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ABSTRACT 
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The Graduate School 

Seoul National University 

Persicaria tinctoria is one of the representative natural dyes and has been 

commonly used in traditional medicines. The anti-inflammatory activity of 

Persicaria tinctoria has been reported for oxidative stress-induced models. 

However, the effect of Persicaria tinctoria on the environmental toxic stress-

induced inflammation is not investigated. In this study, the anti-inflammatory 

activity and its molecular mechanism of Persicaria tinctoria methanol extract (PE) 

were evaluated in both the ultraviolet B (UVB)-irradiated and the cadmium/nickel-

induced inflammation models in HaCaT keratinocytes. UVB is a major 

environmental stress to promote skin aging. Nickel, cadmium, lead and other 

divalent cations are adsorbed or existed in particulate matters (PMs), which are 
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major air pollutants in the environment.  

PE significantly inhibited PGE2 synthesis in UVB-irradiated HaCaT cells in a 

concentration-dependent manner. The effects of indigo, indigo carmine, indirubin 

and thioindigo, major chemical compounds associated with the natural chemicals 

in Persicaria tinctoria, were evaluated to identify the causative ingredient on the 

UVB-induced PGE2 up-regulation in HaCaT cells. Indigo and thioindigo 

significantly inhibited the production of PGE2 in HaCaT cells. Indirubin and indigo 

carmine had no effect on the UVB-induced PGE2 upregulation in sub-cytotoxic 

concentrations. To elucidate the molecular mechanisms, the cellular 

phosphorylation levels of ERK, PI3K/AKT and STAT3 were measured in the 

indigo and/or thioindigo treated HaCaT cells. Indigo and thioindigo inhibited the 

phosphorylation of ERK and PI3K/AKT signaling pathways. In addition, indigo 

suppressed the activation of STAT3 signaling pathway. These results suggest 

indigoid compounds are partly responsible for the anti-inflammatory activity of PE 

in the UVB-induced PGE2 up-regulation model in HaCaT keratinocytes.  

Scanning electron microscope (SEM) observations and energy dispersive X-ray 

spectroscopy (EDS) analysis were performed to study the morphology, size and 

elemental composition of particulate matters (PMs) collected in 2015. The detected 

elements and components in PMs were pollens, microorganisms, sylvites, 

crystalline sulfides, silicon dioxide fly ash, heavy metals and carbon solid particles 

originated from anthropogenic sources. Among them, sulfites and heavy metals 

were chosen as PM-associated inflammatory inducers. The effects of sodium 

bisulfite, lead chloride, nickel chloride, cadmium chloride or cobalt chloride on the 
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production of PGE2 were evaluated in HaCaT keratinocytes. In HaCaT cells, 

cadmium chloride significantly increased PGE2 synthesis. Although nickel chloride, 

cobalt chloride and lead chloride tended to increase PGE2, the level of the PGE2 

upregulation was not enough to use the pharmacological screen. PE, indigo and 

thioindigo significantly attenuated the cadmium-induced PGE2 synthesis in HaCaT 

cells. As the UVB-induced model, indigo and thioindigo inhibited the 

phosphorylation of ERK and PI3K/AKT. Therefore, PE and its indigoid 

compounds, indigo and thioindigo, are candidates for an effective anti-

inflammatory agent against the environmental toxic stress-induced inflammation in 

HaCaT keratinocytes.  

 

 

 

 

 

 

 

 

Keywords: Persicaria tinctoria, indigo, thioindigo, inflammation, prostaglandin 

E2 (PGE2), HaCaT keratinocytes, ultraviolet B (UVB), particulate 

matters (PMs) 

Student number: 2014-22979 

 



iv 

 

Table of Contents 
 

Abstract ......................................................................................... i 

Abbreviation ..........................................................................................................  vii 

List of Figures ......................................................................................................  viii 

List of Tables ..........................................................................................................  xi 

 

Part I. Epidermal anti-Inflammatory effects of Persicaria 

tinctoria on UVB-irradiated HaCaT keratinocytes 

I. Introduction ............................................................................................................ 2 

II. Materials and Methods ......................................................................................... 8 

A. Materials ........................................................................................................... 8 

1. Reagents and antibodies ................................................................................ 8 

2. Compounds ................................................................................................... 9 

3. Cell culture .................................................................................................... 9 

B. Methods .......................................................................................................... 10 

1. Extraction ...................................................................................................... 10 

2. Cell proliferation assay.................................................................................. 10 

3. PGE2 Enzyme-linked immunosorbent assay 

  ......................................................................................................................... 11 

4. Cytokine Enzyme-linked immunosorbent assay  ......................................... 11 

5. Western blotting ............................................................................................ 12 



v 

 

6. Statistical analysis ......................................................................................... 13 

III. Results ............................................................................................................... 14 

A. Effects of PE on PGE2 synthesis in UVB-irradiated HaCaT keratinocytes ... 14 

B. Effects of indigoid compounds on PGE2 synthesis in UVB-irradiated HaCaT 

keratinocytes ........................................................................................................... 17 

C. Effects of PE and indigoid compounds on the production of IL-8 in HaCaT 

keratinocytes ........................................................................................................... 22 

D. Effects of indigoid compounds on UVB-induced ERK, AKT and STAT3 

activities .................................................................................................................. 24 

IV. Discussion ......................................................................................................... 28 

 

Part II. Epidermal anti-Inflammatory effects of Persicaria 

tinctoria on particulate matters (PMs)-treated HaCaT 

keratinocytes 

I. Introduction .......................................................................................................... 32 

II. Materials and Methods ....................................................................................... 35 

A. Materials ......................................................................................................... 35 

1. Reagents and antibodies ................................................................................ 35 

2. Compounds ................................................................................................... 35 

3. Cell culture .................................................................................................... 36 

B. Methods .......................................................................................................... 37 

1. Extraction ...................................................................................................... 37 



vi 

 

2. Collection of particulate matters ................................................................... 37 

3. Scanning electron microscopy (SEM) & Energy Dispersive Spectrometry 

(EDS) analysis ................................................................................................... 38 

4. Cell proliferation assay.................................................................................. 38 

5. Prostaglandin E2 assay .................................................................................. 39 

6. Cytokine assay .............................................................................................. 40 

7. Western blotting ............................................................................................ 40 

8. Statistical analysis ......................................................................................... 41 

III. Results ............................................................................................................... 44 

A. Characterization of particulate matters ........................................................... 44 

B. Induction of PGE2 synthesis by sulfite from particulate matters .................... 49 

C. Induction of PGE2 synthesis by heavy metal from particulate matters .......... 51 

D. Anti-inflammatory effects of PE and indigoid compounds in cadmium-treated 

HaCaT keratinocytes ............................................................................................... 54 

E. Effects of indirubin on IL-8 production in heavy metal-treated HaCaT 

keratinocytes ....................................................................................................... 58 

F. Effects of indigoid compounds on cadmium-treated ERK, AKT and STAT3 

activities .................................................................................................................. 60 

IV. Discussion ......................................................................................................... 64 

References ................................................................................... 68 

Abstract in Korean ..................................................................... 75 

 

 



vii 

 

Abbreviation 
 

� PE : Persicaria tinctoria methanol extract   

� IC : Indigo carmine  

� UVB : Ultraviolet B   

� ELISA : Enzyme-linked immunosorbent assay, enzyme-linked 

immunospecific assay 

� CCK-8 : Cell counting kit-8 

� WST-8 :  2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium monosodium salt 

� PGE2 : Prostaglandin E2  

� VEGF : Vascular endothelial growth factor  

� IL-8 : Interleukin-8   

� ADSPs : Asian dust storm particles 

� PMs : Particulate matters 

� SEM : Scanning electron microscope 

� EDS : Energy dispersive spectroscopy 

� SB : Sodium bisulfite 

� PB : Lead chloride 

� NI : Nickel chloride 

� CD : Cadmium chloride 

� CO : Cobalt chloride 

 



viii 

 

List of Figures 
 

Figure 1. Schematic representation of research background ..................................... 5 

Figure 2. Screening of anti-inflammatory natural products ...................................... 6 

Figure 3. Time-dependent effects of Persicaria tinctoria methanol extract (PE) on 

the inhibition of prostaglandin E2 (PGE2) synthesis in UVB-irradiated HaCaT 

keratinocytes ..................................................................................................... 15 

Figure 4. Anti-inflammatory activity of Persicaria tinctoria methanol extract (PE) 

on UVB-irradiated HaCaT keratinocytes .......................................................... 16 

Figure 5. The chemical structures of indigoid compounds of Persicaria tinctoria 18 

Figure 6. Inhibition of UVB-induced PGE2 synthesis by Persicaria tinctoria 

methanol extract (PE) and indigoid compounds in HaCaT keratinocytes ........ 19 

Figure 7. Effects of indigoid compounds on cell viability in HaCaT keratinocytes 

 ........................................................................................................................... 20 

Figure 8. Dose-dependent effects of indigoid compounds on prostaglandin E2 

(PGE2) secretion in UVB-irradiated HaCaT keratinocytes ............................... 21 

Figure 9. Dose-dependent effects of Persicaria tinctoria methanol extract (PE) and 

indigoid compounds on the secretion of pro-inflammatory mediators in UVB-

irradiated HaCaT keratinocytes ......................................................................... 23 

Figure 10. Indigoid compounds inhibit the activation of ERK and AKT pathways 

in UVB-irradiated HaCaT keratinocytes ........................................................... 25 

Figure 11. Proposed mechanism for epidermal anti-inflammatory effect of (A) 

indigo and (B) thioindigo in UVB-irradiated HaCaT keratinocytes ................. 27 



ix 

 

Figure 12. Map showing the transport paths of Asian dust storm particles (ADSPs) 

with particulate matters (PMs) from China to Korea ........................................ 34 

Figure 13. A city map of Seoul showing the location of the particulate matters 

(PMs) sampling site  ......................................................................................... 42 

Figure 14. Schematic diagram illustrating experimental process of scanning 

electron microscope (SEM)/energy dispersive spectroscopy (EDS) analysis ... 43 

Figure 15. Scanning electron microscope (SEM) images and element analysis of 

particulate matters (PMs) including PM 2.5 and PM 10 ................................... 46 

Figure 16. Scanning electron microscope (SEM) images and element analysis of 

heavy metals from particulate matters (PMs).................................................... 48 

Figure 17. Concentration-dependent increase of PGE2 synthesis in sulfite-treated 

HaCaT keratinocytes ......................................................................................... 50 

Figure 18. Cell viability of HaCaT keratinocytes upon pro-inflammatory 

constituents from PMs ....................................................................................... 52 

Figure 19. Concentration-dependent increase of PGE2 synthesis in heavy metal-

treated HaCaT keratinocytes ............................................................................. 53 

Figure 20. Cadmium-induced PGE2 release and the anti-inflammatory activity of 

Persicaria tinctoria methanol extract (PE) and indigoid compounds of in 

HaCaT keratinocytes ......................................................................................... 55 

Figure 21. Effect of Persicaria tinctoria methanol extract (PE) and indigoid 

compounds on IL-8 synthesis following cadmium chloride exposure in HaCaT 

keratinocytes ..................................................................................................... 56 



x 

 

Figure 22. Effect of Persicaria tinctoria methanol extract (PE) and indigoid 

compounds on VEGF synthesis following cadmium chloride exposure in 

HaCaT keratinocytes ......................................................................................... 57  

Figure 23. Indirubin inhibits the synthesis of IL-8 in heavy metal-treated HaCaT 

keratinocytes ..................................................................................................... 59 

Figure 24. Indigoid compounds inhibit the activation of ERK and AKT pathways 

in heavy metal-treated HaCaT keratinocytes .................................................... 61 

Figure 25. Schematic representation of effect of indigo and thioindigo in PMs-

treated HaCaT keratinocytes ............................................................................. 63 

 

 

 

 
 
 

 
  



xi 

 

List of Tables 
 

Table 1. Summary of compositional data for particulate matters (PMs) from 3 

events................................................................................................................. 45 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





 

 

 
 
 

 
 

Part I.  
Epidermal anti-Inflammatory effects of 
Persicaria tinctoria on UVB-irradiated 

HaCaT keratinocytes 
  



 
 

I. Introduction 

 

Skin inflammation is influenced by constant exposure to various environmental 

toxic stresses such as ultraviolet (UV) irradiation, particulate matter (PM) particles, 

and pathogenic microorganisms. Keratinocytes, as epidermal barrier, induce 

inflammation by releasing various pro-inflammatory mediators like prostaglandin 

E2 (PGE2), vascular endothelial growth factor (VEGF), interleukin-8 (IL-8) and 

metalloproteinases (MMPs) in response to harmful stimuli. The inflammatory 

mediators can accelerate skin aging process with changes of collagen network and 

ECM degradation.  

Ultraviolet (UV) radiation is a major environmental factor of photoaging. 

Excessive exposure to UV rays can cause acute and chronic effects leading to 

severe skin diseases and premature aging. Ultraviolet B (UVB) (280-315 nm) is 

absorbed into the epidermis and accelerates skin aging including wrinkles and 

sagging by inducing acute inflammatory responses with diverse mediators in 

keratinocytes. For this reason, it has been concerned that the increase in surface 

UVB due to the depletion of the ozone layer would enhance the skin inflammation. 

Also, accordingly, the discovery of anti-inflammatory ingredients against exposure 

to UVB, one of the major environmental irritants, is critical for the prevention of 

extrinsic skin aging. 

Among various pro-inflammatory markers, prostaglandin E2 (PGE2) is a key 

factor in acute skin inflammatory process induced by environmental toxic stress. 

PGE2 is one of the most typical lipid mediators produced from arachidonic acid 



 
 

(AA) by cyclooxygenase (COX) (Kawahara et al., 2015). AA is released from 

phospholipids by the enzyme phospholipase A2 (PLA2) in cell membrane of 

keratinocytes exposed to UVB, and PGE2 is then derived from AA by COX 

pathways. In contrast to COX-1 regulating prostaglandins (PGs) that are important 

for gastric mucosal protection, COX-2 is associated with the production of pro-

inflammatory PGE2 in UVB-induced epidermal keratinocytes (Figure 1). Since 

PGE2 is produced in the early stage of acute cutaneous inflammatory responses, the 

regulation of PGE2 is a good strategy for the anti-inflammation.  

As the securement of natural resources has been issued in pharmaceutical and 

cosmetic industries owing to the implementation of Nagoya protocol for the 

conservation and sustainable use of biodiversity, the discovery of bioactive 

ingredients from native plant resources has been encouraged recently. In this 

research, I evaluated the anti-inflammatory activity of Korean native plant extract 

library constructed by the Natural Products Research Institute in Seoul National 

University (Figure 1). Figure 2 is a schematic representation of procedure to 

discover anti-inflammatory natural products from Korean native plant extract 

library. 

Persicaria tinctoria belonging to the family Polygonaceae is commonly used to 

treat various skin diseases such as psoriasis, eczema and other dermatoses. The 

biological effects of P. tinctoria including anti-cancer, anti-microbial, anti-oxidant 

activities were also proved by several clinical reports. However, the anti-

inflammatory mechanism of action of P. tinctoria and its bioactive components 

against UVB has not been fully investigated. Therefore, the bioactivities of main 



 

 

components such as indigo and indirubin need to be clarified. The evaluation of 

indigo derivatives like indigo carmine and thioindigo would be helpful to 

investigate the applicability of P. tinctoria for the development of anti-

inflammatory agent.  

In this study, the anti-inflammatory activity of P. tinctoria and its mechanisms of 

action were evaluated with ultraviolet B (UVB)-induced PGE2 synthesis model in 

HaCaT keratinocytes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 1. Schematic representation of research background 

(A) Target mechanism of natural plant extracts in the environmental toxic stress-

treated HaCaT keratinocytes. (B) Discovery process of anti-inflammatory natural 

products from Korean native plant extract library.  



 

6 

 

 

 

 

 



7 

 

Figure 2. Screening of anti-inflammatory natural products

WST-8 assay and PGE
2
 ELISA were performed as screening tools for the 

discovery of anti-inflammatory ingredients from natural plant extracts. Cell 

viability of HaCaT keratinocytes was measured using WST-8 assay after treatment 

of natural products for 18 h. PGE
2
 levels were determined by ELISA from cells 

treated with 50 �g/ml of each natural product after irradiation of ultraviolet B 

(UVB) (30 mJ/cm
2

). The ratio of cells surviving and PGE
2 
secretion in each group 

relative to the control was calculated. Each value represents the mean ± S.D. (n=3), 

* 

p ≤ 0.05 and 
** 

p ≤ 0.01.
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II. Materials and Methods 

 

A. Materials 

 

1. Reagents and antibodies 

HyClone™ Dulbecco's Modified Eagles Medium (DMEM) containing 4.00 mM 

L-glutamine and 4500 mg/L glucose, sodium pyruvate, fetal bovine serum (FBS) 

and trypsin-EDTA were purchased from Life Technologies (Grand Island, NY, 

USA). Dulbecco’s phosphate-buffered saline (D-PBS) (1X) was purchased from 

Welgene Inc (Daegu, South Korea). Bovine serum albumin and dimethyl sulfoxide 

(DMSO), phosphatase inhibitor cocktail 2 and 3 were purchased from Sigma-

aldrich (St. Louis, CA, USA). Bradford dye reagent, bovine serum albumin (BSA) 

standard set were purchased from Bio-rad laboratories, Inc (Hercules, CA, USA). 

Protease inhibitor cocktail, temed, tris powder, glycine powder and sodium dodecyl 

sulfate (SDS) were purchased from Amresco (Solon, OH, USA). SDS-PAGE 

loading buffer (5X), tris-glycine-SDS buffer and TBS (20X) were purchased from 

Bio-solution co., LTD (Suwon, South Korea). 1.5 M Tris-HCl (pH 8.8) and 1 M 

Tris-HCl (pH 6.8) were purchased from Bio-sesang, Inc (Seongnam, South Korea). 

Prostaglandin E2 express AChE tracer was purchased from Cayman Chemical 

(Ann arbor, MI, USA). Cell counting kit-8 was purchased from Dojindo 

laboratories (Kumamoto, Japan). Human CXCL8/IL-8 and human VEGF duoset 

ELISA development kits were purchased from R&D systems, Inc (MN, USA). 

Ripa buffer (10X), Anti-p-ERK, anti-ERK, anti-p-AKT, anti-AKT, anti-p-STAT3, 
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and anti-STAT3 were purchased from Cell Signaling Technology (Danvers, MA, 

USA). Anti-actin was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA).  

 

2. Compound 

Persicaria tinctoria (PE) and indigoid compounds including indigo purchased 

from Sigma-aldrich (St. Louis, CA, USA), indigo carmine purchased from Sigma-

aldrich (St. Louis, CA, USA), indirubin purchased from Cayman Chemical (Ann 

arbor, MI, USA) and thioindigo purchased from Tokyo chemical industry (Tokyo, 

Japan) (Figure 5) were dissolved in 100 % dimethyl sulfoxide (DMSO). The 

working solution of PE and indigoid compounds were prepared by diluting the 

sample with media.  

 

3. Cell Culture 

HaCaT cells were obtained from the CLS Cell Lines Service (Eppelheim, 

Germany) and cultured in high glucose DMEM (Dulbecco’s Modified Eagle’s 

Medium) supplemented with 10 % FBS and 1 % penicillin streptomycin (10,000 

U/ml) and incubated at 37 °C in a humidified atmosphere of 5 % CO2. Each 

experiment was carried out at least three times.  
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B. Methods 

 

1. Extraction 

Dried aerial parts of Persicaria tinctoria were purchased at Kyungdong herbal 

market (Seoul, Korea) in 2010. Persicaria tinctoria (200 g) was extracted at 50 °C 

in 100 % methanol for 16 h, after which the extract was filtered and the filtrate was 

concentrated using Accelerated solvent extraction system (ASE 300, Dionex, USA). 

The preparation of extract was performed 2 times.   

 

2. Cell proliferation assay 

A Cell counting kit-8 (CCK-8) assay (Dojindo laboratories, Kumamoto, Japan) 

was used to assess the cytotoxicity of PE and indigoid compounds on HaCaT 

keratinocytes. Cell suspension (500 �l/well, 5  10
4
 cells/ml) was inoculated in 48-

well plates and incubated at 37 °C in 5 % CO2. When HaCaT cells in suspension 

reach confluency, cells were washed three times and treated with PE and indigoid 

compounds with concentration-dependent manner. After 48 h of incubation, the 

supernatant of each well was removed and CCK-8 solution (200 �l/well), diluted 

twentyfold with media, was added to each well and further incubated for 20 min at 

37 °C. The absorbance was measured at 450 nm using an Epoch microplate 

spectrophotometer (BioTek Instruments, Inc). Cell viability was calculated by 

comparison with percentage of control.   
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3. PGE2 enzyme-linked immunosorbent assay 

The levels of PGE2 in supernatants of HaCaT keratinocytes was measured using 

a Prostaglandin E2 ELISA Kit – Monoclonal from Cayman Chemical (Ann arbor, 

MI, USA). Confluent cultures of HaCaT cells were seeded in 48 well plates at a 

density of 1.5 10
4
 cells/well. After 48 h of incubation, the cells were treated with 

300 �M of aspirin diluted in DMEM containing 1 % FBS for 2 hours to prevent the 

secretion of PGE2 in cells. Aspirin-treated cells were washed three times with Ca
2+

 

and Mg
2+

-free Dulbecco’s phosphate-buffered saline (DPBS). After washing with 

DPBS, cells were treated with one fifth of each sample diluted in DMEM 

containing 0.5 % FBS and exposed to 30 mJ/cm
2
 of UVB (BIO-SUN, Vilber 

Lourmat, Marine, France). Cells were then treated with the four fifth of each 

sample and incubated for 4 hours. The conditioned medium of each sample was 

taken to measure the levels of PGE2 using the ELISA kit described above. PGE2 

concentration of each sample was determined by an Epoch microplate reader at 405 

nm (Biotek, USA).  

 

4. Cytokine enzyme-linked immunosorbent assay 

To quantify the secretion of IL-8 and VEGF by HaCaT cells, DuoSet ELISA 

development kits of R&D systems were performed (Minneapolis, USA) according 

to the manufacturer’s manual. The supernatants under identical conditions to PGE2 

ELISA were used to measure the level of IL-8 and VEGF. The optical density of 

each sample at 450 nm was detected by an Epoch microplate reader (Biotek, USA). 
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5. Western blotting 

HaCaT keratinocytes were exposed to UVB (30 mJ/cm
2
) and treated with 

various concentrations of samples for 1 hour. Followed by incubation at 37 °C, the 

cells were washed, lysed and the quantitative determination of total protein 

concentration was done by Bradford protein assay. Equivalent levels of protein (30 

�g) from each cell lysate were subjected to 8-10 % sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins were then 

electro-transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-rad 

laboratories, Inc, Hercules, CA, USA). The membranes were incubated with 

blocking buffer (5 % bovine serum albumin (BSA) in tris-buffered saline and 0.1 % 

tween 20 (TBST; 1X)) for at least 1 h at room temperature (RT). After washing 

four times for 5 min each with 0.1 % TBST, the membranes were incubated with 

specific antibodies diluted in 0.5 % BSA in 0.1 % TBST overnight at 4 C. The 

membranes were washed four times with 0.1 % TBST, and incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibodies diluted in 0.5 % 

BSA in 0.1 % TBST (1:5000) for 1 h at RT. The membranes were washed four 

times with 0.1 % TBST and then visualized with Amersham chemiluminescence 

(ECL) western blotting detection kit (GE Healthcare, Little Chalfont, UK). Blots 

were analyzed by LAS 4000 (GE Healthcare, Little Chalfont, UK). 
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6. Statistical Analysis 

 Data were expressed as means +/- standard deviation (SD) for the indicated 

number of independently performed experiments. Statistical analyses were carried 

out using the student’s t-test or one-way analysis of variance (ANOVA) coupled 

with the Dunnett’s t-test. Differences were considered statistically significant at 

*P<0.05 **P<0.01. 
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III. Results 
 

A. Effects of PE on PGE2 synthesis in UVB-irradiated HaCaT 

keratinocytes  

 

To determine the effects of Persicaria tinctoria on PGE2 synthesis in UVB-

irradiated HaCaT keratinocytes, PGE2 assay was performed after 4 h incubation. As 

shown in Figure 4, the PGE2 level of PE treated HaCaT cells was decreased in a 

dose-dependent manner (by 18.5 %, 34.8 % and 64.1 %, respectively) than did that 

of the control group induced by UVB (30 mJ/cm
2
).  

WST-8 assay was carried out to evaluate the cytotoxicity of PE in HaCaT cells. 

Cells were treated with various concentrations of PE for 48 h. As a result, PE had 

no cytotoxicity to HaCaT cells at treatment concentrations. These data confirmed 

the in vitro inhibitory effect of PE on UVB-irradiated PGE2 synthesis in HaCaT 

keratinocytes. 
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Figure 3. Time-dependent effects of Persicaria tinctoria methanol extract (PE) 

on the inhibition of prostaglandin E2 (PGE2) synthesis in UVB-irradiated 

HaCaT keratinocytes 

Cells were treated with 0, 5, 15 and 50 �g/ml of PE in the presence of 30 mJ/cm
2
 

UVB (Ultraviolet B). After exposure to UVB and the indicated time periods of 

incubation, the production of PGE2 in each group was determined by ELISA and 

calculated relatively to the control. Data represent the mean ± S.D. (n=3), 
* p ≤ 0.05 

and 
** p ≤ 0.01. 
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Figure 4. Anti-inflammatory activity of Persicaria tinctoria methanol extract 

(PE) on UVB-irradiated HaCaT keratinocytes 

(A) HaCaT cells were cultured and treated with PE with various concentrations for 

48 h. Cytotoxicity of PE was analyzed by WST-8 assay. (B) PGE2 secretion was 

measured by ELISA after 4 h incubation with treatment of PE in ultraviolet B 

(UVB) (30 mJ/cm
2
)-irradiated HaCaT keratinocytes. The ratio of cells surviving 

and PGE2 secretion in each group relative to the control was calculated. Values are 

expressed as mean ± S.D. (n=3), 
* p ≤ 0.05 and 

** p ≤ 0.01. 
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B. Effects of indigoid compounds on PGE2 synthesis in UVB-

irradiated HaCaT keratinocytes 

 

Indigoid compounds are compounds which have a structure related to P. 

tinctoria-derived dye indigo including indigo, indigo carmine, indirubin, thioindigo 

shown in Figure 5. The investigation into the inhibitory effects of indigoid 

compounds on PGE2 synthesis would be useful to assess the applicability of P. 

tinctoria as an anti-inflammatory agent. To determine whether indigoid compounds 

decreased the production of PGE2 in UVB-irradiated HaCaT keratinocytes, PGE2 

assay was carried out after 4 h incubation as shown in Figure 6. Indigo, indirubin 

and thioindigo significantly suppressed the PGE2 levels in UVB-irradiated HaCaT 

cells with concentration dependency (Figure 8).  

WST-8 assay was performed to evaluate the cytotoxicity of indigoid compounds 

in HaCaT cells (Figure 7). Cells were treated with the indicated concentrations of 

indigoid compounds for 48 h. The indigoid compounds showed no cytotoxicity to 

HaCaT cells at treatment concentrations. This outcome suggested that indigoid 

compounds also had inhibitory effects on UVB-induced PGE2 synthesis without 

cytotoxicity in HaCaT keratinocytes.  
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Figure 5. The chemical structures of indigoid compounds of Persicaria 

tinctoria  

As listed above, indigoid compounds include (A) indigo, (B) indigo carmine (IC), 

(C) indirubin and (D) thioindigo. 
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Figure 6. Inhibition of UVB-induced PGE2 synthesis by Persicaria tinctoria 

methanol extract (PE) and indigoid compounds in HaCaT keratinocytes

HaCaT cells were treated with indicated concentrations of PE and indigoid 

compounds and irradiated with ultraviolet B (UVB) dosage of 30 mJ/cm
2

. 

Followed by irradiation and 4 h incubation, the level of PGE
2
 in cell-free culture 

supernatants was measured using ELISA and calculated relatively to the control. 

Result was presented as mean ± S.D. (n=3), 
* 

p ≤ 0.05 and 
** 

p ≤ 0.01.
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Figure 7. Effects of indigoid compounds on cell viability in HaCaT 

keratinocytes

HaCaT cells were cultured and then treated with (A, B, C, D) indigoid compounds 

in a dose-dependent manner for 48 h. Cell viability was measured by WST-8 assay. 

The ratio of cells surviving in each group relative to the control was calculated. 

Values are expressed as mean ± S.D. (n=3), 
* 

p ≤ 0.05 and 
** 

p ≤ 0.01.
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Figure 8. Dose-dependent effects of indigoid compounds on prostaglandin E2 

(PGE2) secretion in UVB-irradiated HaCaT keratinocytes

Cells were stimulated by 30 mJ/cm
2

 of ultraviolet B (UVB) and treated with the 

indicated concentrations of (A, B, C, D) indigoid compounds. After 4 h of 

incubation, PGE
2 

secretion in cell supernatants was analyzed with ELISA and 

calculated relatively to the control. Each value represents the mean ± S.D. (n=3), 
* 

p ≤ 0.05 and 
** 

p ≤ 0.01.
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C. Effects of PE and indigoid compounds on the production 

of IL-8 in HaCaT keratinocytes 

 

Interleukin-8 (IL-8), which is triggered by PGE2, acts as a potent pro-

inflammatory chemokine in human skin. Therefore, to figure out the anti-

inflammatory mechanism of PE and indigoid compounds, I further evaluated the 

down-regulation of IL-8 production in PE and indigoid compounds treated HaCaT 

keratinocytes. As shown in Figure 9, the inhibitory effects of PE and indigoid 

compounds on the production of IL-8 in HaCaT cells, with same condition as PGE2 

assay, were investigated using human CXCL8/IL-8 ELISA kit. PE, Indigo and 

thioindigo decreased the secretion of IL-8 in HaCaT cells without UVB irradiation 

in a dose-dependent manner. In UVB-irradiated HaCaT cells, PE and thioindigo 

suppressed the IL-8 levels. The results suggested that the anti-inflammatory effect 

of PE and indigoid compounds was associated with the regulation of IL-8 release 

in HaCaT keratinocytes.    
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Figure 9. Dose-dependent effects of Persicaria tinctoria methanol extract (PE) 

and indigoid compounds on the secretion of pro-inflammatory mediators in 

UVB-irradiated HaCaT keratinocytes 

Cells were stimulated by 0 mJ/cm
2
 or 30 mJ/cm

2
 of ultraviolet B and treated with 

the indicated concentrations of (A) PE, (B) indigo, (C) indigo carmine (IC), (D) 

indirubin, (E) thioindigo. Followed by 6 h incubation, the production of IL-8 was 

analyzed with ELISA and calculated relatively to the control. Each value represents 

the mean ± S.D. (n=3), 
* p ≤ 0.05 and 

** p ≤ 0.01. 
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D. Effects of indigoid compounds on UVB-induced ERK, 

AKT and STAT3 activities 

 

UVB exposure has been reported to induce several signaling pathways in human 

skin. UVB increases phosphorylation of extracellular signal–regulated kinase 

(ERK), PI3K/AKT and Signal transducer and activator of transcription 3 (STAT3) 

signaling pathways which control diverse cellular processes such as proliferation, 

survival, differentiation and migration in human epidermal keratinocytes. In this 

study, the protein levels of p-ERK, p-AKT and p-STAT3 in UVB-irradiated HaCaT 

keratinocytes were examined by western blot analysis. Cadmium-stimulated 

HaCaT cells were treated with the indicated concentrations of indigo and 

thioindigo for 1 h. Since the extract is a complex mixture which may include 

inhibitors of specified signaling pathways, PE was not evaluated by the analysis. 

The treatment with indigo and thioindigo decreased the protein expression levels of 

p-ERK and p-AKT. Indigo also suppressed the p-STAT3 protein levels. These 

results showed that ERK, PI3K/AKT and STAT3 were target proteins of indigoid 

compounds in UVB-irradiated HaCaT cells.      
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Figure 10. Indigoid compounds inhibit the activation of ERK and AKT 

pathways in UVB-irradiated HaCaT keratinocytes.   
HaCaT cells were irradiated with ultraviolet B (UVB) dosage of 30 mJ/cm

2

 and 

treated with 0, 10, and 30 μM of indigo and thioindigo for 1 h. (A) Protein 

expression levels of ERK, AKT and STAT3 were examined by Western blot 

analysis. Actin was used as an internal standard. (B) Graphic representation 

showing relative optical density of each band. The percentage of 

ERK/AKT/STAT3 activation in each group relative to the control was calculated. 

Values are expressed as mean ± S.D. (n=3), 
* 

p ≤ 0.05 and 
** 

p ≤ 0.01.
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Figure 11. Proposed mechanism for epidermal anti-inflammatory effect of 

indigo and thioindigo in UVB-irradiated HaCaT keratinocytes
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IV. Discussion 
 

Ultraviolet B (UVB) (290-320 nm) irradiation is a major cause of the acute 

inflammation responses in human skin. Cyclooxygenase 2 (COX-2) functions as an 

inducible enzyme in the development of acute phase of inflammation such as 

erythema and edema (Murakami and Ohigashi, 2007). Increased expression of 

COX-2 protein contributes to production of pro-inflammatory prostaglandins such 

as prostaglandin E2 (PGE2) during early stages of inflammation in human 

epidermis. The up-regulation of PGE2, released from arachidonic acid (AA) in 

membrane phospholipids, can accelerate skin aging by regulating epidermal cell 

proliferation and cytokine secretion, and inducing cutaneous vasodilation (Leong et 

al., 1996). For an example, in the cytokine cascade activated by exposure to UV, 

PGE2 triggers the release of interleukin-4 (IL-4) from leukocytes, which then 

causes the production of interleukin-10 (IL-10) in keratinocytes (Shreedhar et al., 

1998). Moreover, COX-2 mediates the inflammatory signaling pathways related to 

TNF�/IL-8 synthesis by increasing the PGE2 level in the epidermis (Xu et al., 

2014). Therefore, the inhibition of PGE2 is a good strategy for anti-inflammatory 

effect on UVB-irradiated human keratinocytes.  

Persicaria tinctoria has been proved to modulate oxidative stress level induced 

by exogenous ROS, suppress the proliferation of human renal cell line (HEK 293), 

and reduce melanin formation by the inhibition of tyrosinase activity (Heo et al., 

2014; Kim et al., 2012; Woo et al., 2011). However, the mechanism responsible for 

the anti-inflammatory effect of P. tinctoria on UVB-irradiated human keratinocytes 
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has not yet clarified. Furthermore, the bioactivities of indigoid compounds 

including indigo, a major constituent of P. tinctoria, and vat dyes which have a 

molecular structure similar to that of indigo have not been also evaluated so far.  

In the present study, the results showed that Persicaria tinctoria methanol 

extract (PE) inhibited the production of PGE2 and IL-8 in UVB (30 mJ/cm
2
)-

irradiated HaCaT keratinocytes with concentration-dependency (Figure 4, 9). 

Indigo decreased the PGE2 levels through suppression of ERK, PI3K/AKT and 

STAT3 signaling pathways in the same condition (Figures 8, 10). Thioindigo, a 

well-known derivative of indigo, inhibited the secretion of PGE2 and IL-8 via 

inactivation of ERK, PI3K/AKT signaling (Figures 8, 9, 10).  

It is known that UVB often activates several signaling pathways such as 

mitogen-activated protein kinases (MAPKs), PI3K/AKT (protein kinase B), Signal 

transducer and activator of transcription 3 (STAT3) and phospholipase A2 via ROS 

generation (Bito et al., 2010; Rhee, 1999; Wan et al., 2001). The MAPKs are 

involved in proliferation and survival of the cells, including extracellular signal-

regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), and p38 MAPK (Torres 

and Forman, 2003). Recently, it has been reported that curcumin inhibits the 

expression of COX-2 mRNA in UVB-irradiated HaCaT cells by decreasing 

activation of MAPKs signaling pathways (Cho et al., 2005). PI3-kinase and 

PI3K/AKT which may exacerbate skin aging and skin cancer as cell survival 

pathways and STAT3 which plays a role in both early and later stages of UVB-

induced skin carcinogenesis are correlated with COX-2 enzyme (St-Germain et al., 

2004; Yu et al., 2009). Therefore, in this study, the inhibitory effects of indigoid 
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compounds, including indigo and thioindigo, on the activation of ERK, PI3K/AKT 

and STAT3 were investigated using western blot analysis. The results showed that 

ERK, PI3K/AKT and STAT3 signaling pathways were increased by UVB 

irradiation and attenuated by indigoid compounds including indigo and thioindigo 

in HaCaT cells (Figure 10). These results indicate that PE inhibits UVB-induced 

PGE2 synthesis by down-regulation of ERK, PI3K/AKT and STAT3 signaling 

pathways in HaCaT cells (Figure 11). 

In summary, this study demonstrated that PE and indigoid compounds, indigo 

and thioindigo, might be promising candidates for the development of anti-

inflammatory agents against UVB-induced PGE2 synthesis via ERK, PI3K/AKT 

and STAT3 signaling pathways in human skin.  
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Part II. 

 Epidermal anti-Inflammatory effects of 
Persicaria tinctoria on particulate matters 

(PMs)-treated HaCaT keratinocytes  
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I. Introduction 
 

Air pollution currently has threatened to human health and ecosystems around 

the globe. Air pollutants include substances originated from natural and 

anthropogenic sources such as fly ash from a volcanic eruption, sulfur dioxide 

released from combustion of fuels, volatile organic compounds (VOC) from 

industry emissions, and particulate matters (PMs) from natural and human 

activities. Among various hazardous pollutants in the air, PMs, intensified by Asian 

dust storm particles, have come to the fore as one of the most severe social problem 

(Figure 12). PM, also known as particle pollution, is a complex mixture of solid 

particles and liquid droplets or gases with aerodynamic diameter of 10 micrometers 

(�m) or less (PM 10, PM 2.5) like acids, organic chemicals, pollen, 

microorganisms, metals, soot, dust and soil suspended in the atmosphere. In 

company with environmental effects including visibility impairment and 

environmental damage, exposure to fine particulate matter has been shown to cause 

respiratory ailments, and can lead to premature death from heart and lung disease 

(D'Amato et al., 2015). As the number of patients with heart, lung diseases or 

temporary symptoms from exposure to particle pollution increases, recent studies 

have found that an association between PMs and pathogenesis of cardiopulmonary 

diseases (Kim et al., 2015; Ostro et al., 2014; van Eeden et al., 2001). Correlation 

of epidemics of skin diseases, such as contact hypersensitivity or dermatitis, with 

PMs has also been reported (Arruda et al., 2005; Heo et al., 2001; Saxon and Diaz-
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Sanchez, 2000). However, in contrast to respiratory diseases, the association 

between PMs and skin inflammation has received much less attention.  

Human skin with epidermal permeability barrier plays a role in the protection 

from environmental toxic stress and the prevention from dehydration. To form the 

primary defensive skin barrier, epidermal keratinocytes undergo a differentiation 

process from the basal layer of the epidermis to cornified cells in the epidermal 

stratum corneum. The environmental toxicants like PMs disrupt the epidermal 

barrier and trigger inflammatory skin disorders such as atopic dermatitis or 

psoriasis. In response to the penetration of irritants, epidermal keratinocytes 

produce various pro-inflammatory cytokines and autacoids that regulate cellular 

communication and affect the epidermal permeability barrier. 

This study was aimed to identify the toxicological effects of PMs on human skin 

and the anti-inflammatory activities of Persicaria tincotria in PMs-treated 

keratinocytes. The morphology, size and elemental composition of PMs, collected 

in 2015, were investigated to find pro-inflammatory particles using a scanning 

electron microscope (SEM) coupled with an energy dispersive spectroscopy (EDS) 

(Figure 13, 14). As a result, cadmium salt induced PGE2 synthesis in HaCaT 

keratinocytes. Persicaria tincotria methanol extract (PE), indigo and thioindigo 

significantly inhibited the PGE2 levels and modulated the activation of extracellular 

signal-regulated kinase (ERK) and PI3K/AKT in cadmium-treated HaCaT 

keratinocytes. Therefore, the results suggest that particulate matters increase pro-

inflammatory processes in human skin and P. tinctoria has anti-inflammatory 

effects against PMs.  
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Figure 12. Map showing the transport paths of Asian dust storm particles 

(ADSPs) with particulate matters (PMs) from China to Korea 

 

 

 

 

 

 



35 

 

II. Materials and Methods 

 

A. Materials 

 

1. Reagents and antibodies 

HyClone™ Dulbecco's Modified Eagles Medium (DMEM) containing 4.00 mM 

L-glutamine and 4500 mg/L glucose, sodium pyruvate, fetal bovine serum (FBS) 

and trypsin-EDTA were purchased from Life Technologies (Grand Island, NY, 

USA). Dulbecco’s phosphate-buffered saline (D-PBS) (1X) was purchased from 

Welgene Inc (Daegu, South Korea). Bovine serum albumin and dimethyl sulfoxide 

(DMSO), phosphatase inhibitor cocktail 2 and 3 were purchased from Sigma-

aldrich (St. Louis, CA, USA). Prostaglandin E2 express AChE tracer was purchased 

from Cayman Chemical (Ann arbor, MI, USA). Cell counting kit-8 was purchased 

from Dojindo laboratories (Kumamoto, Japan). Human CXCL8/IL-8 and human 

VEGF duoset ELISA development kits were purchased from R&D systems, Inc 

(MN, USA). 

 

2. Compound 

Persicaria tinctoria methanol extract (PE) and indigoid compounds including 

indigo, indigo carmine, indirubin and thioindigo (Figure 5) were dissolved in 100 % 

dimethyl sulfoxide (DMSO). The working solution of PE and indigoid compounds 

were prepared by diluting the sample with media.  
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3. Cell Culture 

HaCaT cells were obtained from the CLS Cell Lines Service (Eppelheim, 

Germany) and cultured in high glucose DMEM (Dulbecco’s Modified Eagle’s 

Medium) supplemented with 10 % FBS and 1 % penicillin streptomycin (10,000 

U/ml) and incubated at 37 °C in a humidified atmosphere of 5 % CO2. Each 

experiment was carried out at least three times.  

 

  



37 

 

B. Methods 

 

1. Extraction 

Dried aerial parts of Persicaria tinctoria were purchased at the Kyungdong 

Oriental drug store (Seoul, Korea) in 2010. Persicaria tinctoria (200 g) was 

extracted at 50 °C in 100 % methanol for 16 h, after which the extract was filtered 

and the filtrate was concentrated using Accelerated solvent extraction (ASE) 

system. The preparation of extract was performed 2 times.   

 

2. Collection of particulate matters (PMs) 

Particulate matters (PMs) were collected from the top of Center for New Drug 

Development of College of Pharmacy in Seoul National University (SNU), located 

in the south region of Seoul, Korea (37 35'N, 127 01'E) (Figure 13). Each two PM 

2.5 Sequential Sampler (PMS-104, APM Engineering, Korea) with/without WINS 

impactor was used as an air collector for PM 2.5/PM 10 from June 2015 to 

December 2015. After collecting PM samples on polytetrafluoroethylene (PTFE) 

PM 2.5 membrane filter (Tisch Scientific, OH, USA) weekly, the filters were 

dehydrated in a desiccator for at least 24 hours.    
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3. Scanning electron microscope (SEM) 

The morphology, size and composition were analyzed by SEM (Field-Emission 

Scanning Electron Microscope, SUPRA 55VP, Carl Zeiss, Oberkochen, Germany)  

with energy dispersive X-ray spectroscope (EDS) (QUANTAX EDS for SEM, 

Bruker Corporation, MA, USA) analysis in National Instrumentation Center for 

environmental management of Seoul National University (Figure 14). For 

microscopic analysis, square-shaped (0.5 cm 0.5 cm) subsamples were 

prepared from particulate matter samples. The subsamples were dehydrated in a 

desiccator for at least 24 hours and coated with 3-5 nm sized platinum particles 

using an ion sputter (Sputter coater, EM ACE 200, Leica, Vienna, Austria).    

 

4. Cell proliferation assay 

A Cell counting kit-8 (CCK-8) assay (Dojindo laboratories, Kumamoto, Japan) 

was used to assess the cytotoxicity of PE and indigoid compounds on HaCaT 

keratinocytes. Cell suspension (500 �l/well, 5  10
4
 cells/ml) was inoculated in 48-

well plates and incubated at 37 °C in 5 % CO2. When HaCaT cells in suspension 

reach confluency, cells were washed three times and treated with PE and indigoid 

compounds with concentration-dependent manner. After 48 h of incubation, the 

supernatant of each well was removed and CCK-8 solution (200 �l/well), diluted 

twentyfold with media, was added to each well and further incubated for 20 min at 

37 °C. The absorbance was measured at 450 nm using an Epoch microplate 

spectrophotometer (BioTek Instruments, Inc). The cell viability was calculated by 
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comparison with percentage of control.   

 

5. PGE2 enzyme-linked immunosorbent assay 

The levels of PGE2 in supernatants of HaCaT keratinocytes was measured using 

a Prostaglandin E2 ELISA Kit – Monoclonal from Cayman Chemical (Ann arbor, 

MI, USA). Confluent cultures of HaCaT cells were seeded in 48 well plates at a 

density of 1.5 10
4
 cells/well. After 48 h of incubation, the cells were treated with 

300 μM of aspirin diluted in DMEM containing 1% FBS for 2 hours to prevent the 

secretion of PGE2 in cells. Aspirin-treated cells were washed three times with Ca
2+

 

and Mg
2+

-free Dulbecco’s phosphate-buffered saline (DPBS). After washing with 

DPBS, the cells were treated with one fifth of each sample diluted in DMEM 

containing 0.5 % FBS and exposed to 30 mJ/cm
2
 of UVB (BIO-SUN, Vilber 

Lourmat, Marine, France). Cells were then treated with the four fifth of each 

sample and incubated for 4 hours. The conditioned medium of each sample was 

taken to measure the levels of PGE2 using the ELISA kit described above. PGE2 

concentration of each sample was determined by an Epoch microplate reader at 405 

nm (Biotek, USA).  
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6. Cytokine enzyme-linked immunosorbent assay 

To quantify the secretion of IL-8 and VEGF by HaCaT cells, DuoSet ELISA 

development kits of R&D systems were performed (Minneapolis, USA) according 

to the manufacturer’s manual. The supernatants under identical conditions to PGE2 

ELISA were used to measure the level of IL-8 and VEGF. The optical density of 

each sample at 450 nm was detected by an Epoch microplate reader (Biotek, USA). 

 

7. Western blotting 

HaCaT keratinocytes were exposed to UVB (30 mJ/cm
2
) and treated with 

various concentrations of samples for 1 hour. Followed by incubation at 37 °C, the 

cells were washed, lysed and the quantitative determination of total protein 

concentration was done by Bradford protein assay. Equivalent levels of protein (30 

�g) from each cell lysate were subjected to 8-10 % sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins were then 

electro-transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-rad 

laboratories, Inc, Hercules, CA, USA). The membranes were incubated with 

blocking buffer (5 % bovine serum albumin (BSA) in tris-buffered saline and 0.1 % 

tween 20 (TBST; 1X)) for at least 1 h at room temperature (RT). After washing 

four times for 5 min each with 0.1 % TBST, the membranes were incubated with 

specific antibodies diluted in 0.5 % BSA in 0.1 % TBST overnight at 4 C. The 

membranes were washed four times with 0.1 % TBST, and incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibodies diluted in 0.5 % 
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BSA in 0.1 % TBST (1:5000) for 1 h at RT. The membranes were washed four 

times with 0.1 % TBST and then visualized with Amersham chemiluminescence 

(ECL) western blotting detection kit (GE Healthcare, Little Chalfont, UK). Blots 

were analyzed by LAS 4000 (GE Healthcare, Little Chalfont, UK). 

 

8. Statistical Analysis 

 Data were expressed as means +/- standard deviation (SD) for the indicated 

number of independently performed experiments. Statistical analyses were carried 

out using the student’s t-test or one-way analysis of variance (ANOVA) coupled 

with the Dunnett’s t-test. Differences were considered statistically significant at 

*P<0.05 **P<0.01. 
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Figure 13. A city map of Seoul showing the location of the particulate matters 

(PMs) sampling site 

(Location : 143 dong, College of pharmacy, Seoul national university, 1 Gwanak-

ro, Gwanak-gu, Seoul, Republic of Korea, 08826)
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Figure 14. Schematic diagram illustrating experimental process of scanning 

electron microscope (SEM)/energy dispersive spectroscopy (EDS) analysis

 

 



 

44 

 

III. Results 
 

A. Characterization of particulate matters  

 

Scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy 

(EDS) was carried out to identify the size, morphology and composition of single 

particles in particulate matters (PMs). On the basis of element analysis, the 

detected particles were categorized as organic materials, such as pollen and 

microorganisms, and inorganic materials like clay minerals, sylvite, carbon solid 

particles and crystalline sulfide from anthropogenic origin, fly ash and soot chain 

(Figure 15). Heavy metals such as lead, nickel and chromium were also found by 

element analysis (Figure 16). Refer to the literature, among various constituents in 

PMs, sulfite and heavy metals were selected as pro-inflammatory particles (Table 

1).  
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Table 1. Summary of compositional data for particulate matters (PMs) from 3 

events 

The element analysis in PMs was determined using Xflash 5010 from Bruker 

corporation (MA, USA). Normalized weight percentages (wt %) were presented 

with Particle Analysis software. (Total = 1.000) 
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Figure 15. Scanning electron microscope (SEM) images and element analysis 

of particulate matters (PMs) including PM 2.5 and PM 10  

Based on the morphology and composition, particles were identified as (A, B, C) 

pollens, (D) microorganism, (E) minerals, (F) sylvite, (G) carbon solid particles 

originated from anthropogenic sources, (H) crystalline sulfide, and (I) silicon 

dioxide fly ash.  
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Figure 16. Scanning electron microscope (SEM) images and element analysis 

of heavy metals from particulate matters (PMs)

(A) Lead particles with arsenic and (B) chromium complex containing nickel were 

observed in PM 10 by SEM-EDS analysis. 
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B. Induction of PGE2 synthesis by sulfite from particulate 

matters 

 

In order to determine whether sulfites of particulate matters induce PGE2 

synthesis in HaCaT keratinocytes, PGE2 assay was conducted. HaCaT cells were 

treated with various concentrations of sodium bisulfite (SB) for 4 h, and the results 

showed that SB increased the production of PGE2 in HaCaT cells with 

concentration dependency (Figure 17). 

WST-8 assay was performed to measure cytotoxicity of SB in HaCaT cells. Cells 

were treated with the indicated concentrations for 48 h. SB below 500 �M showed 

60 % or above of cell viabilities than did that of the control group (Figure 17). 

Accordingly, sulfite was considered as a potent pro-inflammatory irritant from 

particulate matters in HaCaT cells.  
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Figure 17. Concentration-dependent increase of PGE2 synthesis in sulfite-

treated HaCaT keratinocytes

Cells were cultured and incubated with the indicated concentrations of SB for 4 h 

at 37 °C. The level of PGE
2
 in supernatants was analyzed using ELISA and the 

ratio relative to the control was calculated. Result was presented as mean ± S.D. 

(n=3), 
* 

p ≤ 0.05 and 
** 

p ≤ 0.01. (SB : Sodium bisulfite)
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C. Induction of PGE2 synthesis by heavy metal from 

particulate matters  

 

In this study, the effects of heavy metals including lead, nickel, cadmium, cobalt 

on PGE2 synthesis in HaCaT keratinocytes were analyzed using PGE2 ELISA. 

HaCaT cells were treated with the indicated concentrations of lead chloride (PbCl2), 

nickel chloride (NiCl2), cadmium chloride (CdCl2) and cobalt chloride (CoCl2) for 

4 h. Cadmium and cobalt were not the components identified by element analysis 

in particulate matters. However, these elements were also selected as divalent 

cation heavy metals. As a result, the data showed that cadmium chloride increased 

the levels of PGE2 significantly in a dose-dependent manner (Figure 19). 

WST-8 cell proliferation assay was carried out previously to determine nontoxic 

concentrations of heavy metals in HaCaT cells (Figure 18). Cells were treated with 

heavy metals with various concentrations for 48 h. These results showed that 

cadmium induced the production of PGE2 without toxicity in HaCaT cells as a 

potent pro-inflammatory element in particulate matters.    
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Figure 18. Cell viability of HaCaT keratinocytes upon pro-inflammatory 

constituents from PMs

HaCaT cells were cultured and treated with (A, B) sulfites and (C, D, E, F) heavy 

metals in a dose-dependent manner for 48 h. Cell viability was measured by WST-

8 assay. The ratio of cells surviving in each group relative to the control was 

calculated. Values are expressed as mean ± S.D. (n=3), 
* 

p ≤ 0.05 and 
** 

p ≤ 0.01. 

(PB : Lead chloride, NI : Nickel chloride, CD : Cadmium chloride, CO : Cobalt 

chloride) 
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Figure 19. Concentration-dependent increase of PGE2 synthesis in heavy 

metal-treated HaCaT keratinocytes 

Cells were cultured and incubated with the indicated concentrations of (A) lead 

chloride, (B) nickel chloride, (C) cadmium chloride and (D) cobalt chloride for 4 h 

at 37 °C. The level of PGE
2
 in supernatants was analyzed using ELISA and the 

ratio relative to the control was calculated. Result was presented as mean ± S.D. 

(n=3), 
* 

p ≤ 0.05 and 
** 

p ≤ 0.01. (PB : Lead chloride, NI : Nickel chloride, CD : 

Cadmium chloride, CO : Cobalt chloride)  
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D. Anti-inflammatory effects of PE and indigoid compounds 

in cadmium-treated HaCaT keratinocytes  

 

To evaluate the anti-inflammatory activities of PE and indigoid compounds 

against heavy metals from particulate matters in HaCaT keratinocytes, PGE2 assay, 

IL-8 ELISA and VEGF ELISA were performed. The PGE2 levels were significantly 

suppressed in cadmium-irritated HaCaT cells treated with PE, indigo and 

thioindigo in a dose dependent manner compared with the vehicle-treated control 

(Figure 20). The production of IL-8 was decreased by indigo, indirubin and 

thioindigo in cadmium-treated HaCaT cells (Figure 21). PE and thioindigo 

inhibited the release of vascular endothelial growth factor (VEGF), which is 

another pro-inflammatory mediator stimulated by PGE2, in cadmium-stimulated 

HaCaT cells (Figure 22). These result suggested that, although PE and indigoid 

compounds had somewhat different anti-inflammatory profiles in cadmium-

irritated HaCaT keratinocytes, PE and indigoid compounds regulated the skin 

inflammation processes by modulating the secretion of pro-inflammatory autacoids 

and cytokines in cadmium-treated HaCaT cells. 
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Figure 20. Cadmium-induced PGE2 release and the anti-inflammatory activity 

of Persicaria tinctoria methanol extract (PE) and indigoid compounds of in 

HaCaT keratinocytes

(A) PGE
2
 is dose-dependently induced in response to cadmium chloride (CdCl

2
) in 

cultured HaCaT keratinocytes. Synthesis of PGE
2
 in cadmium-treated HaCaT cells 

is decreased by (B) PE and (C, D, E) indigoid compounds. Supernatants were 

harvested after 4 h incubation and the production of PGE
2 
was measured by ELISA. 

The ratio of PGE
2 

secretion was calculated relatively to the control. Results 

represent the mean ± S.D. (n=3), 
* 

p ≤ 0.05 and 
** 

p ≤ 0.01. (CD : Cadmium 

chloride) 
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Figure 21. Effect of Persicaria tinctoria methanol extract (PE) and indigoid 

compounds on IL-8 synthesis following cadmium chloride exposure in HaCaT 

keratinocytes

Cells were cultured and treated with (A) PE and (B, C, D) indigoid compounds in 

the presence of 10 �M cadmium chloride. The IL-8 secretion was examined by 

assaying an ELISA kit from R&D Systems. The ratio of IL-8
 
production was 

calculated relatively to the control. Values are expressed as mean ± S.D. (n=3), 
* 

p 

≤ 0.05 and 
** 

p ≤ 0.01. (CD : Cadmium chloride) 
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Figure 22. Effect of Persicaria tinctoria methanol extract (PE) and indigoid 

compounds on VEGF synthesis following cadmium chloride exposure in 

HaCaT keratinocytes 

Cells were cultured and treated with (A) PE and (B, C, D) indigoid compounds in 

the presence of 10 �M cadmium chloride. The VEGF secretion was examined by 

assaying an ELISA kit from R&D Systems. The ratio of VEGF
 
production was 

calculated relatively to the control. Data are represented as mean ± S.D. (n=3), 
* 

p ≤ 

0.05 and 
** 

p ≤ 0.01. (CD : Cadmium chloride) 
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E. Effects of indirubin on IL-8 production in heavy metal-

treated HaCaT keratinocytes  

 

Contrary to PE and other indigoid compounds, indirubin showed a pattern which 

inhibits the production of IL-8 in heavy metal-irritated HaCaT keratinocytes. 

Heavy metals included 2.5 �M of lead, 200 �M of nickel, 10 �M of cadmium and 

5 �M of cobalt. IL-8 synthesis in HaCaT cells were induced by the indicated heavy 

metals and treated with 3 �M, 10 �M, and 30 �M of indirubin. As a result, 

indirubin showed the inhibitory effects of in the heavy metal-induced IL-8 

production not strongly but slightly (Figure 23). Therefore, further studies on the 

association between indirubin and IL-8 needs to be conducted for the investigation 

into the mechanism of indirubin against heavy metals in HaCaT cells.  
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Figure 23. Indirubin inhibits the synthesis of IL-8 in heavy metal-treated 

HaCaT keratinocytes

Cells were exposed to heavy metals, including (A) 10 �M cadmium chloride 

(CdCl
2
), (B) 2.5 �M lead chloride (PbCl

2
), (C) 200 �M nickel chloride (NiCl

2
) and 

(D) 5 �M cobalt chloride (CoCl
2
), and treated with the indicated concentrations of 

indirubin for 4 h. IL-8 release from HaCaT keratinocytes was analyzed by ELISA 

and calculated relatively to the control. Results represent the mean ± S.D. (n=3), 
* 

p 

≤ 0.05 and 
** 

p ≤ 0.01. (CD : Cadmium chloride, PB : Lead chloride, NI : Nickel 

chloride, CO : Cobalt chloride) 
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F. Effects of indigoid compounds on cadmium-treated ERK, 

AKT and STAT3 activities  

 

Cadmium exposure has been reported to result in a complex response of cells 

including internal calcium levels, oxidative mechanisms, protein degradation, 

kinase activation and others. The toxicity of cadmium activates extracellular 

signal–regulated kinase (ERK), PI3K/AKT and c-Jun N-terminal kinases (JNKs). 

Therefore, western blot analysis was performed to identify the pro-inflammatory 

mechanism of cadmium and the anti-inflammatory effects of indigo and thioindigo 

in HaCaT keratinocytes exposed to cadmium. Cadmium-treated HaCaT cells were 

treated with 30 M of indigo and thioindigo for 1 h. Indigo and thioindigo 

decreased the protein levels of p-ERK and p-AKT in cadmium-stimulated HaCaT 

cells. In short, as shown in Figure 24, indigo and thioindigo suppressed the 

phosphorylation of ERK and AKT in cadmium-irritated HaCaT cells.     
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Figure 24. Indigoid compounds inhibit the activation of ERK and AKT 

pathways in heavy metal-treated HaCaT keratinocytes.   
HaCaT cells were stimulated by 10 �M of cadmium chloride and treated with 30 

�M of indigo and thioindigo for 1 h. (A) The protein expression levels of ERK, 

AKT and STAT3 were examined by Western blot analysis. Actin was used as an 

internal standard. (B) Graphic representation showing relative optical density of 

each band. The percentage of ERK/AKT/STAT3 activation in each group relative 

to the control was calculated. Values are expressed as mean ± S.D. (n=3), 
* 

p ≤ 0.05 

and 
** 

p ≤ 0.01. (CD : Cadmium chloride) 
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Figure 25. Schematic representation of effect of indigo and thioindigo in PMs-

treated HaCaT keratinocytes

(PLA
2
 : Phospholipase A

2
, AA : Arachidonic acid, COX-2 : Cyclooxygenase-2) 
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IV. Discussion 
 

The increase of particulate matters (PMs) has various adverse effects on the 

human skin as an environmental air pollutant. Exposure of the skin to PMs has 

been associated with skin aging such as wrinkles, pigmented macules or spots. 

Furthermore, PMs can cause skin inflammation or allergic conditions like atopic 

dermatitis, eczema, psoriasis or acne and skin cancer (Drakaki et al., 2014). These 

adverse health effects have been reported to involve oxidative stress and 

inflammation with transcription of several pro-inflammatory genes including IL-1 , 

cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) in skin exposed to 

PMs (Magnani et al., 2016). In this regard, recently, the prevention and treatment 

of skin aging have been mainly targeted at cosmetic and medical industries 

(Vierkotter et al., 2010). However, the pro-inflammatory mechanism of PMs was 

not yet clarified.  

In this study, it is investigated whether heavy metals from PMs increase the 

production of prostaglandin E2 (prostaglandin E2) in HaCaT keratinocytes. In the 

selection process of skin inflammation inducers, prior to the examination, I 

evaluated the effects of sulfite and heavy metals on the synthesis of PGE2 in 

HaCaT cells among various single particles in PMs (Figure 17, 19). 

As shown in Figure 19 and Figure 24, cadmium increased the release of PGE2 

via activation of extracellular signal–regulated kinase (ERK), PI3K/AKT 

(phosphatidylinositol-3 kinases/protein kinase B) and signal transducer and 

activator of transcription 3 (STAT3) in HaCaT cells.  
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Persicaria tinctoria methanol extract (PE) significantly inhibited PGE2 synthesis 

in HaCaT keratinocytes treated with cadmium of PMs. Indigoid compounds of P. 

tincotira including indigo and thioindigo, derivative of indigo, decreased PGE2 

production by inactivating ERK and PI3K/AKT in cadmium-treated HaCaT cells 

(Figure 20, 24). Therefore, PE and indigoid compounds possess the anti-

inflammatory effects on heavy metal of PMs-induced PGE2 synthesis model in 

HaCaT keratinocytes.    

PMs are complex of various environmental pollutants including inorganic 

material (e.g., oxides of transition metals), salts (ammonium nitrate and sulfates) 

and organic material (carbonaceous material and polyaromatic hydrocarbons) and 

biogenic material (e.g., pollen, microorganism) with an aerodynamic diameter  

10 �M.  

PMs, mixture emitted from natural and anthropogenic sources, seem to be a 

major environmental risk to human skin. In the investigation of pro-inflammatory 

potential of extracts from particulates, the production of interleukin-6 (IL-6) and 

interleukin-8 (IL-8) is increased than did that of the control group in human 

monocytes treated with PM10-2.5 particle extracts (Monn and Becker, 1999). Also, 

the messenger RNA (mRNA) levels of pro-inflammatory mediators including 

leukemia inhibitory factor (LIF), granulocyte macrophage colony-stimulating 

factor (GM-CSF), interleukin-1� (IL-1�) an IL-8 are upregulated in primary 

human bronchial epithelial cells (HBECs) exposed to particulate matter 10 (PM 10) 

(Fujii et al., 2001). In a reconstructed human epidermis (RHE) model, local 

reactive O2 species (ROS) levels are increased by metals present on the particle and 
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NF B nucleus translocation, cytochrome P450 levels and cyclooxygenase-2 (COX-

2) levels are induced by concentrated ambient particles (Magnani et al., 2016).  

Specifically, it was suggested that acute sulfur dioxide (SO2) exposure causes 

glutamate-mediated excitotoxicity and elevates NF B-coupled COX-2 to mediate 

the neuro-inflammation (Li et al., 2015). Heavy metals affect various cellular 

processes such as regulation of pro-inflammatory cytokines, sensitization, DNA 

damage as a result of oxidative stress and others with acute toxicity (Lisby et al., 

1995; Nzengue et al., 2008; Picardo et al., 1990). For example, cadmium releases 

the pro-inflammatory, pro-coagulatory, and chemotactic factors by activating 

macrophages to produce cytokines and to develop the further stages of immune 

reactions such as stimulation of COX-2 expression (Olszowski et al., 2015). Also, 

the interaction effects of heavy metals and PAHs, which are carried with organic 

chemicals in PMs, accelerate the oxidative stress and the progress of dermatitis 

(Wang et al., 2015). Due to these characteristics, on the basis of element analysis of 

PMs using EDS, sodium bisulfite and heavy metal compounds including lead 

chloride (PbCl2), nickel chloride (NiCl2), cadmium chloride (CdCl2) and cobalt 

chloride (CoCl2) were selected as representative toxic stresses in HaCaT 

keratinocytes.  

Based on the profiles of pro-inflammatory cytokines and signaling pathways 

from reported experimental findings, the effects on PGE2 synthesis in HaCaT cells 

exposed to the indicated irritants were evaluated to investigate the pro-

inflammatory mechanisms of PMs in skin. COX-2-derived PGE2, released in the 

early stage of inflammation, has been reported to up-regulate IL-6, IL-8 and VEGF 
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in the level of gene expression and protein in vitro and in vivo (Goren et al., 2015; 

Hinson et al., 1996; Yu and Chadee, 1998). The secretion of IL-6 and IL-8 can 

promote acute phase responses to stimuli and trigger the skin diseases such as 

contact dermatitis and atopic dermatitis (Choi et al., 2011). Therefore, the 

prevention of pro-inflammatory responses through the inhibition of PGE2 in 

keratinocytes is important for anti-aging in human skin against PMs. 

Exposure to cadmium leads to activate ERK which implicates ROS generation, 

PI3K/AKT and c-Jun N-terminal kinase (JNK) signaling pathway in hepatic cells 

(Thévenod, 2009). On the contrary to tryptanthrin and indirubin from P. tinctoria, 

the anti-inflammatory mechanisms of indigo and thioindigo remain unclear. The 

present study points out that indigoid compounds including indigo and thioindigo 

inhibit cadmium divalent cation-induced phosphorylation of ERK and PI3K/AKT 

in HaCaT cells.  

In conclusion, this study demonstrated that P. tinctoria and its indigoid 

compounds, indigo and thioindigo, have the anti-inflammatory activities by 

regulation of PGE2 production via suppression of ERK and PI3K/AKT in HaCaT 

keratinocytes, which might contribute to the development of anti-pollution 

products in cosmetic industry.  
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