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 13 

Abstract: Atopic dermatitis (AD) is a chronic inflammatory skin disease, which can cause skin 14 
barrier function damaged. Although co-incubation with docosahexaenoic acid (DHA) exerts a 15 
positive effect in deficient skin model, there is no study to investigate the effects of topical 16 
treatment with DHA in inflammatory reconstructed human epidermis (RHE) model. The effects of 17 
DHA on monolayer normal human epidermal keratinocyte (NHEK) cells were evaluated via 18 
CCK-8, qPCR and ELISA. The skin related barrier function was assessed by hematoxylin-eosin 19 
(HE) staining, western blot (WB), Immunohistofluorescence (IF) and ELISA in normal and 20 
inflammatory RHE models. DHA upregulated filaggrin and loricrin expression at mRNA levels in 21 
addition to suppress overexpression of TNF-α，IL-1α and IL-6 stimulated by poly I:C plus LPS 22 
(stimulation cocktail) in cultured NHEK cells. After topical treatment with DHA, cocktail induced 23 
inflammatory characteristics of skin diseases including barrier morphological, differentiation 24 
proteins and TSLP secretion, which were alleviated in RHE models. Supplementation with DHA 25 
can improved related barrier function and have anti-inflammation effects in monolayer 26 
keratinocytes and RHE models, which indicated that DHA may have a potential value for the 27 
treatment of inflammation-associate skin diseases. 28 

Keywords: DHA; reconstructed human models; filaggrin; skin barrier; inflammation 29 
 30 

1. Introduction 31 

The skin barrier consisted of dermis and upper epidermis is the first physical protective barrier 32 
of human body. The epidermis, a multi-layered compartment, protects human from terrible external 33 
environment through preventing the foreign pathogens, reducing the water loss and maintaining 34 
the homeostasis of skin through the cell death and differentiation of keratinocyte [1,2]. Filaggrin 35 
originates from its larger precursor profilaggrin existed in keratohyalin granules that is located in 36 
the stratum granulosum. During the differentiation of terminal, profilaggrin generates filaggrin 37 
monomers that can aggregate and link keratin to form cornified envelope (CE), which takes a critical 38 
role in maintaining the integrity of stratum corneum (SC) [3]. Meanwhile, filaggrin is a core 39 
epidermal protein that plays an important role for its intracellular metabolites that make 40 
contributions to epidermal barrier functions such as stratum corneum (SC) hydration and inhibition 41 
of UV-B irradiation [4]. 42 
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Some common skin barrier diseases such as atopic dermatitis (AD) and ichthyosis vulgaris (IV) 43 
are connected with filaggrin deficiency like filaggrin gene mutations [5]. It has been identified that 44 
loss-of-function FLG is the most important genetic risk factor for AD patients and is potential 45 
pathogenic factors for IV [6]. However, variation of FLG genes is not the only factor that causes 46 
filaggrin deficiency, the lack of filaggrin also can be observed in AD patients without FLG mutation 47 
status [7]. More and more study has found the modulatory effects of inflammatory environment in 48 
the epidermis. One of the major symptoms of AD patient is the overexpression of IL-4 and IL-13, 49 
which clearly decreases the filaggrin expression in normal human epidermal keratinocyte cells [8,9]. 50 
The dysregulation or the absence of filaggrin can cause skin barrier dysfunction, aggravate 51 
inflammation and increase the risk of microbial infections [10]. 52 

Traditionally, many studies have proposed effective programs including alleviating 53 
Th2-mediated inflammation and immunosuppressive drugs to treat skin diseases in AD patient. 54 
However, recent studies have shown that these traditional therapies can cause short or long-term 55 
risks [11,12]. There is increasing discovered that filaggrin deficiency is in the core of AD 56 
pathogenesis, hence upregulation of filaggrin expression is a more logical, effective and safe barrier 57 
repair therapy. Peroxisome proliferator-activated receptor (PPAR) agonists, especially PPARα and 58 
PPARγ, have drawn attention on the treatment of filaggrin-associated diseases including skin 59 
homeostasis and anti-inflammation, which make PPAR agonists further be explored [13,14]. 60 
However, most of the results of topical treatment are from mice model, which has 61 
interspecies-related differences [15]. Even if recent evidences show that PPARα + γ agonist 62 
docosahexaenoic acid (DHA) can upregulate the expression of FLG in organotypic, normal and 63 
deficient RHE skin models, all models are incubating with DHA [16,17]. More importantly, there 64 
almost no study exists whether the DHA works in inflammatory reconstructed human skin. 65 

In this work, we firstly investigated the effects of DHA in human keratinocyte monolayer. 66 
Secondly, we investigated the impacts of topical treatment with a simple DHA formula in normal 67 
and inflammatory RHE skin models for the first time. We follow with interest the positive effects of 68 
DHA on the structural protein expression, skin barrier function and anti-inflammation, which is 69 
aiming for novel insights into the treatment with DHA in related skin disease. 70 

2. Results 71 

2.1. Effect of DHA, poly I:C and LPS on Cells Viability 72 

The viability of NHEK cells was accessed by CCK-8 assay. The results of Figure 1 A showed that the 73 
NHEK cells viability was decreased with the increasing concentration of poly I:C and LPS. 30 ug/ml 74 
LPS and 80 ug/ml poly I:C significantly suppressed NHEK cells viability compared with the control 75 
group (p<0.05). As shown in Figure 1 B, 200 uM DHA indicated no apparent effect on cell 76 
proliferation. It is interesting that the cell proliferation is higher in 100 uM DHA supplement group 77 
than control group, which was not obviously statistically significant. 78 

 79 

Figure 1. Effect of poly I:C, LPS and DHA on cells viability. NHEK cells exposed to poly I:C (0 80 
ug/ml-80 ug/ml) and LPS (0 ug/ml-30 ug/ml) (A), DHA (B) for 24h. Data are expressed as mean ± 81 
standard deviation (SD), n = 5. *compared with blank control, p<0.05. 82 

2.2. DHA decreased the cocktail-stimulated proinflammatory genes and cytokine secretion in NHEK cells 83 
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To evaluate the effect of DHA on stimulation cocktail (The concentration of cocktail is shown in 84 
Figure S1) and spontaneous proinflammatory cytokine expression in NHEK cells, this study 85 
measured IL-1α (Figure 2 A), TNF-α (Figure 2 B) and IL-6 (Figure 2 C) expression at levels of mRNA 86 
and protein. As can be seen from the Figure 2, the results of proinflammatory genes and secreted 87 
protein in the stimulation cocktail groups significantly (p<0.05) increased than control group. 88 
Interestingly, the addition of DHA significantly decreased the proinflammatory gene and cytokine 89 
expression induced by the cocktail (Figure 2) (p<0.05). 90 

 91 

 92 

 93 

Figure 2. Effect of DHA on the inflammatory cytokine expression in normal human epidermal 94 
keratinocyte cells with or without cocktail (poly I:C plus LPS). The results of qPCR and ELISA show 95 
the changes of IL-1α(A), TNF-α(B), IL-6 (C) after incubation for 24h. Data were presented as mean ± 96 
SD, n = 5. * compared with the control group, p<0.05; # compared with the cocktail (LPS plus poly I:C) 97 
treated group, p<0.05. IL, interleukin; TNF, Cocktail, LPS + poly (I:C); tumor necrosis factor; LPS, 98 
lipopolysaccharide; poly I:C, polyinosinic-polycytidylic acid; qPCR, real-time quantitative 99 
polymerase chain reaction. 100 

2.3. Effect of DHA on cultured NHEK cells with or without stimulation cocktail 101 

The relative marker gene filaggrin (FLG), loricrin (LOR) and involucrin (IVL) expression was 102 
assessed for analysis of effect of the keratinocyte differentiation in response to DHA with or without 103 
stimulation cocktail. Incubation with DHA significantly increased the expression of FLG and LOR 104 
compared with blank group. (Figure 3) FLG and LOR were upregulated 2.7-fold and 7.2-fold after 105 
treatment with DHA. Interestingly, the expression of IVL was marginally influenced by DHA 106 
(Figure 3). In contrast, stimulation cocktail significantly inhibited the expression of FLG, IVL and 107 
LOR. After the DHA supplement, the amount of FLG and LOR in stimulation cocktail - treated 108 
group was 2.1-fold and 4.1-fold, which was higher than stimulation cocktail alone treated group. 109 
There was no difference observed in the IVL. 110 
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111 

 112 

Figure 3. Effect of DHA on the differentiation of cultured NHEK cells with or without cocktail (LPS 113 
plus poly I: C). qPCR was used to evaluate the changes of FLG (A), LOR (B) and IVL (C) mRNA 114 
expression after incubation for 24h. Data were presented as mean ± SD, n = 5. * compared with 115 
respective blank group, p<0.05; # compared with their respective cocktail (LPS + poly I:C) alone 116 
treated group, p<0.05. Cocktail, LPS + poly (I:C); LPS, lipopolysaccharide; poly I:C, NHEK, normal 117 
human keratinocytes; qPCR, real-time quantitative polymerase chain reaction; FLG, filaggrin; LOR, 118 
loricrin; IVL, involucrin. 119 

2.4. Topical treatment with DHA stimulates differentiation and improve barrier homeostasis 120 

DHA was not stable to attach on the RHE, hence, we made a simple formula (Table S1) to investigate 121 
effect of the topical treatment with DHA. Firstly, we investigated the morphology of normal and 122 
inflammatory RHE models topically treated with DHA, which was used by haematoxylin and eosin 123 
staining. As show in Figure 4 A, the stratum corneum thickness of RHE significantly raised after 124 
topical treatment with DHA compared with normal group. Meanwhile, living layers of 125 
inflammatory RHE models induced by stimulation cocktail were looser and inflammatory RHE had 126 
spongiosis compared with normal models. Interestingly, the barrier disruption of inflammatory 127 
RHE models significantly improved after the topical treatment with DHA formula. In Figure 4 A, 128 
there is a clear trend of decreasing cavities in living layers and the status of spongiosis remarkably 129 
improved. Next, the effects of DHA on RHE differentiation protein were analyzed by 130 
immunohistofluoresence and western blot analysis. After topical treatment with DHA, the FLG and 131 
LOR amount significantly increased compared with normal group (Figure 4 B, C). The results of 132 
image quantification of immunohistofluoresence and western blot also revealed that FLG synthesis 133 
was significantly improved (p<0.05). But, no effect with IVL in all groups (Figure 4), which was 134 
according to with the result of qPCR. FLG, LOR and IVL expression in inflammatory RHE induced 135 
by stimulation cocktail were significantly decreased compared with the normal groups, which was 136 
shown in the results of WB and IF (Figure 4 B, C). In inflammatory RHE models, topical treatment 137 
with DHA significantly improved the FLG and LOR expression. Once more, DHA also showed no 138 
effect on expression of IVL in inflammatory RHE (Figure 4). 139 
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140 

141 

 142 

Figure 4. The topical treatment with DHA affect the morphology and differentiation protein 143 
expression in normal and inflammatory RHE models. (A) The morphology of normal, DHA, cocktail 144 
induced and DHA treated groups were evaluated by haematoxylin–eosin (HE) staining, (B) Western 145 
blot of FLG and IVL in normal control, DHA cocktail induced and DHA treated groups and relative 146 
optical densities of FLG and IVL. (C) Immunohistofluorescences analysis were executed for FLG, 147 
LOR and IVL in the above RHE models. Magnification 10×, mean ± SD, n = 4-5. * compared with the 148 
blank control groups, p<0.05; # compared with the inflammatory group, p<0.05. FLG, filaggrin; LOR, 149 
loricrin; IVL, involucrin; RHE, reconstructed human epidermis; Cocktail, LPS + poly (I:C); LPS, 150 
lipopolysaccharide; poly I:C, polyinosinic-polycytidylic acid. 151 

2.5. Topical treatment with DHA downregulated the release of TSLP in inflammatory RHE model 152 

It was necessary to prove that the inflammatory RHE model has reference value, we measured the 153 
level of TSLP by ELISA, which is related to inflammation characteristics observed in AD patient. As 154 
shown in Figure 5, supplementation with cocktail significantly increased the secretion of TSLP 155 
compared with normal RHE models (16 pg/ml vs. 274 pg/ml p<0.05). DHA alone showed a slight 156 
effect on TSLP expression in normal RHE models. On the contrary, the topical treatment with DHA 157 
significantly decreased the TSLP expression in inflammatory RHE models (90 pg/ml vs. 270 pg/ml, 158 
p<0.05). 159 
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 160 

Figure 5. Effect of DHA on the TSLP secretion of RHE models with or without LPS plus poly I: C. The 161 
changes of TSLP were accessed by ELISA. Data are expressed as mean ± standard deviation (SD). * 162 
compared with the normal control, p<0.05; # compared with the inflammatory group, p<0.05. 163 
Cocktail, LPS + poly (I:C); LPS, lipopolysaccharide; poly I:C, polyinosinic-polycytidylic acid; TSLP, 164 
Thymic stromal lymphopoietin. 165 

3. Discussion 166 

The defect of filaggrin is a primary pathogenic factor for the atopic dermatitis (AD) [18]. Many 167 
studies have demonstrated that topical treatment with glucocorticoids and calcineurin inhibitor can 168 
decrease the integrity of stratum corneum and destroy the skin functions [12,19]. Therefore, the core 169 
of AD treatment is to repair skin barriers and restore relative function. The general approaches to 170 
cure AD contain hydration, regulation of SC pH [20] and application of epidermal barrier-improving 171 
agents such as LXR activators, AMP increasing agents and PPAR activators [21]. PPARs including 172 
PPARα, PPARβ/δ and PPARγ are expressed in human keratinocytes and skin, which play a critical 173 
role in keratinocyte differentiation and skin recovery [22]. All epidermal layers contain PPARβ/δ, 174 
but PPARα and PPARγ are present in suprabasal. Qiang [23] and Yan [24] have demonstrate that 175 
PPARγ agonists can stimulate cultured human keratinocytes differentiation and repair skin barrier 176 
in mice model. Meanwhile, PPAR-α agonist like WY14643 increases the expression of some 177 
epidermal differentiation structural protein, which may be critical in human keratinocyte 178 
differentiation. Besides, PPAR activators can alleviate and remedy the adverse effects of topical 179 
glucocorticoids (GC) like decreased keratinocyte proliferation and differentiation in skin [25]. 180 
Docosahexaenoic acid (DHA) can act as dual PPARα/γ agonists [26] and we investigate the impact 181 
of DHA in monolayer culture human keratinocytes. In the current study, we founded that DHA 182 
significantly increase the expression of FLG and LOR in the level of RNA in vitro, without effect of 183 
IVL (Figure 2). However, monolayer culture human cells cannot present complete epidermal 184 
maturation characteristic. Several reports have shown that PPAR agonists can reverse damaged 185 
barrier function in atopic dermatitis-like model, for example, Chiba and Yoshida have founded that 186 
topical application of PPAR- α agonist and DHA can treat atopic dermatitis in NC/Nga mice model 187 
[27,28]. Some study found that the rodent skin models may be able to explain some skin reactions to 188 
PPARs, yet there are restrictions on species specificity and interspecies difference [29,30]. 189 

Furthermore, it had been demonstrated that there is the presence of PPARs in reconstructed 190 
skin. The expression of filaggrin and other functional protein significantly increases with PPAR 191 
agonists supplement in normal models [31]. In reviewing the literatures, DHA is difficult to 192 
effectively adhere to the skin, hence, all data was found on the association between incubation with 193 
DHA and normal or FLG-deficient models, very little literature is found on the question of topical 194 
DHA application in reconstructed human epidermis model. Only a small clinical trial indicated a 195 
therapeutic effect in AD patients after topical application for two weeks [32]. In the present study, 196 
we firstly generate a normal reconstructed human epidermis (RHE) to investigate the topical effects 197 
of the DHA. Secondly, we make a simple formula (Table S1) to make sure that DHA can stably 198 
attach to the surface of the reconstructed human epidermis. We also observe that SC became thicker 199 
after the topical treatment with DHA (Figure 3), which is according to previous findings [31]. 200 
Another important function of filaggrin is its dephosphorylation degradation products called 201 
natural moisturizing factor (NMF), which affect multiple crucial functions tin the maintenance of 202 
epidermal homeostasis. NMF not only modulates the skin pH, acidification and increases retention 203 
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of water, but also shows the inhibitory influence of pathogenic microorganism colonization and has 204 
the positive effect of filaggrin‐processing enzyme activity [33]. So, we demonstrated for the first time 205 
that upregulation of filaggrin works in reconstructed human epidermis models after topical 206 
treatment with a DHA formula and DHA also increases filaggrin and loricrin expression. 207 
Interestingly, IVL was not affected by DHA (Figure 3). 208 

As mentioned in the literature review, inflammatory environment and microbial infection is 209 
another important risk factor to induce and aggravate AD. While there are some AD-like features 210 
RHE models induced by some regulatory factors in the previous studies [34], this study firstly 211 
developed an AD-associated features RHE model induced by poly I:C plus LPS. Lipopolysaccharide 212 
(LPS), a pathogen-associated molecular patterns (PAMPs), can trigger Toll-like receptor (TLR)4 to 213 
activate NF-κB to produce cytokines in human keratinocytes [35]. LPS can act as a microbial 214 
infection to generate an inflammatory environment in this model. Poly I:C is known as a TLR3 215 
ligand stimulator that can imitate double-stranded RNA to induce an acute immune response in 216 
human keratinocytes. The concentrations of poly I:C and LPS were choose according to Figure S1and 217 
the previous literature [36,37]. After treatment of RHE with stimulation cocktail, the epidermal 218 
morphology was changed and bring out spongiosis, which agree with other AD-like models [38] and 219 
the characteristic of AD patients [39] (Figure 4). It is interesting to note that the results of HE is in 220 
well line with morphological characteristic of epidermal models induced by IL-3 and IL-14 [40]. 221 
Meanwhile, the stimulation cocktail decreased the distribution of barrier proteins like filaggrin 222 
(FLG), loricrin (LOR) and involucrin (IVL) (Figure 5), which is similar to other AD-like skin models 223 
in vitro [41,42]. Here, we first demonstrated that upregulation of FLG and LOR works in 224 
inflammatory RHE models after supplementation topical treatment with DHA (Figure 4). 225 

Thymic stromal lymphopoietin (TSLP) that was abundantly expressed by keratinocytes plays 226 
an important part in atopic dermatitis and other allergic disorders [43]. Prior studies that have noted 227 
that TSLP is governed by the NF-κB pathway through TLR3. More interestingly, high level 228 
proinflammatory cytokines that are found in AD patient skin (IL-1α and TNF-α) can induce TSLP 229 
expression in keratinocytes [44]. Simultaneously, TSLP can brings out a Th2 inflammatory reaction 230 
via a vicious circle, which is potential underlying pathogenesis of AD and atopic march [36]. In this 231 
study, LPS can significantly stimulate the proinflammatory cytokines secretion in monolayer culture 232 
human keratinocytes (Figure 2), The cytokine levels of IL-1α were correlated inversely with NMF 233 
levels. TSLP is over-expressed in RHE models induced by stimulation cocktail further, which is 234 
associated inversely with FLG expression in AD patients. Conversely, the levels of cytokines and 235 
TSLP secretion were lower than DHA untreated group. It is possible, therefore, that DHA can 236 
increase FLG expression by decreasing the expression of TSLP and proinflammatory cytokines in 237 
inflammatory RHE models. 238 

4. Materials and Methods  239 

4.1. Monolayer cell culture 240 

Normal human epidermal keratinocyte (NHEK) cells were purchased from Guangdong Biocell 241 
Co., Ltd (Guangdong, China) and cultured in Epilife (Gibico, Thermo Fisher Scientific, MA, USA) 242 
medium containing 60 uM Ca2+ and HKGS (Gibico, Thermo Fisher Scientific, MA, USA) in a 5% CO2 243 
incubator (Thermo Fisher Scientific, MA, USA) at 37°C. The medium was replaced every two days, 244 
the cells were used at 70% to 80% confluence. 245 

4.2. Cell Viability Assay 246 

Cell Counting Kit-8 (CCK-8) (Beyotime Biotechnology, Shanghai, China) was commonly used 247 
to test NHEK cells viability with high accuracy. NHEK cells (6 × 103 cells/well) were seeded in 248 
96-well plates (Nunc, Thermofisher scientific, MA, USA). After stimulated with different 249 
concentrations of polyinosinic-polycytidylic acid (poly I:C), lipopolysaccharide (LPS) and 250 
docosahexnoic acid (DHA) for 24 hours, then the NHEK cells were incubated at 37°C for 4h adding 251 
10 ul/100 ul CCK-8. Cell viability was used to count by the results of reading absorbance at 450 nm 252 
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with Microplate Reader (Molecular Devices, California, USA). The cell viability ratio was calculated, 253 
and the calculation formula is as follows: Viability (%) = (Optical Density OD treatment group - OD background 254 
group)/OD control group) x100%. 255 

4.3. Study Design and DHA supplement 256 

For LPS and poly I:C, we determined the optimum concentrations for subsequent studies. 257 
NHEK cells (6 x 103 cells/well) were seeded in 96-well plates (Nunc, Thermofisher scientific, MA, 258 
USA) and treated with different concentrations of poly I:C and LPS for 24 h according to the results 259 
of cells viability. We define the best concertation of LPS plus poly I:C by measuring the expression of 260 
TSLP (Figure S1). 261 

NHEK cells were seeded into 6-well plates at a density 3×104 cells/ml. NHEK cells were cultured 262 
in Epilife medium with 1.3-1.5 uM Ca2+ and HKGS for 72h, and the medium was replaced with fresh 263 
Epilife medium containing different DHA (100 uM) for extra 24 h. For inflammatory stimulation, 264 
NHEK cells were incubated with HKGs and 1.5 uM Ca2+ in Epilife medium for 72h. After cocktail 265 
was added into medium to stimulate for 24h, then 100 uM DHA were added medium for another 266 
24h. 267 

4.4. Quantitative real-time PCR analysis 268 

The total RNA was extracted from the NHEK cells following the TRIZOL reagent (Life 269 
Technologies, CA, USA) recommended protocol. The concentration and quality of RNA were 270 
measured using Qubit 3.0 (Thermofisher Scientific, MA, USA). This RNA was used for subsequent 271 
cDNA synthesis with the Prime script RT reagent Kit (Thermofisher Scientific, MA, USA). The 272 
changes of mRNA levels were measured by a Light Cycler 96 system (Roche) and SYBR Premix Ex 273 
Taq II (Takara Biotechnology, Dalian, China) following the manufacturer's recommended protocol. 274 
All primers of FLG, LOR, IVL, IL-1α, TNF-α, IL-6 and GADPH are listed in Table S1. The related 275 
data were analyzed using the delta cycle threshold method and the relative expression levels of each 276 
gene was normalized to Ct of the glyceraldehyde 3-phosphate dehydrogenase and calculated based 277 
on the 2−ΔΔCT method. 278 

4.5. Construction of Reconstructed Human Epidermis (RHE) Models and DHA topical treatment 279 

Reconstructed Human Skin (RHE) model was established by Complete Epilife growth medium 280 
and Cell culture Inserts (Thermofisher Scientific, MA, USA). Briefly, complete Epilife growth 281 
medium was prepared by adding 10 ng/ml keratinocytes growth factor, human keratinocytes 282 
growth supplement, 50 ug/ml ascorbic acid and 140 uM CaCl2. According to the standard protocol, 283 
coating matrix was diluted by 1:100 and precoated. Cells were seeded in precoated inserts with 0.5 284 
ml growth medium in both lower and upper compartment at a density of 7.5 × 104 cells/cm2. The 285 
air-liquid inter face was established by adding complete growth medium with additional 1.5 mM 286 
CaCl2 to the lower compartment and aspirating the upper compartment medium for 2 days 287 
incubation at 37℃ and 5% CO2. The changes of subsequent medium were conducted by aspirating 288 
the medium from the lower compartment and replacing it with fresh medium supplemented with 289 
an additional 1.5 mM CaCl2 (1.7 mM total CaCl2). For inflammatory RHE, the cocktail was added 72h 290 
before DHA treatment.  291 

According the Table S1, the simple formula was designed and used for next study. Dispense 32 292 
μl/cm2 of the 0.1% DHA cream formula on the top of each epidermis tissue. After 24 hours 293 
incubation, rinsing thoroughly 25 times with 1 mL PBS to remove all residual chemical from the 294 
epidermal surface before further analyzation. 295 

4.6. Haematoxylin–eosin (HE) staining 296 

Harvested RHE models were fixed in 10% formalin reagent (Sigma, St. Louis, MO, USA), 297 
dehydrated with ethanol and embedded in paraffin. RHEs sections were cut to 5um, deparaffinized 298 
and the slices were rehydrated using graded ethanol series. Finally, the slices were stained with 299 
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eosin and hematoxylin (Sigma, St. Louis, MO USA). The RHE slices were observed by EVOS FL auto 300 
(Thermofisher scientific, MA, USA) after mounting with neutral balsam. 301 

4.7. Western blot 302 

After treatment, the RHE models were washed with cold PBS and harvested with M-PER 303 
Mammalian Protein Extraction Reagent (Thermo fisher Scientific, MA, USA). A bicinchoninic 304 
Protein Assay kit (Pierce; Thermo Fisher Scientific) was used to measure the protein concentrations. 305 
20 ug proteins were boiled and separated by 10% SDS-PAGE, then gels were transferred onto a 306 
PVDF membrane by using Power Blotter System (Thermofisher Scientific). Following 5% 307 
skimmed-milk blocking, the membranes were incubated with anti-FLG (1:2000; Thermofisher), 308 
anti-IVL (1:2000, Noves) and anti-GAPDH (1:5000; Invitrogen) antibodies overnight at 4°C. The 309 
membranes were washed and incubated with secondary antibody (1:20000) (Invitrogen) conjugated 310 
with horseradish peroxidase (HRP) in 0.5% PBST for 1 h. Proteins expression were detected by 311 
iBright FL1000 image system (Thermo fisher Scientific) and quantified by using iBright analysis 312 
software (Thermo fisher Scientific, USA). 313 

4.8. Immunohistofluorescence assay  314 

After different topical treatment, the RHE models were washed with cooled 315 
phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 30 min. After incubation 316 
in 0.05% Triton X-100 for 30 mins, the treated RHE slices were blocked with 5% BSA buffer for 317 
60 min. The RHE models were incubated with primary antibody (FLG; 1:500, LOR 1:500, IVL 1:500, 318 
Abcam) overnight at 4 °C, followed incubation with an Alexflour 488-conjugated secondary Goat 319 
anti-rabbit IgG (1:200; Invitrogen) for 2 hours in the dark at 37 °C. The nuclei were stained by 320 
incubation for 10 min at room temperature with 4,6-diamidino-2-phenylindole (DAPI, 1:1000, 321 
Thermofisher Scientific, MA, USA). The images of immunohistofluorescence were visualized with 322 
Fluorescence Microscope (EVOS FL auto, Life Technology, Carlsbad, CA, USA) and analyzed using 323 
the EVOS browser imaging software (Thermofisher Scientific, MA, USA). 324 

4.9. TNF-α, TSLP IL-α and IL-6 by Enzyme-Linked Immunosorbent Assay (ELISA). 325 

The supernatant of NHEK cells or RHE models’ samples were collected from the 6-wells plates. 326 
Proinflammatory mediators like tumor necrosis factor alpha (TNF-α), IL-1α, IL-6 and Thymic 327 
stromal lymphopoietin (TSLP) were determined by using ELISA kits (R&D, Minnesota, USA). The 328 
tests were performed strictly according to the manufacturer’s instructions.  329 

4.10. Statistical Analyses 330 

All the values have been reported in terms of means± standard deviation (SD). The mean values 331 
were calculated based on data from at least three independent replicate experiments. The data were 332 
analyzed using the Student's t-test. P value less than 0.05 was statistically significant. All statistical 333 
analyses were performed using SPSS 25.0 (IBM Co., Armonk, NY, USA)  334 

5. Conclusions 335 

In conclusion, treatment with DHA can improved related barrier function and ameliorate 336 
inflammation in monolayer keratinocytes and inflammatory reconstructed human epidermis 337 
models, which indicated that DHA may have a potential value for the treatment of 338 
inflammatory-associate skin diseases. 339 

Supplementary Materials: The following are available online, Figure S1: Effect of poly I:C, LPS and cocktail on 340 
the TSLP secretion in NHEK cells. Table S1: Primers for qPCR, Table S2: Formula Composition.  341 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 August 2019                   doi:10.20944/preprints201908.0178.v1

Peer-reviewed version available at Molecules 2019, 24, 3156; doi:10.3390/molecules24173156

https://doi.org/10.20944/preprints201908.0178.v1
https://doi.org/10.3390/molecules24173156


 10 of 12 

 

Author Contributions: methodology, T.J.; investigation, T.J., Q.Y. and W.Q.; validation, Q.W. and Q.Y.; 342 
writing—original draft preparation T.J. and W.Q.; writing—review and editing, W.W.; supervision and project 343 
administration, K.K. 344 

Conflicts of Interest: The authors declare no conflict of interest. 345 

References 346 

1. Kalinin, A.; Marekov, L.N.; Steinert, P.M. Assembly of the epidermal cornified cell envelope. J. Cell Sci. 347 
2001, 114, 3069-3070, doi:10.1080/15216540152846064. 348 

2. Candi, E.; Schmidt, R.; Melino, G. The cornified envelope: a model of cell death in the skin. Nat. Rev. Mol. 349 
Cell Biol. 2005, 6, 328-340, doi:10.1038/nrm1619. 350 

3. Brown, S.J.; McLean, W.H. One remarkable molecule: filaggrin. J. Invest. Dermatol. 2012, 132, 751-762, 351 
doi:10.1038/jid.2011.393. 352 

4. Harding, C.R.; Aho, S.; Bosko, C.A. Filaggrin – revisited. Int. J. Cosmet. Sci. 2013, 35, 412-423, 353 
doi:10.1111/ics.12049. 354 

5. Wolter, S.; Price, H.N. Atopic dermatitis. Pediatr. Clin. North Am. 2014, 61, 241-260, doi: 355 
10.1016/j.pcl.2013.11.002. 356 

6. Irvine, A.D.; McLean, W.H.; Leung, D.Y. Filaggrin mutations associated with skin and allergic diseases. N. 357 
Engl. J. Med. 2011, 365, 1315-1327, doi:10.1056/NEJMra1011040. 358 

7. Cabanillas, B.; Novak, N. Atopic dermatitis and filaggrin. Curr. Opin. Immunol. 2016, 42, 1-8, doi: 359 
10.1016/j.coi.2016.05.002. 360 

8. Howell, M.D.; Kim, B.F.; Gao, P.; Grant, A.V.; Boguniewicz, M.; Debenedetto, A.; Schneider, L.; Beck, L.A.; 361 
Barnes, K.C.; Leung, D.Y. Cytokine modulation of atopic dermatitis filaggrin skin expression. J. Allergy 362 
Clin. Immunol. 2007, 120, 150-155, doi: 10.1016/j.jaci.2007.04.031. 363 

9. Bernard, F.X.; Morel, F.; Camus, M.; Pedretti, N.; Barrault, C.; Garnier, J.; Lecron, J.C. Keratinocytes under 364 
Fire of Proinflammatory Cytokines: Bona Fide Innate Immune Cells Involved in the Physiopathology of 365 
Chronic Atopic Dermatitis and Psoriasis. J Allergy (Cairo) 2012, 2012, 718725, doi:10.1155/2012/718725. 366 

10. McAleer, M.A.; Irvine, A.D. The multifunctional role of filaggrin in allergic skin disease. J. Allergy Clin. 367 
Immunol. 2013, 131, 280-291, doi: 10.1016/j.jaci.2012.12.668. 368 

11. Elias, P.M.; Wakefield, J.S. Therapeutic implications of a barrier-based pathogenesis of atopic dermatitis. 369 
Clin. Rev. Allergy Immunol. 2011, 41, 282-295, doi:10.1007/s12016-010-8231-1. 370 

12. Kim, M.; Jung, M.; Hong, S.P.; Jeon, H.; Kim, M.J.; Cho, M.Y.; Lee, S.H.; Man, M.Q.; Elias, P.M.; Choi, E.H. 371 
Topical calcineurin inhibitors compromise stratum corneum integrity, epidermal permeability and 372 
antimicrobial barrier function. Exp. Dermatol. 2010, 19, 501-510, doi:10.1111/j.1600-0625.2009.00941. x. 373 

13. Jung, K.; Tanaka, A.; Fujita, H.; Matsuda, A.; Oida, K.; Karasawa, K.; Okamoto, N.; Ohmori, K.; Jee, Y.; 374 
Shin, T. Peroxisome proliferator–activated receptor γ–mediated suppression of dendritic cell function 375 
prevents the onset of atopic dermatitis in NC/Tnd mice. J. Allergy Clin. Immunol. 2011, 127, 420-429.e426, 376 
doi: 10.1016/j.jaci.2010.10.043. 377 

14. Hatano, Y.; Elias, P.M.; Crumrine, D.; Feingold, K.R.; Katagiri, K.; Fujiwara, S. Efficacy of combined 378 
peroxisome proliferator-activated receptor-alpha ligand and glucocorticoid therapy in a murine model of 379 
atopic dermatitis. J. Invest. Dermatol. 2011, 131, 1845-1852, doi:10.1038/jid.2011.144. 380 

15. Leist, M.; Hartung, T. Inflammatory findings on species extrapolations: humans are definitely no 70-kg. 381 
mice. Arch. Toxicol. 2013, 87, 563-567, doi:10.1007/s00204-013-1038-0. 382 

16. Zhang, C.; Gurevich, I.; Aneskievich, B.J. Organotypic modeling of human keratinocyte response to. 383 
peroxisome proliferators. Cells Tissues Organs 2012, 196, 431-441, doi:10.1159/000336268. 384 

17. Wallmeyer, L.; Lehnen, D.; Eger, N.; Sochorova, M.; Opalka, L.; Kovacik, A.; Vavrova, K.; Hedtrich, S. 385 
Stimulation of PPARalpha normalizes the skin lipid ratio and improves the skin barrier of normal and 386 
filaggrin deficient reconstructed skin. J. Dermatol. Sci. 2015, 80, 102-110, doi: 387 
10.1016/j.jdermsci.2015.09.012. 388 

18. Palmer, C.N.; Irvine, A.D.; Terron-Kwiatkowski, A.; Zhao, Y.; Liao, H.; Lee, S.P.; Goudie, D.R.; Sandilands, 389 
A.; Campbell, L.E.; Smith, F.J., et al. Common loss-of-function variants of the epidermal barrier protein 390 
filaggrin are a major predisposing factor for atopic dermatitis. Nat. Genet. 2006, 38, 441-446, 391 
doi:10.1038/ng1767. 392 

19. Choi, E.-H.; Demerjian, M.; Crumrine, D.; Brown, B.E.; Mauro, T.; Elias, P.M.; Feingold, K.R. 393 
Glucocorticoid blockade reverses psychological stress-induced abnormalities in epidermal structure and 394 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 August 2019                   doi:10.20944/preprints201908.0178.v1

Peer-reviewed version available at Molecules 2019, 24, 3156; doi:10.3390/molecules24173156

https://doi.org/10.20944/preprints201908.0178.v1
https://doi.org/10.3390/molecules24173156


 11 of 12 

 

function. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2006, 291, R1657-R1662, 395 
doi:10.1152/ajpregu.00010.2006. 396 

20. Hatano, Y.; Man, M.Q.; Uchida, Y.; Crumrine, D.; Scharschmidt, T.C.; Kim, E.G.; Mauro, T.M.; Feingold, 397 
K.R.; Elias, P.M.; Holleran, W.M. Maintenance of an acidic stratum corneum prevents emergence of 398 
murine atopic dermatitis. J. Invest. Dermatol. 2009, 129, 1824-1835, doi:10.1038/jid.2008.444. 399 

21. Lee, H.J.; Lee, S.H. Epidermal Permeability Barrier Defects and Barrier Repair Therapy in Atopic 400 
Dermatitis. Allergy. Asthma. Immunol. Res. 2014, 6, 276-287, doi:10.4168/aair.2014.6.4.276. 401 

22. Schmuth, M.; Jiang, Y.J.; Dubrac, S.; Elias, P.M.; Feingold, K.R. Thematic Review Series: Skin. 402 
Lipids.Peroxisome proliferator-activated receptors and liver X receptors in epidermal biology. J. Lipid. 403 
Res. 2008, 49, 499-509, doi:10.1194/jlr. R800001-JLR200. 404 

23. Mao-Qiang, M.; Fowler Aj Fau - Schmuth, M.; Schmuth M Fau - Lau, P.; Lau P Fau - Chang, S.; Chang S. 405 
Fau - Brown, B.E.; Brown Be Fau - Moser, A.H.; Moser Ah Fau - Michalik, L.; Michalik L Fau - Desvergne, 406 
B.; Desvergne B Fau - Wahli, W.; Wahli W Fau - Li, M., et al. Peroxisome-proliferator-activated receptor 407 
(PPAR)-gamma activation stimulates keratinocyte differentiation. J. Invest. Dermatol. 2004, 123, 305-312, 408 
doi:10.1111/j.0022-202X.2004.23235. x. 409 

24. Yan, Y.; Furumura, M.; Numata, S.; Teye, K.; Karashima, T.; Ohyama, B.; Tanida, N.; Hashimoto, T. 410 
Various peroxisome proliferator-activated receptor (PPAR)-gamma agonists differently induce 411 
differentiation of cultured human keratinocytes. Exp Dermatol 2015, 24, 62-65, doi:10.1111/exd.12571. 412 

25. Demerjian, M.; Choi, E.H.; Man, M.Q.; Chang, S.; Elias, P.M.; Feingold, K.R. Activators of PPARs and LXR. 413 
decrease the adverse effects of exogenous glucocorticoids on the epidermis. Exp. Dermatol. 2009, 18, 414 
643-649, doi:10.1111/j.1600-0625.2009.00841. x. 415 

26. Gani, O.A.; Sylte, I. Molecular recognition of docosahexaenoic acid by peroxisome proliferator-activated. 416 
receptors and retinoid-X receptor alpha. J. Mol. Graph. Model 2008, 27, 217-224, doi: 417 
10.1016/j.jmgm.2008.04.008. 418 

27. Chiba, T.; Takeuchi, S.; Esaki, H.; Yamamura, K.; Kurihara, Y.; Moroi, Y.; Furue, M. Topical application of. 419 
PPARalpha (but not beta/delta or gamma) suppresses atopic dermatitis in NC/Nga mice. Allergy 2012, 67, 420 
936-942, doi:10.1111/j.1398-9995.2012.02844. x. 421 

28. Yoshida, S.; Yasutomo, K.; Watanabe, T. Treatment with DHA/EPA ameliorates atopic dermatitis-like. 422 
skin disease by blocking LTB4 production. J. Med. Invest. 2016, 64, 187-191, doi:10.2152/jmi.63.187. 423 

29. Dubrac, S.; Schmuth, M. (P)PARsing epidermal development. J. Invest. Dermatol. 2006, 126, 241-242, doi: 424 
10.1038/sj.jid.5700137. 425 

30. Al Kholaifi, A.; Amer, A.; Jeffery, B.; Gray, T.J.; Roberts, R.A.; Bell, D.R. Species-specific kinetics and. 426 
zonation of hepatic DNA synthesis induced by ligands of PPARalpha. Toxicol. Sci. 2008, 104, 74-85, doi: 427 
10.1093/toxsci/kfn062. 428 

31. Rivier, M.; Castiel, I.; Safonova, I.; Ailhaud, G.; Michel, S. Peroxisome proliferator-activated. 429 
receptor-alpha enhances lipid metabolism in a skin equivalent model. J. Invest. Dermatol. 2000, 114, 430 
681-687, doi:10.1046/j.1523-1747.2000.00939. x. 431 

32. Fukaya, M.; Kimata, H. Topical clofibrate improves symptoms in patients with atopic dermatitis and. 432 
reduces serum TARC levels: a randomized, double-blind, placebo-controlled pilot study. J. Drugs 433 
Dermatol. 2014, 13, 259-263, doi: 10.1016/j.jdermsci.2013.11.012. 434 

33. McAleer, M.A.; Jakasa, I.; Raj, N.; O'Donnell, C.P.F.; Lane, M.E.; Rawlings, A.V.; Voegeli, R.; McLean, 435 
W.H.I.; Kezic, S.; Irvine, A.D. Early-life regional and temporal variation in filaggrin-derived natural 436 
moisturizing factor, filaggrin-processing enzyme activity, corneocyte phenotypes and plasmin activity: 437 
implications for atopic dermatitis. Br. J. Dermatol. 2018, 179, 431-441, doi:10.1111/bjd.16691. 438 

34. Kamsteeg, M.; Bergers, M.; de Boer, R.; Zeeuwen, P.L.; Hato, S.V.; Schalkwijk, J.; Tjabringa, G.S. Type 2. 439 
helper T-cell cytokines induce morphologic and molecular characteristics of atopic dermatitis in human 440 
skin equivalent. Am. J. Pathol. 2011, 178, 2091-2099, doi: 10.1016/j.ajpath.2011.01.037. 441 

35. Vu, A.T.; Chen, X.; Xie, Y.; Kamijo, S.; Ushio, H.; Kawasaki, J.; Hara, M.; Ikeda, S.; Okumura, K.; Ogawa, 442 
H., et al. Extracellular double-stranded RNA induces TSLP via an endosomal acidification- and 443 
NF-kappaB-dependent pathway in human keratinocytes. J. Invest. Dermatol. 2011, 131, 2205-2212, 444 
doi:10.1038/jid.2011.185. 445 

36. Kinoshita, H.; Takai, T.; Anh Le, T.; Kamijo, S.; Ling Wang, X.; Ushio, H.; Hara, M.; Kawasaki, J.; Tuan Vu, 446 
A.; Ogawa, T., et al. Cytokine milieu modulates release of thymic stromal lymphopoietin from human 447 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 August 2019                   doi:10.20944/preprints201908.0178.v1

Peer-reviewed version available at Molecules 2019, 24, 3156; doi:10.3390/molecules24173156

https://doi.org/10.20944/preprints201908.0178.v1
https://doi.org/10.3390/molecules24173156


 12 of 12 

 

keratinocytes stimulated with double-stranded RNA. J. Allergy Clin. Immunol. 2009, 123, 179-186, doi: 448 
10.1016/j.jaci.2008.10.008. 449 

37. Kollisch, G.; Kalali, B.N.; Voelcker, V.; Wallich, R.; Behrendt, H.; Ring, J.; Bauer, S.; Jakob, T.; Mempel, M.; 450 
Ollert, M. Various members of the Toll-like receptor family contribute to the innate immune response of 451 
human epidermal keratinocytes. Immunology 2005, 114, 531-541, doi:10.1111/j.1365-2567.2005.02122. x. 452 

38. Rouaud-Tinguely, P.; Boudier, D.; Marchand, L.; Barruche, V.; Bordes, S.; Coppin, H.; Roth, M.P.; Closs, B.  453 
From the morphological to the transcriptomic characterization of a compromised three-dimensional in 454 
vitro model mimicking atopic dermatitis. Br. J. Dermatol. 2015, 173, 1006-10014, doi:10.1111/bjd.14012. 455 

39. Pendaries, V.; Malaisse, J.; Pellerin, L.; Le Lamer, M.; Nachat, R.; Kezic, S.; Schmitt, A.M.; Paul, C.; 456 
Poumay, Y.; Serre, G., et al. Knockdown of filaggrin in a three-dimensional reconstructed human 457 
epidermis impairs keratinocyte differentiation. J. Invest. Dermatol. 2014, 134, 2938-2946, 458 
doi:10.1038/jid.2014.259. 459 

40. Ohtani, T.; Memezawa, A.; Okuyama, R.; Sayo, T.; Sugiyama, Y.; Inoue, S.; Aiba, S. Increased Hyaluronan. 460 
Production and Decreased E-Cadherin Expression by Cytokine-Stimulated Keratinocytes Lead to 461 
Spongiosis Formation. J. Invest. Dermatol. 2009, 129, 1412-1420, doi:10.1038/jid.2008.394. 462 

41. Gschwandtner, M.; Mildner, M.; Mlitz, V.; Gruber, F.; Eckhart, L.; Werfel, T.; Gutzmer, R.; Elias, P.M.; 463 
Tschachler, E. Histamine suppresses epidermal keratinocyte differentiation and impairs skin barrier 464 
function in a human skin model. Allergy 2013, 68, 37-47, doi:10.1111/all.12051. 465 

42. Mildner, M.; Jin, J.; Eckhart, L.; Kezic, S.; Gruber, F.; Barresi, C.; Stremnitzer, C.; Buchberger, M.; Mlitz, V.; 466 
Ballaun, C., et al. Knockdown of filaggrin impairs diffusion barrier function and increases UV sensitivity 467 
in a human skin model. J. Invest. Dermatol. 2010, 130, 2286-2294, doi:10.1038/jid.2010.115. 468 

43. Ziegler, S.F. Thymic stromal lymphopoietin and allergic disease. J. Allergy Clin. Immunol. 2012, 130, 469 
845-852, doi: 10.1016/j.jaci.2012.07.010. 470 

44. Bogiatzi, S.I.; Fernandez, I.; Bichet, J.C.; Marloie-Provost, M.A.; Volpe, E.; Sastre, X.; Soumelis, V. Cutting. 471 
Edge: Proinflammatory and Th2 cytokines synergize to induce thymic stromal lymphopoietin production 472 
by human skin keratinocytes. J. Immunol. 2007, 178, 3373-3377, doi:10.4049/jimmunol.178.6.3373 473 

Sample Availability: Samples of the compounds DHA are available from the authors. 474 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 August 2019                   doi:10.20944/preprints201908.0178.v1

Peer-reviewed version available at Molecules 2019, 24, 3156; doi:10.3390/molecules24173156

https://doi.org/10.20944/preprints201908.0178.v1
https://doi.org/10.3390/molecules24173156

