalpel and total 

RNA was extracted.22 Prior to lipid extraction, the samples were immediately frozen, 

lyophilised, and stored at −80 °C. 

 

4. Preparation of murine epidermis and human stratum corneum for ceramide 

extraction 

 

Furthermore, murine epidermal CERs were extracted from the lyophilised epidermis (5 

mg) using our previously reported method with slight modifications.13, 23-25 In brief, 

epidermis samples were homogenised in a TissueLyser with methanol. After 

centrifugation (13,000 xg for 10 min at 4 °C), the precipitates were again homogenised 

using a solution of dichloromethane and methanol (3:1, v/v), and after further 

centrifugation, the resulting supernatants were dried under vacuum. For the analysis of 

free CER, dried supernatants were resuspended in 100 µL of a methanol–chloroform 

solution (9:1, v/v) and diluted five-fold with the same solution containing 7.5 mM 

ammonium acetate. Aliquots (5 µL) of the diluted samples were analysed using mass 

spectrometry. Conversely, for bound CER analysis, pellets obtained through 

centrifugation were washed twice in methanol (500 µL), suspended in 90% methanol 
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containing 1 M potassium hydroxide, and incubated at 60 °C for 2 h. The incubation 

mixtures were neutralised with 6 M hydrogen chloride and finally chloroform (500 µL) 

was added to the mixture. After centrifugation (13000 xg for 10 min, 4 °C), the lower 

phase was collected and dried under vacuum. Dried samples were then resuspended in 

100 µL of a methanol–chloroform (9:1, v/v) solution and diluted five-fold using the same 

solution, containing 7.5 mM ammonium acetate. 

Furthermore, human SC CERs were extracted from the tape-stripping samples following 

the Sadowski method with slight modifications.26 In brief, CER extraction from tape-

stripping samples, containing one stripping tape, was performed in 5-mL Eppendorf tubes, 

and 3 mL of methanol was added to each sample. After vortexing (10 min), extracts 

obtained from five stripping tapes were pooled and dried under vacuum. The dried 

extracts were then resuspended in 100 µL of methanol–chloroform (9:1, v/v) solution and 

were diluted five-fold with the same solution containing 7.5 mM ammonium acetate. 

 

5. Ceramide profiling 

 

CER profiling was performed using an LTQ XL mass spectrometer (Thermo Fischer 

Scientific, West Palm Beach, FL, USA) equipped with a nano flow ion source TriVersa 

Nanomate system (Advion Biosciences, Ithaca, NY, USA), as described previously 

described.23 Specifically, for the analysis, a 10-µL sample was loaded onto the 96-well 
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plate of the TriVersa Nanomate ion source. Data collection involved a full scan (m/z 400–

1,000) and a data-dependent product ion scan of the most abundant ions. All spectra were 

recorded using the Thermo Xcalibur software (Thermo Fisher Scientific). Skin CERs 

were then identified by comparing the MS/MS fragmentation patterns of the samples with 

authentic standards based on their characteristic MS/MS spectra and our in-house CER 

MS/MS database.13, 23, 24, 27 

 

6.  Keratinocyte cell culture 

 

Normal human epidermal keratinocytes (NHEKs) were purchased from Gibco BRL, Life 

Technologies (Grand Island, NY, USA). These NHEKs were maintained in a 0.06 mM 

Ca2+EpiLife® medium (Thermo Scientific Inc., Waltham, MA, USA), supplemented with 

EpiLife® Defined Growth Supplement (Life Technologies, Carlsbad, CA, USA) at 37 °C 

in a humidified atmosphere containing 5% carbon dioxide. All the experiments were 

performed using cells in their third passage, and after reaching 80% confluency, the cells 

were stimulated with 50 and 100 ng/ml IFN-γ (R&D Systems Inc., Minneapolis, MN, 

USA) for 24 h and then subjected to total RNA extraction. 

 

7.  Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 
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The total RNA from the mice epidermis or NHEKs was extracted using TRIzol® reagent 

(Invitrogen, Carlsbad, CA, USA) and the amount of RNA was determined using a 

Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). Furthermore, total RNA (1 

µg) was reverse transcribed using M-MLV reverse transcriptase (Promega, Madison, WI, 

USA) according to the manufacturers’ instructions, and qRT-PCR was performed using an 

SYBR Green PCR master mix system (Applied Biosystems, Foster City, CA) with 

Quantstudio 3 (PCR Instrument system, Thermo Scientific Inc.). Data normalisation was 

then achieved using glyceraldehyde 3-phosphate dehydrogenase as an endogenous control. 

The qRT-PCR primer sequences are listed in Table 1. 
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Table 1. Mouse and human gene primer sequences used for RT-PCR using murine 

epidermis and normal human epidermal keratinocytes. 

Gene Fwd (5'-3') Rev (5'-3') 

Mouse 

  ELOVL1 CTTGTGGCCTTTCTCCTCAC CAGTGGTTTCCCGTCACTTT 

ELOVL3 TTCTCACGCGGGTTAAAAATG GGGCCTTAAGTCCTGAAACGT 

ELOVL4 TCTGCATGTGTGGGATGTCT GCTGTTCCCGTAATGTTGGT 

ELOVL6 ACAATGGACCTGTCAGCAAA GTACCAGTGCAGGAAGATCAGT 

CerS3 CCTGGCTGCTATTAGTCTGATG CTGCTTCCATCCAGCATAGG 

FAS CTGAAGAGCCTGGAAGATCG TGTCACGTTGCCATGGTACT 

SPT GAGAGATGCTGAAGCGGAAC TGGTATGAGCTGCTGACAGG 

ACC 
  

HMGR 
  

TGase1 GCCCTTGAGCTCCTCATTG CCCTTACCCACTGGGATGAT 

   

Human 

  ELOVL1 GTC AAG GCC AAC TGA GAA GC GAA GTG GGT GAG GAA CCA AA 

ELOVL2 GTTTGGACCGCGAGATTCTC TGTAGCCTCCTTCCCAAGTG 

ELOVL3 GAGGCCCTTTTTCGAGGAGT GGCAGAAGGACCAGAGGATG 

ELOVL4 TAAGTGGGTTGCAGGAGGAC GGAAGGGGCAGTCAGTGTAA 

ELOVL5 GTGCACATTCCCTCTTGGTT GGGTGAAAAGCTGTTGGTGT 

ELOVL6 CGGGCTTTTGAACAGAAGAG CTCCCTTTTCCAGCTCACAG 

ELOVL7 CTCAGCCTCCCAAGTAGCTG CAGTGGCTCACCCCTGTAAT 

CERS1 CTTCTTCCATGACCCACCAT GCGTAGGAGGAGACGATGAG 

CERS3 GGACCACACCAGGAGACACT GTGCCATGTTTAGCCAGGTT 

CERS4 CTCGGTCCTGTACCACGAGT CTGCTCCTTGAAATCCTTGC 
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CERS6 TAAAAGGAAGCCAGGGTGTG CCACGCAACAGACATCAAAC 

FAS TCG TGC AGG TGC TTG CGG AG GCC GAA GCC ACC CAG ACC AC 

HMGR ACG GTG GGT GGT GGG ACC AA TCC TGC TGC CAA TGC TGC CA 

SPT AGT GGG TTC TGG TGG AGA TG TTT GGG ACA GGA GGA ACA AG 

LXRa CGGGCTTCCACTACAATGTT TCAGGCGGATCTGTTCTTCT 

PPARa GCAGAAACCCAGAACTCAGC ATGGCCCAGTGTAAGAAACG 

PPARb AGG AGC CAT TCT GTG TGT GA TCC TGC CAG CAG AGA GTG AT 

PPARr GCTGTGCAGGAGATCACAGA GGGCTCCATAAAGTCACCAA 

SREBP1c GGA GCC ATG GAT TGC ACT TT ATG TGG CAG GAG GTG GAT AC 

SREBP2 TGG CTT CTC TCC CTA CTC CA GAG AGG CAC AGG AAG GTG AG 
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8.  Statistical analysis  

 

All data are expressed as mean ± standard deviation. Statistical analyses were performed 

using paired and unpaired Student's t-tests, and P < 0.05 was considered statistically 

significant. 
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III. Results 

 

1. Repeated imiquimod treatment induced psoriasis-like inflammation in mice skin 

 

After two to three days of IMQ application, both the dorsal skin and right ear pinna of the 

mice in the IMQ-treated group exhibited signs of erythema, scaling, and thickening, and 

the intensity of psoriasis-like symptoms progressively increased until severity was 

observed at the end of the treatment (day 7). Contrastingly, the mince in the control group, 

which were treated daily with white petrolatum, showed no changes. To validate the 

development of IMQ-induced cutaneous inflammation, permeability barrier status and 

erythema score were assessed. Thus, it was observed that the thickness of the right ear 

pinna gradually increased after IMQ application and attained peak thickness on day 7 

(Figure 1a). Furthermore, the erythema score corresponding to the dorsal skin of the mice 

in the IMQ-treated group continually increased after IMQ application from days 1 to 7 

(Figure 1b), and TEWL on the back of the mice was also significantly higher in the IMQ-

treated mice group than in the control group, indicating that repeated IMQ application 

perturbs the barrier status in mice (Figure 1c). These results indicate the successful 

induction of dermatitis in the IMQ-treated mice.   
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Figure 1. Psoriasis-like inflammation induced by the repeated application of 

imiquimod (IMQ) on the skin of mice. To validate the development of psoriasis-like 

inflammation, phenotypical observation were made. (a) Thickness of right ear pinna of 

mice in the IMQ-treated and control groups measured using a micrometre on days 1, 3, 5, 
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and 7. (b) Erythema score of dorsal skin of mice in the IMQ-treated and control groups 

measured using a skin-colorimeter on days 1, 3, 5, and 7. (C) Trans-epidermal water loss 

in dorsal skin of control and IMQ-treated mice evaluated using Aquaflux® on day 7. Data 

are presented as mean ± standard deviation score (control, n = 10; IMQ-treated group, n = 

10); ∗P < 0.05 and **P < 0.01. 

  



19 

 

2. Alteration of the distribution of ceramide classes in imiquimod-treated murine 

epidermis and human psoriatic stratum corneum  

 

The total intensity of free CERs was calculated by summing the relative peak 

intensities of the CERs corresponding to the different treatment groups. Specifically, five 

free CER classes (CER[Nds], CER[NH], CER[NP], CER[NS], and CER[AS]) were 

detected in the murine epidermis. It was also observed that the total intensities of free 

CERs corresponding to the different groups were not significantly different (Figure 2a). 

Upon analysing the distribution of CER classes in each group, it was observed that the 

percentages of CER[Nds] and CER[NH] were significantly lower in the IMQ-treated 

group than in the control group, whereas the percentage of CER[AS] was higher in the 

IMQ-treated group than in the control group (Figure 2b).  

In human SC, three CER classes—CER[NS], CER[NH], and CER[NP]—were detected 

and the total intensity of these CERs was significantly higher in lesional psoriatic skin 

than in the healthy control skin (Figure 2c). Additionally, psoriatic skin (lesion and non-

lesion) showed an increase in the percentage of CER[NS], whereas that of CER[NP] 

decreased (Figure 2d).  

 

3. Imiquimod-treated murine epidermis and stratum corneum of psoriasis patients 

showed significantly lower percentages of free ceramides with long-chain fatty acids 
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The distribution of free CERs based on number of carbon atoms in the FA moieties was 

evaluated. In murine epidermis, the percentage of CERs with C26 FA chains was lower 

and percentages of CERs with C18, C22, and C28 FA chains were higher in the IMQ-

treated group than in the control group (Figure 2e). Given that the C26 FA chain 

accounted for the largest proportion of FA chains and exhibited the most significant 

difference between the IMQ-treated and control groups, it was considered that in the 

psoriasis model, the overall FA chain length was largely affected. These results are 

consistent with those obtained following the analysis of CERs in human SC, which 

revealed that the percentages of CERs with C24 or C26 FA chains were significantly 

lower and percentages of CERs with C16, C18 FA chains were higher in the lesional and 

non-lesional skin of psoriasis patients than in the skin of healthy individuals (Figure 2f). 

The different CER classes were divided into multiple groups based on the number of 

carbon atoms in their FA moieties (Figure 3). In murine epidermis, the percentage of 

overall long-chain free CERs (i.e., CERs with ≥ C26 FA) was significantly lower in the 

IMQ-treated mice group than in the control group (Figure 3a). Furthermore, based on the 

CER classes, except for CER[NP], the percentage of long-chain CERs was lower and 

percentage of short-chain CERs was significantly higher in the IMQ-treated group than in 

the control group (Figure 3b–e). In human SC, the percentage of CER[NS] with C28–30 

FA was significantly lower in non-lesional psoriatic skin, whereas that of CER[NS] with 

C16–18 FA was higher than in the healthy controls (Figure 4a–c). Similar changes in 



21 

 

CER[NH] and CER[NP] were observed in psoriasis; the percentages of CER[NH] and 

CER[NP] with C24–26 FA decreased, whereas that of CER[NP] with C15–17 FA 

increased (Figure 4d-i). 
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Figure 2. Distribution of ceramide (CER) profiles according to class and chain 
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length. The intensities of CERs were measured in the epidermis of mice (n = 10 IMQ-

treated mice; n = 10 controls) and human SC (n = 12 psoriasis; n = 11 controls). (a), (b), 

(e), (g), and (h) correspond to murine epidermis, whereas (c), (d), and (f) correspond to 

human SC. The intensities of CERs were calculated by adding the different relative 

intensity peaks on the LTQ XL mass spectrum. (a) Total intensity of CERs in IMQ-treated 

mice and controls. (b) Total intensity of CERs in each group set to 100%. Five free CER 

classes were identified and the percentages corresponding to each class were measured 

with respect to the total intensity. (c) Total intensity of CERs in the psoriatic lesion, non-

lesional skin of psoriasis patients, and controls. (d) Three CER classes in human SC and 

their percentages with respect to the total intensity of the different classes. (e) Percentages 

of free CERs based on FA chain length with respect to the total intensity of CERs in 

murine epidermis. (f) Percentages of CERs based on FA chain length with respect to the 

total intensity of CERs in human SC. (g) Identification of CER[OS] as a bound CERs in a 

murine epidermis and its total intensity. (h) Relative percentage of CER[OS] based on FA 

chain length as a function of the total intensity of CER[OS] in each group (Data are 

presented as mean ± standard deviation; ∗P < 0.05 and **P< 0.01). 
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Figure 3. Profiles of fatty acid chain lengths in each free ceramide (CER) class 

shifted towards CERs with short-chain in IMQ-treated mice. Free CERs were 

classified as short (<C26) or long (≥C26) based on C26 and subsequently analysed. 

Percentages of: (a) Overall free CERs, (b) CER[Nds], (c) CER[NH], (d) CER[NP], (e) 

CER[NS], and (f) CER[AS]. Data are presented as mean ± standard deviation; ∗P < 0.05, 

**P < 0.01. 
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Figure 4. Profiles of fatty acid chain lengths in each ceramide (CER) class shifted 

towards CERs with short-chain in human stratum corneum in psoriasis. CERs were 

divided into three categories based on the number of carbon atoms in the fatty acid 

moieties of the CERs and subsequently analysed. Percentages of: (a)–(c) CER[NS], (d)–(f) 

CER[NH], and (g)–(i) CER[NP]. Data are presented as mean ± standard deviation; *P < 

0.05 and **P < 0.01. 
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4. Fatty acid chain length profiles of bound ceramides showed the predominance of 

short-chain fatty acids in imiquimod-treated mice 

 

Mass spectrometry analysis revealed that the major protein-bound CER, CER[OS], had 

different FA chain lengths in the different groups, and the total intensities of CER[OS] 

corresponding to the IMQ-treated and control groups were not significantly different 

(Figure 2g). Furthermore, the analysis of the distribution of CER[OS] in each group 

based on the number of carbon atoms in the FA moieties revealed that the percentage of 

the longest CER[OS], with C35 and C36 FAs, was significantly lower, whereas that of 

CER[OS] with C32 was significantly higher in the IMQ-treated mice group than that in 

the control group (Figure 2h). In other words, there was no significant difference in the 

total amount of CERs; however, an obvious decrease in the percentage of long-chain 

CER[OS] was noted. 

 

5. Imiquimod-treated murine epidermis and IFN-γ-treated normal human 

epidermal keratinocytes (NHEKs) showed the down-regulation of ELOVL1, 

ELOVL4, and CerS3 

 

To investigate the mechanisms underlying the alteration of FA chain lengths in psoriasis-

like inflammation, the expression of ELOVLs, CerS3, and other enzymes related to the 
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synthesis of CERs with ULC FA chains in murine epidermis were analysed. The mRNA 

levels of ELOVL1, ELOVL4, and CERS3 were significantly lower and level of ELOVL3 

was significantly higher in IMQ-treated mice than in the controls (Figure 5a). 

Additionally, the levels of the mRNA involved in the encoding of fatty acid synthase 

(FAS)—the levels of serine palmitoyl transferase (SPT), HMG-CoA reductase, and 

transglutaminase 1 (TGase1)—were significantly lower in the IMQ-treated mice group 

than in the control group (Figure 5b). 

Furthermore, the expression of these enzymes in NHEKs owing to stimulation by IFN-γ 

(50 ng ml-1,100 ng ml-1) were also examined. Except for ELOVL3 and CERS1, the mRNA 

levels of all the other ELOVLs and CerSs were significantly lower in the NHEKs treated 

with IFN-γ than in the controls (Figure 6a and 6b). It was also observed that the major SC 

lipid synthetic rate-limiting enzymes were significantly down-regulated in response to 

IFN-γ treatment (Figure 6b). 
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Figure 5. Down-regulation of the expression of the various enzymes associated with 

the synthesis of long-chain CERs in imiquimod (IMQ)-treated mice epidermis. (a) 

and (b) Relative expression of the mRNA of the various enzymes involved in FA chain 

length elongation and ceramide biosynthesis measured in the control (dotted line) and 

IMQ-treated groups using quantitative reverse transcription polymerase chain reaction. 

(ACC, acetyl CoA carboxylase; Data are presented as mean ± standard deviation; ∗P < 

0.05 and **P < 0.01)  
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6. IFN-γ induced a decrease in the mRNA levels of lipid synthesis-related 

transcription factors in normal human epidermal keratinocytes (NHEKs) 

 

Further investigations of the effect of IFN-γ treatment on the well-known transcription 

factors that regulate the genes involved in epidermal barrier formation and lipid synthesis 

showed that the mRNA expression levels of nuclear hormone receptors for epidermal 

barrier formation (PPAR-α, PPAR-β, PPAR-γ, and LXR-α) as well as those of the main 

transcription factors for lipid synthetic enzymes (SREBP1c and SREBP2) were 

significantly suppressed in NHEKs (Figure 6c). Among these different PPARs, the 

decrease in the level of PPAR-γ was highly evident.  
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Figure 6. Decrease in the mRNA levels of the various enzymes and major 

transcription factors related to FA chain elongation and lipid synthesis in normal 

human epidermal keratinocytes (NHEKs) owing to the action of Interferon (IFN)-γ. 

NHEKs were stimulated with IFN-γ (50 ng ml-1 or 100 ng ml-1) for 24 h. (a) and (b) 

Relative expression of the various mRNA encoding enzymes related to the FA chain 

length elongation process in the control (dotted line) and IFN-γ-treated mice groups. (c) 
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Relative expression of various mRNA encoding transcriptional regulatory factors for 

elongases and ceramide synthases in the control (dotted line) and IFN-γ-treated mice 

groups. Data are presented as mean ± standard deviation (*P < 0.05 and **P < 0.01).  
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IV. Discussion 

 

To ensure appropriate barrier function, two factors related to CERs in SC, namely, 

amount and quality, are critical. Reducing the proportion of long-chain FAs in CERs 

gives rise to a less thermostable orthorhombic organisation of SC as well as increased 

permeability.28, 29 Hence, the chain length of FA moieties is closely associated with the 

quality of the tissue. However, changes in CER chain length in psoriasis have not yet 

been well studied, except that IFN-γ treatment can bring about a decrease in the content 

of CERs with long-chain FAs.6 In this study, the percentages of both long-chain free 

CERs and protein-bound CERs were significantly decreased in psoriasis inflammation-

like murine epidermis (IMQ-treated group). These changes were observed in human 

psoriatic SC as well; the percentages of long-chain CERs decreased, whereas those of 

short-chain CERs increased.  

The formation of long-chain CERs requires several metabolic steps, including the 

extension of the number of carbon atoms in the FA moiety by ELOVLs and the 

combination of the sphingoid backbone with an elongated FA moiety by CerSs. 

Specifically, ELOVL1, ELOVL4, and CerS3 are necessary for the synthesis of CERs with 

VLCFA moieties and show preference for the long fatty acyl-CoA substrate.6, 14, 29-35 

ELOVL1 and ELOVL4 elongate FAs with chain lengths between C20 and C26 or longer, 

while CerS3 exhibits a strong affinity for acyl-CoAs with chain length ≥ C22. In this 
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study, the mRNA levels of ELOVL1, ELOVL4, and CERS3 were significantly lower in 

IMQ-treated murine epidermis and IFN-γ-treated NHEKs than in the controls. Hence, it 

could be suggested that the decrease in the content of CERs with long-chain FAs could 

stem from the decrease in the expression of ELOVL1, ELOVL4, or CerS3. Particularly, 

CERs with C26 and C24 showed the most significant difference in the murine epidermis 

and human SC, respectively. Furthermore, considering that peaks corresponding to the 

relative distribution of CERs were concentrated around CERs with C26 and C24 FAs in 

mice epidermis and human SC, respectively, it could be possible that the down-regulation 

of ELOVL1, ELOVL4, and CerS3 contributed the most to the significant decrease in the 

contents of CERs with C26 and C24 FA moieties in murine epidermis and human SC. 

Similar results were reported in a previous study, which showed that the major FAs of 

non-hydroxy CERs varied in the order C26:0 > C24:0 > C28:0 in both human and mouse 

SC.36 

Conversely, the percentage of short-chain CERs was significantly higher in IMQ-

treated mice and human subjects with psoriasis than in the controls. These results may be 

associated with the changes in the level of ELOVL3. As ELOVL3 exhibits elevated 

activity towards C18 acyl-CoAs,34 an increase in its expression possibly resulted in a 

higher proportion of short-chain CERs in psoriasis skin lesions. Notably, an increase in 

the content of CERs with short-chain FAs and a simultaneous decrease in that of CERs 

with long-chain FAs may alter the lipid organisation and permeability of SC.  

Contrary to previous reports, which revealed that psoriatic epidermis showed a reduced 
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amount of CERs,2, 37 the total intensity of CERs in human psoriasis skin lesions was 

significantly higher than in the control group. Additionally, given that psoriatic plaques 

are typically characterised by scales, it is possible that the amount of SC tissue obtained 

from tape-stripping can be larger in psoriasis patients than in their healthy counterparts. 

This suggests that the amount of lipid relative to that of protein may be higher in psoriatic 

SC. Although no significant difference in the total intensity of CERs was observed in 

murine epidermis, the expression levels of FAS and SPT, the main catalytic enzymes 

involved in the de novo synthesis of CER, as well as that of TGase1, requirement for the 

covalent linkage of EO CERs with a cornified envelope, were significantly reduced in the 

psoriasis-like murine models. There appeared to be no common pattern by which CER 

classes are up-regulated or down-regulated in psoriasis. Furthermore, we also observed a 

decrease in the levels of CER[Nds] and CER[NH] as well as an increase in the level of 

CER[AS] in the epidermal tissue of the IMQ-treated murine group, whereas the level of 

CER[NP] showed a decrease in the SC of psoriasis patients. Decreases in the levels of 

various classes of CERs, such as CER[NP], CER[AS], CER[Ads], CER[AP], CER[EOS], 

and CER[EOH], in SC of psoriasis patients have been reported in several previous 

studies.6, 17, 38, 39 Conversely, another study, involving the keratinocytes of patients with 

psoriasis, showed that the contents of CER[NS], CER[NP], CER[AS], CER[Ads], 

CER[AP], and CER[EOS] tended to increase, whereas that of CER[Nds] tended to 

decrease.40 We speculated that the discrepancy between these studies possibly because of 

the differences in the samples used, namely, whole epidermis, SC, in vitro cultured 
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keratinocyte, and fibroblasts. Additionally, it has been suggested that the composition of 

CER classes in human and mouse SC are different.36 In this study, the pattern of the 

changes in CER classes in murine epidermis and human SC were different. Thus, further 

investigations are required to understand the changes in CER classes in psoriasis. 

The alteration of CER chain lengths has also been reported in other skin diseases, 

including AD, Netherton’s syndrome (NTS), allergic contact dermatitis (ACD), and 

ichthyosis.6, 8, 30-32, 41-45 Based on the results of previous studies as well as those of this 

study, it can be hypothesised that the two factors related to the changes in CER FA chain 

lengths are genetic mutations and inflammatory cytokines. Specifically, mutations in the 

genes that encode ELOVLs and CerSs are known to bring about a decrease in the content 

of CERs with VLCFAs in congenital ichthyosis.31, 32 Additionally, the alteration of CER 

chain lengths have also been demonstrated in skin conditions with increased expression 

of inflammatory cytokines, such as AD, NTS, ACD, and psoriasis.6, 8, 30-32, 41-45 These 

inflammatory cytokines are capable of changing the lengths of CER chains via the 

regulation of the expression levels of the enzymes involved in lipid synthesis.  

Among these various cytokines, it has been observed in previous studies that IFN-γ 

treatment leads to a significant decrease in the expression of ELOVLs and CerSs in an 

AD-like murine model, psoriasis-like murine model, and in vitro epidermis.6, 43 

Specifically, IFN-γ, which is known to show increased expression in psoriatic epidermis, 

is one of the most potent pro-inflammatory cytokines.46 In this study, the expression of 

ELOVLs and CerSs were significantly decreased in psoriasis-like murine epidermis and 
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IFN-γ-treated NHEKs. The mechanism regarding how IFN-γ modulates the expression of 

these enzymes is still unknown.  

Based on the results of this study, we hypothesise that these changes are possibly 

associated with transcription factors. PPARs and LXR pathways are well known for their 

capacity to improve the skin barrier via the regulation of epidermal lipid synthesis, lipid 

trafficking, and keratinocyte levels.47, 48 Reportedly, in psoriatic skin, the expression of 

both PPARα and PPARγ are decreased, whereas that of PPARβ/δ is increased.49 

Additionally, PPARs, LXR, and SREBP signalling pathways are known to regulate the 

transcriptional processes of ELOVLs and CerSs in epidermis,20 and PPARs and LXR 

activators up-regulate levels of ELOVL1, ELOVL4, ELOVL7, and CerS3 in NHEKs.33, 50 

In this study, not only the expression of ELOVLs and CerSs were significantly decreased, 

but also those of PPARs, SREBP1c, and LXR-α were decreased in IFN-γ-treated NHEKs. 

Thus, we could suggest that IFN-γ-induced suppression of transcription factors may be 

associated with the decrease in the expression of ELOVLs and CerSs. A similar change 

was also observed in previous studies, which showed that IFN-γ treatment decreased the 

levels of PPARs and SREBPs in adipocytes and hepatocytes.19, 51, 52 PPARs also 

influences the production of epidermal barrier proteins, such as filaggrin.53 In AD, 

decrease in filaggrin owing to the down-regulation of PPAR expression increases the skin 

pH,54, 55 eventually leading to high serine protease activity, which, in turn, degrades lipid-

processing enzyme.56 Moreover, a decrease in the content of long-chain FAs, which 

reportedly function as PPAR ligands, may further inhibit PPAR activity.53 
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Till now, there have been no in vitro or in vivo studies on agents that can increase the 

CER chain length. Although Gentiana lutea extract enhances the expression of ELOVL1 

and ELOVL4 as well as that of CerS3 in psoriasis-like NHEKs, changes in the chain 

lengths of CERs have not been previously evaluated.50 Based on our results, two aspects 

can be considered with respect to the possible treatment methods by which CER chain 

length in psoriasis can be normalised: the inhibition of IFN-γ expression and the 

activation of transcription factors such as PPARs or LXR. The humanised anti–IFN-γ 

antibody, developed in a previous study, is theoretically the best strategy by which the 

action of IFN-γ can be directly inhibited. However, currently, it is not clinically available 

owing to its minimal efficacy in the treatment of psoriasis.57 It has also been reported that 

several plant extracts can increase the total CER content of skin.58-60 These extracts may 

promote CER synthesis via the activation of the PPAR or LXR pathway. Therefore, it can 

be assumed that the administration of PPARs or LXR agonist may increase the expression 

of ELOVLs and CerSs and CER chain length. PPARs and LXR agonists are known to 

regulate pro-inflammatory cytokines, such as IFN-γ, and they demonstrate anti-

inflammatory activity in various skin diseases, including psoriasis.61-63 Thus PPARs or 

LXR agonist may increase CER chain length via the inhibition of IFN-γ activity and 

stimulate the transcription of ELOVLs and CerSs in psoriasis. These hypotheses will be 

investigated in our future study. 
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V. Conclusion 

 

In conclusion, a decrease in the contents of CERs with long-chain FAs and an increase in 

those of CERs with short-chain FAs in psoriasis-like inflammation possibly results from 

the suppression of ELOVLs and CerSs. Furthermore, our results suggests that the 

expression of the transcriptional factors of these enzymes, such as PPARs, may be down-

regulated by IFN-γ, leading to a decrease CER chain lengths in psoriasis (Figure 7). 

Moreover, we propose that IFN-γ may modulate the expression of key elongation 

enzymes (ELOVLs and CerSs) and major transcriptional factors (PPARs, LXR and 

SREBPs). Additionally, given the possible involvement of PPAR and LXR agonists in the 

CER chain elongation process, they may serve as potential therapeutic agents to lengthen 

the FA moieties of CERs in psoriasis. 

  



39 

 

 

Figure 7. Schematic diagram representing the decrease in long-chain ceramides 

(CERs) in psoriasis models. Significant decreases in the expression levels of fatty acid 

synthase (FAS) and serine palmitoyl transferase (SPT), which are the main enzymes with 

catalytic activity in the de novo synthesis of CER, and transglutaminase 1 (TGase1), 

which is required for the covalent linkage of EO ceramides to cornified envelopes, are 
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seen in our psoriasis-like inflammation models. The down-regulation of ELOVLs and 

CerSs may have reduced the expression of long-chain CERs. This may be related to IFN-

γ-induced down-regulation of LXR, PPARs, and SREBPs (i.e., major transcription factors 

of ELOLV and CerS ). The arrows in image indicate the summary of our results. 
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Abstract in Korean (국문 요약) 

 

건선에서 긴 지방산을 포함하는 세라마이드 발현 감

소: 인터페론 감마의 사슬 연장 억제 효과 

 

< 지도교수 안 성 구 > 

연세대학교 대학원 의학과 

김 보 경 

 

건선의 병변에서는 장벽기능이상이 나타난다. 피부장벽기능에서 세라마이

드의 사슬 길이가 중요한데, 사슬 길이가 길수록 장벽기능이 강화된다. 따라서 

세라마이드의 지방산 사슬 연장과정이 정상적으로 이루어지지 않으면 장벽기

능이 약화된다. 또한, 인터페론 감마(IFN-γ)는 건선의 병태생리에 중요한 사이

토카인 중 하나이며, 최근 연구 결과에 따르면 세라마이드의 사슬연장과정을 

방해하는 요인으로 꼽히고 있다.  
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이에 본 저자는 건선 마우스 모델과 건선 환자의 병변에서 세라마이드의 

지방산 사슬길이 변화를 관찰하고, 사슬 연장과정에 관여하는 효소, 특히 

elongases(ELOVLs)와 ceramide synthases(CerSs)의 발현 변화를 확인하고자 연구

를 진행하였다. 또한, IFN-γ가 ELOVLs, CerSs의 발현에 어떠한 영향을 주는지 

확인하였다. 마우스(imiquimod를 도포한 BALB/c mice 10마리 vs 대조군 10마리)

의 표피 조직과 사람(건선환자 12명 vs 대조군 10명)의 각질 조직에서 세라마

이드 길이 분석을 진행했다. 또한, 지질합성과정에 연관된 여러 효소들의 

mRNA 발현을 RT-PCR을 이용해 확인하였다. in vitro 상에서 각질형성세포에 

IFN-γ를 처치한 후 긴 사슬의 세라마이드를 합성하는데 필요한 여러 지질합성

효소와 전사인자들의 mRNA 발현을 확인했다.  

그 결과 건선 마우스의 표피와 건선 환자의 병변 각질에서 긴 사슬 세라

마이드 발현이 통계학적으로 유의하게 감소하였다. 또한, 건선 마우스의 표피

와 IFN-γ를 처치한 각질형성세포에서 ELOVL1, ELOVL4, CerS3의 mRNA가 통

계학적으로 유의하게 감소하였다. IFN-γ를 처치한 각질형성세포에서 peroxisome 

proliferator-activated receptor(PPAR), liver X receptor(LXR)을 비롯한 전사인자들의 

발현이 유의하게 감소되었다.  

결론적으로 우리 연구에서 건선 동물 모델 및 건선 환자의 병변에서 긴 

사슬의 세라마이드의 발현이 감소했고, 짧은 사슬의 세라마이드의 발현이 증
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가하였으며 이는 ELOVL과 CerS의 발현 감소에서 기인한 것으로 볼 수 있겠

다. 또한, 건선에서 중요한 역할을 하는 사이토카인 중 하나인 인터페론 감마

가 세라마이드 사슬 길이 연장에 관여하는 여러 효소와 전사인자의 발현을 조

절할 것으로 생각된다. 즉, 인터페론 감마가 여러 전사인자의 발현을 억제하여 

ELOVL와 CerS의 발현을 감소시키는 것으로 추정해볼 수 있겠다. 이러한 연구

경험을 바탕으로 최근 건선의 주된 병인으로 등장한 IL-17, IL-12, IL-23 등을 

처리하여 비슷한 결과가 도출되는 지에 대한 연구를 진행함이 필요할 것으로 

생각한다.  

_________________________________________________________________ 

핵심되는 말: 건선, 세라마이드, 지방산 사슬길이, 인터페론 감마, 사이토카인 


