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Abbreviation 

ANOVA analysis of variance 

BG 1,3-butylene glycol 

Bid BH3-interacting domain death agonist 

BrdU 5-bromo-2’-deoxyuridine 

cSCC cutaneous squamous cell carcinoma 

DMEM Dulbecco’s modified Eagle’s medium 

DMSO dimethyl sulfoxide 

EGF epidermal growth factor 

EGFR epidermal growth factor receptor 

Elk-1 ETS domain-containing protein  

ERK1/2 extracellular signal-regulated kinase 1/2 

FBS fetal bovine serum 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

HaCaT human adult low-calcium high-temperature 

HPLC high performance liquid chromatography 

JNK Jun amino terminal kinase 

LC3 microtubule-associated protein light chain 3 

LDH lactate dehydrogenase 

MAPK mitogen-activated protein kinase 

MEK1/2 MAPK/ERK kinase 1/2 

MKK3/6 MAP kinase 3/6 

MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenylte-trazolium bromide 

NHEK normal human epidermal keratinocytes 

PARP poly (ADP-ribose) polymerases 

PBS phosphate buffered saline 

PI propidium iodide 

PMF polymethoxyflavone 

ROS reactive oxygen species 

RT-PCR real-time polymerase chain reaction 

SE standard error 

SPE Citrus sudachi peel extract 

TGF transforming growth factor 

TNF tumor necrosis factor 

z-VAD-FMK N-benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoromethyl ketone 
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Chapter 1 General introduction 

1. Skin 

The skin is a barrier that separates the body from the external environment and plays essential 

roles in regulating water loss and protecting the body from ultraviolet radiation and microbial 

infection [1]. The skin comprises three layers: the epidermis, dermis, and subcutaneous layer. The 

outermost epidermis is mostly composed of keratinocytes (~90%). Exposure to UV radiation 

results in DNA damage, which causes mutations; this is considered as an event initiating skin 

carcinogenesis. The elimination of UV radiation-damaged keratinocytes via apoptosis is an 

essential mechanism for protecting the skin from sunlight. However, the increased proliferative 

and reduced apoptotic abilities of keratinocytes causes abnormal proliferation, leading to 

conditions such as skin cancer, psoriasis, keratosis, verrucae, and lichen simplex chronicus [2].  

The outermost epidermis is composed of a stratified epithelium with distinct layers of 

keratinocytes [3]. Keratinocytes differentiate sequentially from the stratum basale to the stratum 

spinosum, stratum granulosum, stratum lucidum, and stratum corneum. During differentiation, 

keratinocytes express specific genes in distinct layers of the epidermis. For example, the expression 

of keratin 1 and keratin 10 is promoted in the stratum spinosum (early differentiation markers), 

whereas that of filaggrin is primarily detected in the stratum granulosum [4]. A continuous steady 

state of proliferation and differentiation of keratinocytes results in the constant renewal of the 

epidermis, providing an effective barrier for the skin. Disruption of this balance between 

proliferation and differentiation in keratinocytes leads to skin disorders, such as psoriasis, atopic 

dermatitis, and ichthyosis vulgaris [4, 5]. 
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Figure 1. Skin structure. 

 

2. Cell death 

In multicellular organisms, cell death is an important process that maintains tissue homeostasis 

and eliminates potentially harmful cells [6]. There are various modalities of cell death, including 

apoptosis (type I), autophagic cell death (type II), and necrosis (type III) [7]. Apoptosis and 

autophagic cell death are not completely distinct and are affected by each other [8]. Apoptosis 

usually functions to maintain homeostasis in cell populations in development and aging [9]. It 

induces morphological changes, such as cell shrinkage, membrane blebbing, chromatin 

condensation, and nuclear fragmentation, which are almost triggered by activation of the caspase 

family of cysteine proteases. Apoptosis also plays a pivotal role in eliminating genetically damaged 

cells that might progress to cancer. Therefore, there have been many trials to develop new 

compounds that induce apoptosis.  

 

Figure 2. apoptosis process. 
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On the other hand, autophagy constitutively occurs at low levels to degrade cytoplasmic 

components including damaged organelles and long-lived proteins, but it is dramatically induced 

by stresses, such as nutrient starvation and oxidative stress, to promote cell survival [10, 11]. It 

begins with the formation of autophagosomes, followed by their fusion with lysosomes to produce 

autolysosomes where the engulfed content is digested by lysosomal hydrolases. Although the 

overactivation of autophagy may result in autophagic cell death, autophagy dysfunction is 

associated with a number of diseases, including infection, cancer, and neurodegeneration, 

suggesting that targeting autophagy may be an attractive therapeutic approach. 

 

Figure 3. autophagy process. 

 

3. Citrus sudachi and its functional components 

Citrus sudachi is mainly produced in Tokushima Prefecture, Japan, and is included in the 

flavorful acid citrus fruit group. Around half of the total production of C. sudachi is consumed as 

fresh fruit, and the other half is consumed as processed products, such as juices. The citrus peel 

waste of the juice extraction process contains phytochemicals such as vitamins, minerals, 

flavonoids, coumarin, limonoids, carotenoids, and pectin, which possess a variety of biological 

functions including antioxidant, anti-inflammatory, antimutagenic, anticarcinogenic, and anti-

aging properties [12]. For example, anthocyanins found in typical Italian pigmented orange (Moro, 

Tarocco and Sanguinello), have a high antioxidant activity. It has also been reported that flavonoids 

such as nobiletin and tangeretin including in citrus peel have antiallergic, anticancer antioxidant 



- 7 - 

 

and anti-inflammatory properties. In addition, many reports show that citrus peel extract has 

beneficial bioactivity (e.g., Citrus sinensis peel extract shows anti-aging activity by 

downregulation of MMP1 expression, and Citrus nobilis peel extract has antioxidant, antimicrobial, 

and anti-inflammatory activity [13, 14]). Therefore, the citrus peel has potential for use in the food, 

cosmetic, and pharmaceutical industries. Since the peel of C. sudachi also contains many phenolic 

compounds, such as hesperidin, naringin, narirutin, and sudachitin, which have anti-inflammatory 

and antioxidant properties [15, 16], it is expected that the extract of C. sudachi peel has various 

beneficial physiological properties. Recently, although it was reported that the extracts of C. 

sudachi peel attenuate body weight gain in mice fed a high-fat diet and improve lipid metabolism, 

its other biological activities are not yet fully understood [17, 18] 

Flavonoids are polyphenolic compounds and bear a phenyl benzopyrone structure, representing 

as two benzene rings joined by a linear three-carbon chain, with a carbonyl group at the C-4 

position [19]. The citrus flavonoids are divided into a class of glycosides (e.g., hesperidin and 

naringin) and polymethoxyflavones (PMFs), a class of methylated aglycones of flavones, (e.g., 

nobiletin and tangeretin). PMFs are almost exclusively found in the peel of citrus fruits, also 

possess various biological activities such as anti-cancer, anti-inflammation, and anti-

atherosclerosis as well as neuroprotective effects [19, 20, 21]. For example, nobiletin (5,6,7,8,3’,4’-

hexamethoxyflavone) (Figure 4, right), which is a typical PMF from the peel of Citrus depressa 

and is one of the most studied flavonoids, exhibits anti-inflammatory and carcinogenesis-inhibitory 

activities [22, 23]. Moreover, tangeretin (5,6,7,8,4’-pentamethoxy-flavone) is also a 

polymethoxylated flavone present in the peel of citrus fruits has antiproliferative and 

anticarcinogenic effects [24]. Other PMFs, sudachitin (5,7,4’-trihydroxy-6,8,3’-trimethoxy-

flavone) (Figure 4 left) and 3’-demethoxy-sudachitin (5,7,4’-trihydroxy-6,8-dimethoxyflavone) 

(Figure 4, middle), have been isolated from the peel of C. sudachi, a well-known fruit in Tokushima 

Prefecture, Japan [25]. It has been reported that sudachitin exhibit several biological activities. For 
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examples, sudachitin possesses an anti-inflammatory property in LPS-stimulated macrophages by 

suppressing the expression of inducible nitric oxide synthase, and blocks LPS-induced 

inflammatory bone destruction by directly inhibiting osteoclast differentiation from osteoclast 

precursors [26, 27]. In addition, previous study showed that sudachitin suppresses matrix 

metalloproteinase-1 and matrix metalloproteinase-3 production in TNF-α-stimulated human 

periodontal ligament cells by inhibiting the Akt pathway [28]. Moreover, sudachitin reduces gain 

of body weight in mice fed a high fat diet by enhancing energy expenditure through regulation of 

sirtuin1, peroxisome proliferative-activated receptor gamma coactivator-1-α and uncoupling 

protein-1 gene expression levels [29]. Sudachitin also enhances antigen-specific cellular and 

humoral immune responses in BALB/c mice [29]. However, its biological activities are not yet 

investigated in skin. 

 

Figure 4. Chemical structure of PMFs. 

Chemical structure of sudachitin (5,7,4’-trihydroxy-6,8,3’-trimethoxyflavone), 3’-

demethoxysudachitin (5,7,4’-trihydroxy-6,8-dimethoxyflavone), and nobiletin (5,6,7,8,3’,4’-

hexamethoxyflavone). 

 

4. MAPK family 

The mitogen-activated protein kinase (MAPK) family, which includes extracellular regulated 

kinases 1/2 (ERK1/2), p38 mitogen-activated protein kinase (p38MAPK), Jun amino terminal 

kinase (JNK), is involved in the regulation of various cellular responses, such as cell proliferation, 

survival, apoptosis, and inflammation [2, 30]. Particularly, in keratinocytes, p38MAPK activation 
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promotes UVB-induced apoptosis [2]. Furthermore, keratinocyte proliferation and differentiation 

are well controlled by ERK1/2 and p38MAPK. The ERK pathway promotes cell proliferation and 

regulates cell survival, while the p38MAPK pathway induces apoptosis and differentiation [31]. 

ERK signaling is involved in a wide variety of cellular responses, including not only cell 

proliferation and survival (anti-apoptotic activity) but also differentiation and migration [32, 33]. 

A previous study showed that ETS domain-containing protein (Elk-1), the transcription factor, 

activated by ERK1/2 induces expression of Egr-1 which promotes cell proliferation and suppresses 

apoptosis in keratinocytes [34]. Moreover, it has been reported that the expression of involucrin, a 

keratinocyte differentiation marker, in response to calcium is sensitive to inhibition of the ERK 

pathway [35], and that ERK1/2 regulates cell migration of keratinocytes through the activation of 

focal adhesion kinase [36]. Additionally, oncogenic Ras has been shown to be involved in the 

growth and development of human cutaneous squamous cell carcinoma (cSCC) through the 

activation of the ERK pathway [37]. Therefore, the identification and characterization of 

compounds that can modulate MAPK signaling in keratinocytes may help in developing novel 

drugs for treating skin diseases. 

Figure 5. MAPK pathway.  
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Chapter 2 Sudachitin and nobiletin induce distinct cellular responses 

1. Introduction 

In multicellular organisms, cell death is an important process that maintains tissue homeostasis 

and eliminates potentially harmful cells [6]. There are various modalities of cell death, including 

apoptosis (type I), autophagic cell death (type II), and necrosis (type III) [7]. Apoptosis also plays 

a pivotal role in eliminating genetically damaged cells that might progress to cancer. On the other 

hand, autophagy constitutively occurs at low levels to degrade cytoplasmic components to maintain 

homeostasis. However, overactivation of autophagy may result in autophagic cell death, autophagy 

dysfunction is associated with a number of diseases, including infection, cancer, and 

neurodegeneration. Therefore, there have been conducted many trials to develop new compounds 

that induce either apoptosis or autophagy.  

A wide variety of polyphenols have been identified in many plants, including citrus fruits, cocoa, 

and tea [38, 39]. Several studies have shown that most of them exhibit biological activities, 

including antioxidant and anticancer effects. Some natural polyphenolic compounds, such as 

genistein and curcumin, induce apoptosis and autophagy [40]. PMF, a class of flavonoid 

compounds that are almost exclusively found in the peel of citrus fruits, also possess various 

biological activities [19, 20]. For example, nobiletin (Figure 4, right), which is a typical PMF from 

the peel of C. depressa and has been reported to induce apoptosis and autophagy in human gastric 

cancer cells [41]. Other PMFs, sudachitin (Figure 4, left) and 3’-demethoxysudachitin (Figure 4, 

middle), have been isolated from the peel of C. sudachi [25]. Although previous report showed that 

sudachitin possesses an anti-inflammatory activity, their other biological activities are not yet fully 

understood [26]. In chapter 2, I attempted to elucidate novel biological activities of sudachitin and 

3’-demethoxysudachitin.   
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2. Materials and methods 

2.1. Materials 

Sudachitin, nobiletin (Wako Pure Chemical Industries), and 3’-demethoxysudachitin [42] were 

dissolved in 100% dimethyl sulfoxide (DMSO) at a concentration of 100 mM, and the final 

concentration of DMSO in the culture medium was 0.1%. 

 

2.2. Cell culture 

Human adult low-calcium high-temperature (HaCaT) cells, from an immortalized human 

keratinocyte cell line developed by the German Cancer Research Center (Deutsches Krebsfors-

chungszentrum, DKFZ) [43] and murine B16 melanoma cells (B16 cells) were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (FUJIFILM Wako Pure Chemical Corporation) 

supplemented with 10% fetal bovine serum (FBS) (MP Biomedicals), 100 units/mL penicillin, and 

100 µg/mL streptomycin at 37 °C in a humidified incubator with 5% CO2. 

 

2.3. MTT assay 

HaCaT cells and B16 cells were seeded in 96-well culture plates. After 24 hours, the cells were 

treated with 30 or 100 µM sudachitin, 3’-demethoxysudachitin, nobiletin, or DMSO for 24 and 48 

hours. After 1-hour incubation with 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenylte-trazolium 

bromide (MTT), the resulting formazan crystals were dissolved in DMSO. The absorbance at 

570 nm (650 nm as a reference) was determined using the Infinite M200 plate reader (TECAN 

Japan). 

 

2.4. Immunoblot analysis 

Cells were treated with sudachitin (30, 100 µM), 3’-demethoxysudachitin (30, 100 µM), 

nobiletin (30, 100 µM), or DMSO for 24 and 48 hours. Then the cells were lysed in an ice-
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cold TNE buffer consisting of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Nonidet P-40, 

1 mM ethylenediaminetetraacetic acid (EDTA), and protease inhibitors (10 µg/mL leupeptin 

and 10 µg/mL aprotinin). The protein extracts were clarified by centrifugation at 10,000 × g 

for 10 min. Protein amounts were quantitated by BCA protein assay (Thermo Fisher Scientific). 

The absorbance of sample after reaction at 562 nm was determined using the Infinite M200 plate 

reader (TECAN Japan). The amount of protein was calculated by a calibration curve which 

prepared using 2 mg / ml BSA as a standard. The equal amount of protein was mixed with a 6 x 

SDS-loading buffer and heat-treated at 95 °C for 5 minutes. The heat-treated protein was 

subjected to SDS-PAGE and immunoblotting with antibodies against microtubule-associated 

protein light chain 3 (LC3), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Wako Pure 

Chemical Industries), or poly (ADP-ribose) polymerase (PARP) (Cell Signaling Technology). The 

luminescent signals were analyzed using LAS-4000 image analyzer (Fuji Film). 

 

2.5. Apoptosis assay by annexin V/propidium iodide (PI) staining 

HaCaT cells were treated with sudachitin (30, 100 µM), 3’-demethoxysudachitin (30, 100 µM), 

nobiletin (30, 100 µM), or DMSO for 24 and 48 hours. Cells were detached from the culture dish 

by trypsin/EDTA treatment and washed with culture medium and phosphate buffered saline (PBS). 

Annexin V-FITC and PI stating was performed using a MEBCYTO Apoptosis Kit (Medical & 

Biological Laboratories) according to the manufacturer’s instructions. The samples were analyzed 

by flow cytometry (BD FACSVerse system, BD Biosciences). 

 

2.6. Immunofluorescence analysis 

HaCaT cells and B16 cells were treated with 100 µM nobiletin, sudachitin, or DMSO. After 24 

or 48 hours, cells were fixed using 3.7% formaldehyde for 20 minutes, permeabilized with 0.1% 

Triton X-100 for 5 minutes, and then blocked in 5% BSA overnight. Cells were subsequently 
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incubated with mouse anti-LC3 antibody (Wako Pure Chemical Industries) overnight at 4 °C. After 

washing with PBS, cells were incubated for 1 hour with Alexa Fluor 488-conjugated goat anti-

rabbit IgG antibody (Thermo Fisher Scientific). Fluorescent images were obtained using an IN Cell 

Analyzer 6000 system (GE Healthcare). 

 

2.7. Autolysosome detection 

HaCaT cells and B16 cells were treated with 1 µM DALGreen (Dojindo Laboratories) at 

37 °C for 30 min. Then the culture medium was removed, and cells were incubated in culture 

medium containing 100 µM nobiletin at 37 °C for 24 or 48 hours. Cells were observed by IN 

Cell Analyzer 6000 to obtain fluorescence images. 

 

2.8. Statistical analysis 

All experiments were performed multiple times to confirm their reproducibility. One 

representative set of data was shown in the figures. Immunoblot band intensities were quantified 

using Image J software (NIH). Data were expressed as the mean ± standard error (SE), and 

statistical analysis was performed by Student’s t-test or one-way analysis of variance (ANOVA) 

with Tukey’s multiple comparison tests using GraphPad Prism (GraphPad Software).  
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3. Results 

3.1. Effect of sudachitin and nobiletin on the proliferation of keratinocytes 

In order to assess the effects of sudachitin (5,7,4’-trihydroxy-6,8,3’-trimethoxyflavone) (Figure 

4, left) and 3’-demethoxy-sudachitin (5,7,4’-trihydroxy-6,8-dimethoxyflavone) (Figure 4, middle) 

on cell proliferation in keratinocytes, immortalized human keratinocyte HaCaT cells were treated 

with 30 or 100 µM sudachitin or 3’-demethoxysudachitin for 24 and 48 hours and then subjected 

to an MTT assay. As shown in Figure 6, sudachitin significantly suppressed the proliferation of 

HaCaT cells in a dose-dependent manner. Although 3’-demethoxysudachitin exhibited an 

antiproliferative activity at a concentration of 100 µM, little effect was observed at 30 µM. 

Additionally, their analogous compound, nobiletin (5,6,7,8,3’,4’-hexamethoxyflavone) (Figure 4, 

right), was also tested, resulting in significant growth suppression at 30 and 100 µM. The results 

showed that three PMFs suppressed the proliferation of HaCaT cells at a high concentration (100 

µM). 

 

Figure 6. Effect of sudachitin, 3’-demethoxysudachitin, and nobiletin on cell proliferation of 

HaCaT cells. 

HaCaT cells were treated with sudachitin (S) (30, 100 μM), 3’-demethoxysudachitin (deS) (30, 

100 μM), nobiletin (N) (30, 100 μM) or DMSO (C). After 24 hours (left panel) and 48 hours (right 

panel), cell proliferation was measured by MTT assay. Results are expressed relative to cells treated 

with DMSO (= 100%). The data are expressed as the mean ± SE for at least four cultures, and 

statistical analysis was performed by Student’s t-test. *** p < 0.001, ** p < 0.01, and * p < 0.05 

compared with cells treated with DMSO.  
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3.2. Sudachitin specifically induces apoptosis in a concentration- and time-dependent manner in 

keratinocytes 

Next, I examined whether these PMFs induce apoptosis. Due to the fact that PARP (116 kDa) is 

cleaved to fragments of molecular sizes of 85 and 27 kDa by activated caspase-3 in response to 

apoptotic signals, the cleavage of PARP is widely used as an apoptotic marker [44]. 

Immunoblotting analysis with an anti-PARP antibody revealed that the amount of cleaved PARP 

significantly increased in HaCaT cells treated with 100 µM sudachitin, but not in those treated with 

3’-demethoxysudachitin and nobiletin at an equivalent concentration (Figure 7(A)). As shown in 

Figure 7(B, C), sudachitin induced PARP cleavage in a concentration- and time-dependent manner. 

In order to obtain further evidence that sudachitin induces the apoptosis of HaCaT cells, sudachitin-

treated cells were subjected to annexin V-FITC/PI staining and analyzed by flow cytometry. As 

shown in Figure 7(D, E), the percentages of annexin V-positive/PI-negative cells, indicative of 

early apoptosis, were significantly increased to 26% and 41%, respectively, when cells were treated 

with 100 µM sudachitin for 24 and 48 hours, compared with DMSO treatment (5.9% and 6.5%). 

In contrast, nobiletin and 3’-demethoxysudachitin hardly affected. I also examined the dose 

dependence of the effect of sudachitin on induction of early apoptosis. As shown in Figure 7(D, F), 

sudachitin promoted early apoptosis in a concentration-dependent manner. Additionally, the 

percentage of the sum of early apoptotic (annexin V-positive/PI-negative) and late 

apoptotic/necrotic (annexin V-positive/PI-positive) cells was also calculated. As shown in Figure 

7(G), the percentage significantly increased to approximately 80% in the cells treated with 100 µM 

sudachitin for 48 hours, which almost correlated with the percentage of cleaved PARP (84-94%) 

in Figure 7(A-C). These results show that sudachitin but not 3’-demethoxysudachitin and nobiletin 

specifically induces apoptosis. 
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Figure 7. Sudachitin specifically induces apoptosis in a concentration- and time-dependent 

manner. 

(A) HaCaT cells were stimulated with 100 μM nobiletin (N), 100 μM sudachitin (S), 100 μM 3’-

demethoxysudachitin (deS), or DMSO (C) for 48 hours. (B and C) HaCaT cells were treated with 

30 and 100 μM sudachitin for 24 and 48 hours. The cell lysates were analyzed by immunoblotting 

using anti-PARP and anti-GAPDH antibodies. The detected bands were quantitated by ImageJ 

software, and the percentage of cleaved PARP (associated to apoptosis) relative to the total amount 

of PARP (full-length plus cleaved PARP) was quantified. (D) HaCaT cells were treated with 

sudachitin (30, 100 μM), nobiletin (100 μM), 3’-demethoxysudachitin (100 μM), or DMSO 

(control) for 24 or 48 hours. The cells were stained by annexin V-FITC and PI, and were analyzed 

using flow cytometry. (E and F) The amount of early apoptosis were determined as the percentage 

of annexin V (+)/PI (-) (the lower right quadrants of flow cytometric assay). (G) The percentage of 

both annexin V (+)/PI (-) (early apoptosis) and annexin V (+)/PI (+) (late apoptosis/necrosis) cells 

were shown. The data were expressed as the mean ± SE, and statistical analysis was performed by 

one-way ANOVA with Tukey’s multiple comparison tests. *** p < 0.001, ** p < 0.01, * p < 0.05. 

 

3.3. Nobiletin specifically triggers autophagy in keratinocytes 

Some natural polyphenolic compounds, such as genistein, quercetin, curcumin, and resveratrol, 

are known to induce not only apoptosis but also autophagy [40]. Furthermore, it was reported that 

nobiletin induces apoptosis-mediated protective autophagy in human gastric cancer SNU-16 cells 

[41]. Therefore, I examined whether nobiletin, sudachitin, and 3’-demethoxysudachitin induce 

autophagy in HaCaT cells. During the formation of autophagosomes, LC3-I is converted into LC3-

II conjugated to phosphatidylethanolamine and recruited to the autophagosome membrane, 

although LC3-I is diffusely distributed in the cytoplasm under normal conditions [10, 45]. The 

conversion of LC3-I into LC3-II through proteolytic cleavage and lipidation is a hallmark of 

autophagy, which can be quantified by immunoblotting analysis with an anti-LC3 antibody. As 

shown in Figure 8(A, B), the level of LC3-II was significantly increased by treatment with nobiletin 

(30 and 100 μM) in HaCaT cells. On the other hand, 3’-demethoxysudachitin and sudachitin failed 

to induce autophagy. I subsequently confirmed that nobiletin induces autophagy by 

immunofluorescence analysis with an anti-LC3 antibody and cell staining with DALGreen, which 

is a fluorescent probe for monitoring the formation of autolysosomes [46]. Immunofluorescence 

analysis showed that LC3 puncta, which represent autophagosome formation, were observed in 
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HaCaT cells treated with 100 μM nobiletin (Figure 8(C)). Furthermore, an increase in DALGreen 

fluorescence was observed in cells treated with nobiletin (Figure 8(D)). These results show that 

three PMFs have different effects on apoptosis and autophagy. 
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Figure 8. Nobiletin specifically triggers autophagy in HaCaT cells. 

(A) HaCaT cells were treated with 100 μM nobiletin (N), 100 μM sudachitin (S), 100 μM 3’-

demethoxysudachitin (deS), or DMSO (C) for 48 hours. (B) HaCaT cells were stimulated with 

nobiletin (30, 100 μM) or DMSO for 48 hours. The cell lysates were analyzed by immunoblotting 

using anti-LC3 and anti-GAPDH antibodies. The detected bands were quantitated by ImageJ 

software, and quantification of results is presented as the amount of LC3-II normalized against 

GAPDH. The data are expressed as means ± SE of three separate experiments, and statistical 

analysis was performed by one-way ANOVA with Tukey’s multiple comparison tests. *** p < 

0.001, * p < 0.05. (C and D) HaCaT cells were stimulated with 100 μM nobiletin, 100 μM 

sudachitin, or DMSO for 24 hours, and were subjected to immunofluorescence with an anti-LC3 

antibody (C) and DALGreen staining (D). All experiments were performed multiple times with 

similar results. 
 

3.4. Effect of PMFs on B16 melanoma cells  

Next, I assessed potential antiproliferative activities of sudachitin and nobiletin on melanoma 

cells, mouse B16 melanoma cells. B16 cells were treated with 30 or 100 µM sudachitin for 48 

hours and then used in MTT assay. As shown in Figure 9(A), B16 cells treated with both sudachitin 

and nobiletin were significantly suppressed cell proliferation in a dose-dependent manner. This 

result showed that both sudachitin and nobiletin suppressed cell proliferation in B16 cells in a 

concentration of 100 µM. Moreover, I examined whether sudachitin and nobiletin be able to induce 

apoptosis and autophagy in B16 cells. Interestingly, unlike the results in HaCaT cells, no cleaved 

PARP was detected, and the level of LC3-II was significantly increased by treatment with both 

sudachitin (100 µM) and nobiletin (100 µM) in B16 cells (Figure 9(B, C)). These results indicated 

that B16 cells are resistant to sudachitin-induced apoptosis, on the other hands, not are resistant to 

autophagy induced by three PMFs. Furthermore, I confirmed that sudachitin induces autophagy in 

B16 cells by immunofluorescence analysis with anti-LC3 antibody and cell staining with 

DALGreen. Immunofluorescence analysis showed that LC3 puncta were observed in cells treated 

with 100 μM sudachitin (Figure 9(D)). Additionally, an increase of DALGreen fluorescence was 

observed in B16 cells treated with sudachitin (Figure 9(E)). These results suggested that sudachitin 

promotes cell-type specific autophagy, while nobiletin may induce autophagy in a wide range of 

cells. 
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Figure 9. Three PMFs induce autophagy in B16 cells. 

(A) B16 cells were treated with sudachitin (S) (30, 100 μM) and nobiletin (N) (30, 100 μM) or 

DMSO (C). After 48 hours, cell proliferation was measured by MTT assay. Results are expressed 

relative to cells treated with DMSO (= 100%). The data are expressed as the mean ± SE for at least 

four cultures, and statistical analysis was performed by Student’s t-test. *** p < 0.001, ** p < 0.01, 

and * p < 0.05 compared with cells treated with DMSO. (B and C) B16 cells were stimulated with 

100 μM nobiletin (N), 100 μM sudachitin (S), 100 μM 3’-demethoxysudachitin (deS), or DMSO 

(C) for 48 hours. The cell lysates were analyzed by immunoblotting using anti-PARP, anti-GAPDH, 

and anti-LC3 antibodies. (D and E) B16 cells were stimulated with 100 μM sudachitin, or DMSO 

for 24 hours, and were subjected to immunofluorescence with an anti-LC3 antibody (C) and 

DALGreen staining (D). All experiments were performed multiple times with similar results. 
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4. Discussion 

A wide range of compounds that regulate apoptosis and/or autophagy have been identified and 

are expected to act as anticancer agents [47]. Natural polyphenolic compounds isolated from plants 

could also affect apoptosis and autophagy [40, 19, 23, 41]. Due to the fact that the avoidance of 

cell death is closely related to the promotion and progression of cancer, it is important to identify 

and characterize compounds that can regulate cell death processes. In this study, I demonstrated 

that sudachitin (5,7,4’-trihydroxy-6,8,3’-trimethoxyflavone), a PMF isolated from the peel of C. 

sudachi, could induce apoptosis in human keratinocyte HaCaT cells. On the other hand, nobiletin 

(5,6,7,8,3’,4’-hexamethoxyflavone) could induce autophagy, whereas it failed to promote 

apoptosis. Additionally, 3’-demethoxysudachitin (5,7,4’-trihydroxy-6,8-dimethoxy-flavone) did 

not induce apoptosis or autophagy. 

Citrus PMFs are flavones that bear two or more methoxy groups on their basic benzo-γ-pyrone 

skeleton with a carbonyl group at the C-4 position [48]. Maximum number of the methoxy groups 

can be up to seven (3,5,6,7,8,3’,4’-heptamethoxyflavone and 5,6,7,8,3’,4’,5’-heptamethoxy-

flavone), and one or more methoxy group(s) is (are) replaced by hydroxyl group(s) (hydroxylated 

PMF or demethyl PMF). The number and positions of methoxy group greatly influence the 

biological functions of PMFs. For example, although nobiletin has an anti-apoptotic effect in 

human neuroblastoma SH-SY5Y cells, 5-demethylnobiletin (5-hydroxy-6,7,8,3’,4’-

pentamethoxyflavone), which is demethylated at the 5-methoxy group in nobiletin, exhibits a 

growth inhibitory effect [49]. These data suggest that the methoxy group at the C-5 position of 

nobiletin may contribute to the anti-apoptotic effect, and that hydroxylated PMFs may effectively 

induce cell death. Sudachitin is also a hydroxylated PMF, which the methoxy groups at the C-5, 

C-7, and C-4’ positions in nobiletin are replaced by the hydroxyl groups, and therefore, sudachitin 

but not nobiletin may exhibit pro-apoptotic activity. On the other hand, 3’-demethoxysudachitin 

only slightly suppressed cell proliferation in HaCaT cells. Although 5-demethylnobiletin can 
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strongly induce apoptosis in HL-60 leukemia cells, neither tangeretin (5,6,7,8,4’-

pentamethoxyflavone) nor 5-demethyltangeretin (5-hydroxy-6,7,8,4’-tetramethoxy-flavone) 

affects cell proliferation [50]. Taken together, the methoxy group at the C-3’ position may exhibit 

a growth inhibitory effect. Further study will be required to elucidate the related structure-activity 

relationship of other PMFs. 

Although I demonstrated that nobiletin did not induce apoptosis in HaCaT cells, it has been 

reported that nobiletin promotes apoptosis by suppressing MAPKs in human breast cancer cell 

lines [51]. Previous studies showed that some compounds induced cell-type-specific apoptosis and 

autophagy [52, 53]. For example, honokiol, a natural biphenolic compound derived from the bark 

of magnolia trees, induces apoptosis and autophagy via the reactive oxygen species (ROS) 

signaling pathway in human osteosarcoma, whereas it does not induce cell death in normal human 

primary skin fibroblasts [52]. Furthermore, a green tea polyphenol analog, JP8, preferentially 

induces cell death in cancer cells, such as murine B16 melanoma cells [53]. JP8 can apparently 

induce selective ROS accumulation in cancer cells but not in normal cells, resulting in autophagic 

cell death. Interestingly, I found that, in B16 melanoma cells, sudachitin fails to induce apoptosis 

and triggers autophagy. A more recent study showed that sudachitin decreases the activation of 

MAPKs and the ROS production evoked by the receptor activator of nuclear factor-kappa B (NF-

κB) ligand in osteoclasts [27], suggesting that sudachitin may also induce apoptosis and autophagy 

through a pathway such as ROS production.  
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Figure 10. Three PMFs have different effects on apoptosis and autophagy in skin cells. 
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Chapter 3 Sudachitin induces apoptosis via the regulation of MAPK pathways 

1. Introduction 

A previous study demonstrated that sudachitin could exert its biological activity via the 

regulation of the MAPK pathways [27]. Sudachitin suppresses inflammatory bone destruction by 

inhibiting receptor activator of NF-κB ligand (RANKL)-induced ERK1/2 and JNK activations. 

However, a study reported contradictory results that sudachitin did not affect tumor necrosis factor 

(TNF)-α-induced activation of MAPK family members [28]. Thus, the effect of sudachitin on 

MAPK signaling pathways remains controversial and unclear. In chapter 2, I reported that in human 

keratinocyte HaCaT cells, sudachitin and nobiletin can induce apoptosis and autophagy, 

respectively, indicating that the two PMFs induce distinct cellular responses despite small 

structural differences. Other studies suggested that hydroxylated PMFs, in which some of the 

methoxy groups are replaced by a hydroxyl group, show a higher ability to induce apoptosis than 

non-hydroxylated PMFs [54, 55]. These PMFs include 3,5-dihydroxy-6,7,3’4’-tetramethoxy-

flavone and 5-demethyltangeretin (5-hydroxy-6,7,8,4’-tetramethoxy-flavone). Although the 

methoxy groups at the C-3’ and C-8 positions may be involved in the induction of apoptosis 

(chapter 2 Discussion), the structure-activity relationship and molecular mechanism underlying 

PMF-induced apoptosis are not yet fully elucidated. Understanding the mechanisms of distinct 

cellular responses caused by small structural differences in PMFs may lead to the discovery of 

more effective apoptotic inducers and identify different biological activities of PMFs. In chapter 3, 

I investigated the mechanism underlying sudachitin-induced apoptosis via the MAPK pathways. 
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2. Materials and methods 

2.1. Materials 

Sudachitin and nobiletin (Wako Pure Chemical Industries) were dissolved in 100% DMSO, and 

cells were exposed to a final concentration of 0.1% DMSO. epidermal growth factor (EGF) 

(Peptide Institute) and mitomycin C were dissolved in sterile water, while N-benzyloxycarbonyl-

Val-Ala-Asp(O-Me) fluoromethyl ketone (z-VAD-FMK) (Peptide Institute) and SB203580 

(Calbiochem) were dissolved with DMSO. 

 

2.2. Cell culture 

HaCaT cells, from an immortalized human keratinocyte cell line developed by the German 

Cancer Research Center (Deutsches Krebsfors-chungszentrum, DKFZ) [43], were cultured in 

DMEM (FUJIFILM Wako Pure Chemical Corporation) supplemented with 10% FBS (MP 

Biomedicals), 100 units/mL penicillin, and 100 µg/mL streptomycin at 37 °C in a humidified 

incubator with 5% CO2. 

 

2.3. Immunoblot analysis 

Immunoblot analysis was performed as described in chapter 2. Cells were treated with sudachitin 

(30, 100 μM), nobiletin (100 μM), or DMSO for different time periods. Total cell lysates were 

prepared and subjected to immunoblot analysis using antibodies against BH3-interacting-domain 

death agonist (Bid), cleaved caspase-3, PARP, total/phospho-ERK1/2, total/phospho-p38MAPK, 

total/phospho-JNK, total/phospho- MAP kinase 3/6 (MKK3/6), phospho-HSP27, phospho-Raf-1 

(Ser-338) (Cell Signaling Technology), Raf-1 (BD Transduction Laboratories), or GAPDH (Wako 

Pure Chemical Industries). Immunoblot band intensities were quantified using the ImageJ software 

(NIH). 
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2.4. Luciferase reporter assay 

HaCaT cells were plated in a 24-well plate, and were transfected with pFR-Luc, pFA2-Elk1, and 

pCMV-β-gal using FuGENE HD (Roche) according to the manufacturer's instructions. After 

serum-starvation for 2 h and subsequent treatment with 30 μM sudachitin for 1 h, cells were 

stimulated with 1 nM EGF for an additional 6 h. After harvest, luciferase and β-galactosidase 

activities were measured using the Promega’s luciferase system and o-nitrophenyl-β-D-

galactopyranoside, respectively. Luciferase activity was normalized to β-galactosidase activity. 

 

2.5. In vitro wound healing assay 

HaCaT cells were seeded on a 24-well plate. After cells were grown to confluence, the culture 

medium was replaced with serum-free medium for 2 h. Then, cells were pretreated with DMSO or 

30 μM sudachitin in the presence of 10 μg/ml mitomycin C. After 1 h, the confluent monolayers 

were scratched with a yellow pipette tip. The detached cells were removed by washing with PBS 

three times. Subsequently, cells were treated with DMSO or 30 μM sudachitin in the presence or 

absence of 1 nM EGF for 24 h. Images were captured in the same position at 0 and 24 h after the 

scratch using an IN Cell Analyzer 6000 system (GE Healthcare), and the wound areas were 

quantified using ImageJ software. The migration area was calculated as the difference between the 

initial and final wound area. 

 

2.6. BrdU proliferation assay 

Cell proliferation was measured by 5-bromo-2’-deoxyuridine (BrdU) incorporation assay using 

a CycLex Cellular BrdU ELISA Kit Ver.2 (Medical & Biological Laboratories) according to the 

manufacturer's instructions. Briefly, HaCaT cells were plated on 96-well plates and were serum-

starved for 24 h. After pretreatment with 10 μM sudachitin for 1 h, cells were treated with 1 nM 

EGF. After 24 h, the cells were incubated with BrdU for 2 h. Following treatment with anti-BrdU 
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antibody and substrate, the absorbance at 450 nm with 540 nm as reference was measured using 

the Infinite M200 plate reader (TECAN Japan). 

 

2.7. Statistical analysis 

All experiments were performed multiple times to confirm their reproducibility. One 

representative set of data was shown in the figures, and data were expressed as the mean ± SE. 

Statistical analysis was performed by one-way ANOVA followed by Tukey's or Bonferroni's 

multiple comparison tests using GraphPad Prism (GraphPad Software). 
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3. Results 

3.1. Sudachitin induces caspase-dependent apoptosis in HaCaT cells 

I reported that sudachitin and nobiletin induce apoptosis and autophagy in HaCaT cells, 

respectively, in chapter 2. However, the mechanisms underlying apoptosis are not yet fully 

understood. In chapter 3, I aimed to characterize the molecular pathways underlying sudachitin-

induced apoptosis. To confirm the apoptotic effect of sudachitin, I measured caspase activation in 

HaCaT cells using immunoblot analysis. Consistent with results of chapter 2, sudachitin induced 

PARP cleavage, which is dependent on caspase-3 activation and is an apoptotic hallmark, in a 

concentration-dependent manner (Figure 11(A)). Sudachitin also caused a dose-dependent 

proteolytic cleavage and the activation of caspase-3. Bid is a pro-apoptotic Bcl-2 family protein 

activated by caspase-8. Sudachitin significantly decreased the level of full-length Bid, 

accompanied by an increased amount of its cleaved product, truncated Bid (tBid). Furthermore, 

HaCaT cells were pretreated with the pan-caspase inhibitor z-VAD-FMK prior to being exposed 

to sudachitin. As shown in Figure 11(B), z-VAD-FMK significantly reduced the sudachitin-

induced cleavage of PARP, further reinforcing that sudachitin induces apoptosis via the caspase 

pathway. These results indicated that sudachitin induces apoptosis via the caspase pathway 
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Figure 11. Sudachitin induces caspase-mediated apoptosis. 

(A) HaCaT cells were stimulated with sudachitin (30 and 100 μM) or DMSO for 24 h. (B) After 

pretreatment with 50 μM z-VAD-FMK for 1 h, HaCaT cells were treated with 30 μM sudachitin 

(Sud) for 24 h. The cell lysates were subjected to immunoblot analysis with antibodies specific for 

the indicated proteins, and the detected bands were quantitated by ImageJ software. The levels of 

full-length Bid and cleaved caspase-3 were normalized to those of GAPDH. The levels of cleaved 

PARP were normalized to that of full-length PARP. The data were expressed as the mean ± SE 

derived from at least three independent experiments, and statistical analysis was performed by one-

way ANOVA with either Tukey's (A) or Bonferroni's (B) multiple comparison. ***p < 0.001, 

*p < 0.05. 

 

3.2. Sudachitin regulates MAPK pathways in HaCaT cells 

Previous studies have demonstrated that some polyphenolic compounds induce apoptosis by 

modulating the MAPK pathways (e.g., ERK1/2, p38MAPK, and JNK) [56, 57]. Therefore, I 

assessed whether sudachitin-induced apoptosis is also associated with the ERK1/2, p38MAPK, and 

JNK pathways. Sudachitin increased p38MAPK and JNK phosphorylation, but significantly 

decreased ERK1/2 phosphorylation (Figure 12). In contrast, nobiletin significantly increased 

ERK1/2 phosphorylation. These results suggest that sudachitin induces apoptosis through different 

signaling pathways from nobiletin. 

 

Figure 12. sudachitin regulates MAPK pathways. 

HaCaT cells were stimulated with 100 μM nobiletin (N), 100 μM sudachitin (S), or DMSO (D) 

for 4 h. The cell lysates were subjected to immunoblot analysis with antibodies specific for the 

indicated proteins, and the detected bands were quantitated by ImageJ software. The levels of 

phosphorylated MAPKs were normalized to that of total MAPKs, respectively. The data were 

expressed as the mean ± SE derived from at least three independent experiments, and statistical 

analysis was performed by one-way ANOVA with Bonferroni's multiple comparison. ***p < 0.001, 

*p < 0.05. 
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3.3. Sudachitin induces apoptosis via the activation of the p38MAPK pathway 

A previous study has revealed that p38MAPK plays an important role in chemotherapeutic 

agent-induced apoptosis [58]. As sudachitin, not nobiletin, induced p38MAPK phosphorylation 

and activation, I next examined the dose-dependence of the effect of sudachitin on p38MAPK 

phosphorylation. Sudachitin promoted p38MAPK phosphorylation in a concentration-dependent 

manner (Figure 13(A)). Furthermore, I examined the course of p38MAPK phosphorylation over 

time in response to sudachitin. I observed that p38MAPK phosphorylation was significantly 

increased at 4 h after stimulation by 100 μM sudachitin, and that this increase was sustained for up 

to 24 h (Figure 13(B)). As p38MAPK is phosphorylated and activated by MKK3/6, I subsequently 

examined whether the MKK3/6-p38MAPK cascade is activated by sudachitin. MKK3/6 

phosphorylation was significantly increased following sudachitin treatment, but not following 

nobiletin treatment (Figure 13(C)). To confirm the involvement of p38MAPK in sudachitin-

induced apoptosis, a specific p38MAPK inhibitor, SB203580, was used. As shown in Figure 13(D), 

SB203580 significantly reduced the sudachitin-induced phosphorylation of heat shock protein 

(HSP) 27, a protein that functions downstream of p38MAPK. Moreover, sudachitin-induced PARP 

cleavage was significantly inhibited by SB203580, indicating that sudachitin-induced apoptosis 

occurs through the activation of the p38MAPK pathway. 
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Figure 13. Sudachitin induces apoptosis through the activation of the p38MAPK pathway. 

(A) HaCaT cells were treated with sudachitin (30 and 100 μM) or DMSO for 4 h. (B) HaCaT 

cells were stimulated with 100 μM sudachitin for indicated times. (C) HaCaT cells were stimulated 

with 30 μM nobiletin (N), 30 μM sudachitin (S), or DMSO (D) for 4 h. (D) HaCaT cells were 

treated with 30 μM sudachitin (Sud) in the presence of 10 μM SB203580 (SB) or DMSO (D) for 4 

or 24 h. The cell lysates were analyzed by immunoblot analysis. The levels of phosphorylated 

p38MAPK, MKK3/6, HSP27, and cleaved PARP were normalized to those of total p38MAPK, 

MKK3/6, GAPDH, and full-length PARP, respectively. The data were expressed as the mean ± SE 

derived from at least three independent experiments, and statistical analysis was performed by one-

way ANOVA with either Tukey's (A) or Bonferroni's (B-D) multiple comparison. ***p < 0.001, 

**p < 0.01, *p < 0.05. 
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3.4. Sudachitin suppresses EGF-induced ERK1/2 activation 

Sudachitin, in contrast to nobiletin, induced a decrease in ERK1/2 phosphorylation (Figure 12). 

The activation of the ERK1/2 pathway is typically triggered by the interaction of the cell surface 

receptors with mitogens such as EGF, followed by the activation of Ras, Raf, MAPK/ERK kinase 

1/2 (MEK1/2), and ERK1/2. In keratinocytes, EGF provides protection against UV-induced 

apoptosis, and the inhibitors of the epidermal growth factor receptor (EGFR) enhance UVB-

induced apoptosis [59], suggesting that the EGF signaling pathway may function as a cell survival 

pathway. As the ERK1/2 pathway has recently attracted some attention as a potential target for the 

treatment of psoriasis and in anti-cancer therapy [60], I decided to further study the inhibitory effect 

of sudachitin on the ERK1/2 pathway. Sudachitin decreased ERK1/2 phosphorylation in a 

concentration-dependent manner (Figure 14(A)). ERK1/2 phosphorylation was significantly 

decreased at 4 and 8 h after sudachitin treatment, but returned to pretreatment levels at 24 h after 

treatment (Figure 14(B)). During in vitro cell culture, cells are typically cultured in FBS-

supplemented media containing several growth factors such as EGF. To determine the precise 

effect of sudachitin on serum-induced ERK1/2 phosphorylation, serum-starved cells were 

stimulated with 5% FBS in the presence or absence of sudachitin. Raf-1 phosphorylation on Ser-

338, required for Raf activation, and ERK1/2 phosphorylation were observed in serum-depleted 

cells; however, these were significantly increased in the presence of serum (Figure 14(C)). 

Pretreatment with sudachitin significantly inhibited the serum-stimulated activation of Raf-1 and 

ERK1/2. A similar result was obtained when serum-starved cells were stimulated with EGF (Figure 

14(D)). I also analyzed the effect of sudachitin on EGF-stimulated ERK1/2 activation using the 

GAL4/Elk-1 reporter system [61]. The Elk-1 transcription factor is a downstream target of the ERK 

pathway. EGF stimulated an increase in the Elk-1-dependent luciferase activity, and this increase 

was significantly suppressed by sudachitin treatment (Figure 14(E)). These results indicate that 

sudachitin can inhibit EGF-stimulated ERK1/2 signaling. 
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Figure 14. Sudachitin suppresses EGF-induced ERK1/2 activation. 

(A) HaCaT cells were treated with sudachitin (30 and 100 μM) or DMSO for 4 h. (B) HaCaT 

cells were stimulated with 100 μM sudachitin for indicated times. (C and D) HaCaT cells were 

serum-starved for 2 h and pretreated with 30 μM sudachitin for 1 h. Then, cells were treated with 

(C) 5% FBS or (D) 1 nM EGF for 4 h. The cell lysates were subjected to the immunoblot analysis 

with the indicated antibodies. The levels of phosphorylated Raf-1 and ERK1/2 were normalized to 

those of total Raf-1 and ERK1/2, respectively. (E) HaCaT cells were transfected with a GAL4-

responsive luciferase reporter plasmid and a GAL4-Elk-1 expression plasmid together with pCMV-

β-gal. After serum-starvation for 2 h and subsequent treatment with 30 μM sudachitin for 1 h, cells 

were stimulated with 1 nM EGF for another 6 h. After harvest, luciferase and β-galactosidase 

activities were measured, and the luciferase activity was normalized to the β-galactosidase activity. 

All data are presented as the mean ± SE derived from at least three independent experiments, and 

statistical analysis was performed by one-way ANOVA with Bonferroni's multiple comparison. 

***p < 0.001, **p < 0.01, *p < 0.05.  
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3.5. Sudachitin suppresses EGF-induced migration and proliferation 

The ERK1/2 pathway plays important roles in many cellular functions, including cell 

proliferation, differentiation, migration, senescence, and apoptosis. In HaCaT cells, EGF-induced 

ERK1/2 activation has been shown to be associated with cell migration and proliferation [62, 63]. 

Therefore, I tested whether sudachitin could inhibit EGF-induced migration using the wound 

healing assay. The assay revealed that sudachitin significantly reduced the EGF-stimulated cell 

migration of HaCaT cells (Figure 15(A)). Furthermore, the effect of sudachitin on HaCaT cell 

proliferation was evaluated using BrdU incorporation assay. EGF stimulation caused a significant 

increase in HaCaT cell proliferation, and this was significantly inhibited by pretreatment with 

sudachitin (Figure 15(B)). These results suggest that sudachitin can inhibit HaCaT cell migration 

and proliferation through the inhibition of the ERK1/2 pathway. 
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Figure 15. Sudachitin suppresses EGF-induced migration and proliferation of HaCaT cells. 

(A) Serum-starved HaCaT cells were pretreated with 30 μM sudachitin in the presence of 

10 μg/ml mitomycin C for 1 h, and then subjected to the in vitro wound healing assay in the 

presence or absence of 1 nM EGF. Images were obtained using an IN Cell Analyzer 6000 system, 

and wound area was quantified using ImageJ software. The migration area was calculated as the 

area covered by the cells after incubation for 24 h. (B) Serum-starved HaCaT cells were pretreated 

with 10 μM sudachitin for 1 h, and then treated with 1 nM EGF. After 24 h, cells were subjected 

to the BrdU incorporation assay. The data were expressed as the mean ± SE derived from at least 

three independent experiments, and statistical analysis was performed by one-way ANOVA with 

Bonferroni's multiple comparison. ***p < 0.001, **p < 0.01.  
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4. Discussion 

The MAPK pathways are involved in many cellular responses, such as apoptosis, cell 

proliferation, differentiation, migration, and inflammation, and are regulated by various 

compounds, including flavonoids. The present study demonstrated that sudachitin can activate the 

p38MAPK pathway and inhibit the ERK1/2 pathway in HaCaT cells. In contrast, nobiletin, which 

has methoxy groups instead of hydroxyl groups at the C-5, C-7, and C-4’ positions in sudachitin, 

activated ERK1/2. A previous study has reported that nobiletin activates ERK1/2 in rat 

pheochromocytoma PC12D cells [64]. Contrary to these, it has been shown that in human 

osteosarcoma U2OS and HOS cells, nobiletin suppressed both ERK1/2 and JNK activities [65]. 

These data suggest that the regulation of MAPK pathways by PMFs may be cell type-specific. A 

study on the structure-activity relationships of nobiletin and its analogs showed that nobiletin most 

potently activated ERK1/2, and that other compounds, such as tangeretin (5,6,7,8,4’-

pentamethoxyflavone) and 6-demethoxynobiletin (6-hydroxy-5,7,8,3’,4’-hexamethoxyflavone), 

were also able to activate ERK1/2 [64]. However, 5-demethylnobiletin (5-hydroxy-6,7,8,3’,4’-

hexamethoxyflavone), sinensetin (5,6,7,3’,4’-pentamethoxyflavone), and 6-demethoxytangeretin 

(6-hydroxy-5,7,8,4’-pentamethoxyflavone) had no effect at a dose of 100 μM, suggesting that the 

methoxy substituents at the C-5, C-6, C-8, and C-3’ positions are critical for activating the ERK1/2 

pathway. Based on the findings of the present study, I suggest that introducing a methoxy group at 

the C-5 position is important for ERK1/2 activation, and that hydroxyl groups at the C-7 and C-4’ 

positions lead to the inhibition of ERK1/2 activity. Further investigation regarding the structure-

activity relationship of other PMFs is necessary to further clarify the regulation of MAPK pathways 

by PMFs. 

I demonstrated that sudachitin induced apoptosis and inhibited EGF-induced HaCaT cell 

migration and proliferation. HaCaT cells are immortalized keratinocytes that retain their 

differentiation ability, and are widely used as an in vitro model system to study not only 
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keratinocyte proliferation and differentiation but also skin diseases such as psoriasis [66]. Psoriasis 

is a chronic inflammatory skin disease that leads to pain, itching, and bleeding in patients; it is 

caused by excessive cell proliferation, angiogenesis, inflammation, altered apoptotic ability, and 

the promotion of migration in keratinocytes [67, 68]. The induction of apoptosis and inhibition of 

cell migration and proliferation in keratinocytes may be ideal mechanisms to target for the 

treatment of psoriasis. Recently, treatment for psoriasis based on the antiproliferative and apoptotic 

activities of natural compounds have gained some attention [69]. A recent study showed that the 

EGFR and its ligands (transforming growth factor (TGF) -α, amphiregulin, and heparin-binding-

EGF are overexpressed in the epidermis of active psoriatic lesions [70]. Furthermore, it has been 

reported that serum EGF levels are elevated in patients with psoriasis and that these correlate with 

disease severity [71]. As the induction of apoptosis and the suppression of EGF-induced cell 

migration and proliferation of keratinocytes are important for the treatment of psoriasis, sudachitin 

may be a potential choice to search for more effective treatments for psoriasis and other skin 

diseases. 
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Figure 16. sudachitin induces apoptosis through activation of the p38MAPK pathway and 

suppresses cell proliferation through inhibition of the ERK pathway.  
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Chapter 4 C. sudachi peel extract suppresses cell proliferation 

1. Introduction 

The citrus peel waste of the juice extraction process contains phytochemicals such as vitamins, 

minerals, flavonoids, coumarin, limonoids, carotenoids, and pectin, which possess a variety of 

biological functions including antioxidant, anti-inflammatory, antimutagenic, anticarcinogenic, 

and anti-aging properties [12]. Therefore, it has potential for use in the food, cosmetic, and 

pharmaceutical industries. Since the peel of C. sudachi also contains many phenolic compounds, 

such as hesperidin, naringin, narirutin, and sudachitin (Table 1), which have anti-inflammatory and 

antioxidant properties [15, 16], it is expected that the extract of C. sudachi peel has various 

beneficial physiological properties. Recently, it was reported that the extracts of C. sudachi peel 

attenuate body weight gain in mice fed a high-fat diet and improve lipid metabolism [17, 18]. 

However, the effect of C. sudachi peel extract on skin has not been investigated. In chapter 4, I 

determined the effect of C. sudachi peel extract (SPE) on keratinocyte proliferation and 

differentiation. 

 

Table 1. Contents of polyphenolic compounds in the extract of C. sudachi peel. 

Compound 

Concentration 

in Aqueous Extract 

(µM) 

Concentration of SPE 

Containing 30% BG 

(µM) 

Concentration 

in 3% SPE 

(µM) 

hesperidin 426 298 8.95 

naringin 279 195 5.85 

narirutin 286 200 6.01 

sudachitin 22 15 0.46 
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2. Materials and methods 

2.1. Materials 

Human EGF (Peptide Institute) and human TNF-α (Roche Diagnostics GmbH) were dissolved 

in PBS. Hesperidin, naringin, narirutin (Cayman Chemical Company), and sudachitin (FUJIFILM 

Wako Pure Chemical Corporation) were dissolved in 100% DMSO and added to the cell culture 

medium at a final concentration of 0.1% DMSO. 

 

2.2. Preparation of Aqueous Extract of C. sudachi Peel 

First, 15 g of crushed C. sudachi peel was immersed into 135 mL of distilled water at room 

temperature for 1 h. The extract was filtered through a 0.45 μm filter, and 1,3-butylene glycol (BG) 

was added to make a final concentration of 30%, which was designated as the SPE. The total 

polyphenol content of SPE was determined using the Folin-Ciocalteu method with gallic acid as a 

standard, and the content was 2.6 mM gallic acid equivalent. In experiments using SPE, a 30% BG 

solution in water was used as a negative control. 

 

2.3. Phenolic compound evaluation by HPLC 

The aqueous extract of C. sudachi peel was mixed with a methanol/DMSO (1:1, v/v) solution 

followed by 3 N HCl. After incubation at 70 °C for 1 h, the mixture was filtered through a 0.45 μm 

membrane filter and analyzed by reverse-phase high-performance liquid chromatography (HPLC) 

(Wakosil-5C18RS, 4.6 × 250 mm) (FUJIFILM Wako Pure Chemical Corporation). The elution 

solvents used were (A) acetonitrile/50 mM sodium dihydrogen phosphate (pH 2.3) (12:88, v/v) and 

(B) acetonitrile/50 mM sodium dihydrogen phosphate (pH 2.3) (60:40, v/v). Gradient elution was 

carried out as follows: 0-5 min 100% A, 5-21 min linear gradient to 40% B, 21-23 min 40% B, 23-

45 min linear gradient to 100% B, 45-64 min 100% B, and 65-70 min linear gradient back to 100% 

A (initial conditions). The column temperature was 40 °C, the flow rate was 1.0 mL/min, and the 
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injection volume was 10 µL. The phenolic compounds were identified by the retention time and 

ultraviolet (UV) spectra of a standard measured from the peak area at 340 nm (Table 1 and Figure 

17).  

 

 

Figure 17. HPLC chromatogram of the aqueous extract from C. sudachi peel. 

The phenolic compounds were identified by direct comparison of their UV spectra and retention 

times measured from the peak at 340 nm with the standard compounds. 
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2.4. Cell culture and induction of differentiation 

HaCaT cells, from an immortalized human keratinocyte cell line developed by the German 

Cancer Research Center (Deutsches Krebsfors-chungszentrum, DKFZ) [43], were cultured in 

DMEM (FUJIFILM Wako Pure Chemical Corporation) supplemented with 10% FBS (MP 

Biomedicals), 100 units/mL penicillin, and 100 µg/mL streptomycin at 37 °C in a humidified 

incubator with 5% CO2. Primary normal human epidermal keratinocytes (NHEKs) were purchased 

from PromoCell. The cells were cultured in keratinocyte growth medium 2 (PromoCell) 

supplemented with 100 units/mL penicillin, 100 µg/mL streptomycin, and supplement mix 

(PromoCell) including 0.004 mL/mL bovine pituitary extract, 0.125 ng/mL epidermal growth 

factor, and 0.06 mM CaCl2 at 37 °C in a humidified incubator with 5% CO2. To induce 

differentiation, HaCaT cells and NHEKs were cultured in calcium-free DMEM (Nacalai Tesque) 

and keratinocyte growth medium 2 containing 0.06 mM CaCl2, respectively, and they were treated 

with 2 mM CaCl2 for 24 h or 72 h. 

 

2.5. Lactate dehydrogenase (LDH) assay 

The activity of LDH released from the cells to the medium was measured using a Cytotoxicity 

LDH assay Kit-WST (Dojindo Laboratories Company Limited) according to the manufacturer’s 

protocol. In brief, HaCaT cells were plated on a 96-well plate and were treated with 0%, 1%, 3%, 

and 5% SPE for 24 h. As a positive control for strong cytotoxic activity, lysis buffer was added. 

Working solution was added to each well, and the cells were cultured for 30 min at room 

temperature in the dark. After adding the stop solution, the absorbance at 490 nm was measured 

using the Infinite M200 plate reader (TECAN Japan). 
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2.6. BrdU proliferation assay 

BrdU proliferation assay was performed as described in chapter 3. HaCaT cells were plated on 

a 96-well plate and were serum-starved for 24 h. Next, the cells were pretreated with 3% SPE for 

1 h and were treated with either 3% FBS or 1 nM EGF (diluted with DMEM including 0.5% FBS) 

for 24 h. For NHEKs, cells were plated on a 96-well plate. After 48 h, the cells were treated with 

3% SPE in keratinocyte growth medium 2 supplemented with supplement mix containing growth 

factor for 44 h. These treated cells were incubated with BrdU for 2 h. Following incubation with 

anti-BrdU antibody conjugated with peroxidase and substrate, the absorbance at 450 nm (540 nm 

as a reference) was measured using the plate reader. 

 

2.7. In vitro wound healing assay 

Immunoblot analysis was performed as described in chapter 3. HaCaT cells were seeded on a 

24-well plate. After cells were grown to confluence, the culture medium was replaced with serum-

free medium for 2 h. Then, cells were pretreated with BG or 3% SPE in the presence of 10 μg/ml 

mitomycin C. After 1 h, the confluent monolayers were scratched with a yellow pipette tip. The 

detached cells were removed by washing with PBS three times. Subsequently, cells were treated 

with BG or 3% SPE in the presence or absence of 1 nM EGF for 24 h. Images were captured in the 

same position at 0 and 24 h after the scratch using an IN Cell Analyzer 6000 system (GE 

Healthcare), and the wound areas were quantified using ImageJ software. The migration area was 

calculated as the difference between the initial and final wound area. 

 

2.8. Immunoblot analysis 

Immunoblot analysis was performed as described in chapter 2. Total cell lysates were prepared 

and subjected to immunoblot analysis using the following antibodies: anti-ERK1/2, anti-phospho-

ERK1/2, anti-MEK1/2, anti-phospho-MEK1/2, anti-phospho-Raf-1 (Ser-338), anti-EGFR, anti-
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phospho-EGFR (Tyr-1068) (Cell Signaling Technology), anti-Raf-1 (BD Transduction 

Laboratories, BD Biosciences), or anti-involucrin (Santa Cruz Biotechnology). The luminescent 

signals were analyzed using an LAS-4000 image analyzer (Fuji Film Company). Immunoblot band 

intensities were quantified using ImageJ software (NIH). 

 

2.9. Luciferase reporter assay 

Luciferase reporter assay was performed as described in chapter 3. HaCaT cells were plated in 

a 24-well plate, and were transfected with pFR-Luc, pFA2-Elk1, and pCMV-β-gal using FuGENE 

HD (Roche) according to the manufacturer's instructions. After serum-starvation for 2 h and 

subsequent treatment with BG or 3% SPE for 1 h, cells were stimulated with 1 nM EGF for an 

additional 6 h. After harvest, luciferase and β-galactosidase activities were measured using the 

Promega’s luciferase system and o-nitrophenyl-β-D-galactopyranoside, respectively. Luciferase 

activity was normalized to β-galactosidase activity. 

 

2.10. Gene expression analysis by quantitative RT-PCR 

Total RNA was isolated from HaCaT cells and NHEKs using ISOGEN II (Nippon Gene 

Company) and then reverse-transcribed using ReverTra Ace qPCR RT Master Mix with gDNA 

Remover (Toyobo). Synthesized complementary DNA (cDNA) was analyzed by quantitative real-

time polymerase chain reaction (RT-PCR) using StepOnePlus Real-Time PCR Systems (Applied 

Biosystems) with THUNDERBIRD SYBR qPCR Mix (Toyobo). The sequences of the primers 

used are shown in Table 2. GAPDH was used as an internal control. 
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Table 2. The list of primers for RT-PCR. 

Gene Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’) 

keratin 1 ATATGGGGGTGGTTATGGTCC GTGACTTGATTTGCTCCCTTTCT 

keratin 10 TTGCTGAACAAAACCGCAAAG GCCAGTTGGGACTGTAGTTCT 

involucrin ACTGAGGGCAGGGGAGAG TCTGCCTCAGCCTTACTGTG 

GAPDH CAGCCTCAAGATCATCAGCA CATCCACAGTCTTCTGGGTG 

 

2.11. Statistical analysis 

All experiments were performed multiple times to confirm their reproducibility. One 

representative set of data is shown in each figure. Data were expressed as the mean ± SE (SE), and 

statistical analysis was performed by Student’s t-test or one-way ANOVA followed by 

Bonferroni’s multiple comparisons tests using GraphPad Prism software (GraphPad Software).  
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3. Results 

3.1. Toxicity evaluation of SPE on HaCaT cells 

I first examined the cytotoxicity of SPE against human keratinocyte HaCaT cells. The cells were 

treated with different concentrations of SPE (0%, 1%, 3%, or 5%) for 24 h and then subjected to 

an LDH leakage assay. As shown in Figure 18, SPE showed no cytotoxicity at concentrations ≤3% 

and only very slight cytotoxicity at 5%. Because SPE showed higher antiproliferation activity 

without cytotoxicity at 3%, I designated 3% as the maximum tolerated concentration for the 

subsequent experiments. 

 

Figure 18. Cytotoxicity activity of SPE on keratinocytes. 

HaCaT cells were treated with 0%, 1%, 3%, and 5% SPE for 24 h and subsequently subjected 

to the LDH release assay. The lysis buffer was added as a positive control. The data were expressed 

as the mean ± SE derived from at least three independent experiments, and statistical analysis was 

performed by one-way ANOVA with Bonferroni’s multiple comparisons test. *** p < 0.001, ** p 

< 0.01. 
 

3.2. SPE suppresses cell proliferation and cell migration 

Next, I evaluated the effect of SPE on cell proliferation in HaCaT cells using the BrdU 

incorporation assay. The proliferation of serum-stimulated HaCaT cells was significantly 

suppressed by SPE (1% and 3%) treatment in a concentration-dependent manner (Figure 19(A)), 

suggesting that SPE could suppress cell proliferation of HaCaT cells. I attempted to elucidate the 

detailed effect of SPE on cell proliferation in HaCaT cells using the BrdU incorporation assay. In 

keratinocytes, the family of EGF, such as EGF and TGF-α, promotes cell proliferation, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7589747/figure/biomolecules-10-01468-f001/
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differentiation, and migration, while it inhibits apoptosis through binding of the EGFR, which is a 

receptor tyrosine kinase [72]. Hence, I examined whether SPE suppresses EGF-induced cell 

proliferation of HaCaT cells. The BrdU incorporation assay showed that SPE could significantly 

attenuate EGF-induced cell proliferation of HaCaT cells (Figure 19(B)). Furthermore, the in vitro 

wound healing assay indicated that EGF-stimulated cell migration was also significantly inhibited 

by pretreatment with 3% SPE in HaCaT cells (Figure 19(C)). 

 

Figure 19. SPE suppresses EGF-induced proliferation and migration of HaCaT cells. 

(A) Serum-starved HaCaT cells were pretreated with 0%, 1%, and 3% SPE for 1 h, and then 

incubated in the presence or absence of 3% FBS. (B) Serum-starved HaCaT cells were pretreated 

with 3% SPE for 1 h and subsequently incubated in the presence or absence of 1 nM EGF. After 

24 h, the cells were subjected to the BrdU incorporation assay. (A and B) After 24 h, the cells were 

subjected to BrdU incorporation assay. (C) Serum-starved HaCaT cells were pretreated with BG 

or 3% SPE in the presence of 10 μg/ml mitomycin C for 1 h, and then subjected to the in vitro 

wound healing assay in the presence or absence of 1 nM EGF. Images were obtained using an IN 

Cell Analyzer 6000 system, and wound area was quantified using ImageJ software. The migration 

area was calculated as the area covered by the cells after incubation for 24 h. The data were 

expressed as the mean ± SE derived from at least three independent experiments, and statistical 

analysis was performed by one-way ANOVA with Bonferroni’s multiple comparisons test. *** p 

< 0.001, ** p < 0.01.   

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7589747/figure/biomolecules-10-01468-f002/
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3.3. SPE suppresses cell proliferation and the EGFR-ERK Pathway 

Cell proliferation is regulated by complex signaling networks, including the MAPK signaling 

pathway. Activation of the ERK pathway is triggered by the binding of the growth factor to its 

receptor(s) and is involved in various cellular functions. The ERK signaling pathway involves the 

sequential activation of Ras, Raf-1, MEK1/2, and ERK1/2. Therefore, I assessed whether SPE 

suppresses the activation of the ERK pathway, including Raf-1, MEK1/2, and ERK1/2. As shown 

in Figure 20(A), SPE significantly suppressed EGF-induced phosphorylation of Raf-1, MEK1/2, 

and ERK1/2. A similar result was obtained when using serum as a stimulator instead of EGF (data 

not shown). In response to the binding of EGF to EGFR, EGFR dimerizes and autophosphorylates 

at several tyrosine residues, including Tyr-1068, leading to the activation of a network of signaling 

pathways [72]. Therefore, I examined whether SPE could inhibit EGF-induced EGFR 

phosphorylation at Tyr-1068. EGF increased EGFR phosphorylation at Tyr-1068, and pretreatment 

with 3% SPE significantly suppressed EGFR phosphorylation, as well as ERK activation (Figure 

20(A)). Furthermore, I examined the effect of SPE on the activity of Elk-1, a downstream 

transcription factor of the ERK pathway. The activity of Elk-1 reporter was increased by EGF 

stimulation, and this increase was significantly inhibited by 3% SPE treatment (Figure 20(B)). 

These results suggest that SPE can suppress keratinocyte proliferation through inhibition of the 

EGF-EGFR-ERK signaling pathway.  

Although SPE suppressed EGFR phosphorylation on Tyr-1068, the inhibitory efficiency (23%) 

was less than the efficiency on Raf-1, MEK1/2, and ERK1/2 phosphorylation (41-54%), suggesting 

that SPE may exert an inhibitory effect through multiple targets (EGF-EGFR and its downstream 

molecules). Thus, in order to narrow down the target candidates of SPE, I examined the effect of 

SPE on TNF-α-induced EGFR-independent ERK1/2 activation. As shown in Figure 20(C), TNF-

α did not affect the phosphorylation of EGFR at Tyr-1068. On the other hand, ERK1/2 was 



- 49 - 

 

significantly activated in response to TNF-α, and 3% SPE almost completely inhibited this increase. 

These results indicate that SPE can suppress both EGFR and its downstream molecule(s). 

 

Figure 20. SPE inhibits EGF-induced the EGFR-ERK pathway in HaCaT cells. 

(A) HaCaT cells were serum-starved for 2 h and were treated with 3% SPE for 1 h. Then, the 

cells were stimulated with 1 nM EGF for 1 h. The cell lysates were analyzed by immunoblot 

analysis. The levels of phosphorylated proteins were normalized to those of total proteins. (B) 

HaCaT cells were transfected with a GAL4-responsive luciferase reporter plasmid and GAL4-Elk-

1 expression plasmid together with pCMV-β-gal. The transfected cells were serum-starved for 2 h 

and subsequently treated with 3% SPE for 1 h. Then, the cells were stimulated with 1 nM EGF for 

6 h and subjected to the luciferase reporter assay. The luciferase activity was normalized to the β-

galactosidase activity. (C) HaCaT cells were serum-starved for 2 h and were treated with 3% SPE 

for 1 h. Then, the cells were stimulated with 10 ng/mL TNF-α for 1 h. The cell lysates were 

analyzed by immunoblot analysis. The levels of phosphorylated proteins were normalized to those 

of total proteins. The data are expressed as the mean ± SE derived from at least three independent 

experiments, and statistical analysis was performed by one-way ANOVA with Bonferroni’s 

multiple comparisons test. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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3.4. SPE suppresses cell proliferation and ERK activity in NHEKs 

Next, I determined the effect of SPE on cell proliferation and ERK1/2 activation in not only an 

immortalized human keratinocyte cell line, HaCaT, but also primary NHEKs. As shown in Figure 

21(A), the BrdU incorporation assay showed that SPE could significantly attenuate cell 

proliferation of NHEKs. Similarly, SPE significantly inhibited ERK1/2 phosphorylation in NEHKs 

(Figure 21(B)). These data suggest that SPE can also inhibit cell proliferation and ERK1/2 

activation in primary normal keratinocytes. 

 

Figure 21. SPE inhibits cell proliferation and ERK1/2 in NHEKs. 

(A) NHEKs were treated with 3% SPE for 44 h and were subjected to the BrdU incorporation 

assay. (B) NHEKs were treated with 3% SPE for 1 h. Then, the cell lysates were prepared and 

immunoblotted with anti-ERK1/2 and anti-phospho-ERK1/2 antibodies. The levels of 

phosphorylated ERK1/2 were normalized to the levels of the total ERK1/2. The data are expressed 

as the mean ± SE derived from at least three independent experiments, and statistical analysis was 

performed by Student’s t-test. *** p < 0.001, * p < 0.05. 
 

3.5. Search for biologically active compound(s) in SPE 

I previously reported that sudachitin, a PMF isolated from the peel of C. sudachi, suppressed 

proliferation and induced apoptosis of HaCaT cells at 30 µM (chapter 3). Thus, I examined whether 

sudachitin could suppress keratinocyte proliferation at a concentration in 3% SPE (0.46 µM, Table 

1). Although 3% SPE significantly inhibited serum-stimulated proliferation of HaCaT cells, 

sudachitin showed no inhibition of growth even at a higher concentration (1 µM) (Figure 22(A)). 

However, in a concentration of 30 µM, it inhibited proliferation, consistent with a result in chapter 

3. 
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In chapter 3, I reported that sudachitin at 30 µM also suppressed the ERK pathway in HaCaT 

cells. Because the peel of C. sudachi contains many phenolic compounds, including hesperidin, 

naringin, narirutin, and sudachitin (Table 1), I attempted to identify active compound(s) that could 

affect the ERK pathway in keratinocytes. Although SPE (1-3%) inhibited ERK1/2 phosphorylation 

in a concentration-dependent manner, hesperidin (10 µM), naringin (10 µM), narirutin (10 µM), or 

sudachitin (1 µM) individually had no effect on phosphorylation of ERK1/2 even at higher 

concentrations than those in SPE (Figure 22(B)). Furthermore, I also examined whether hesperetin 

(hesperidin aglycone) and naringenin (aglycone of naringin and narirutin) affect ERK1/2 activity, 

because aglycones generally show a higher permeability than glycosides [73]. However, these 

aglycones, like their glycosides, had no inhibitory effect (Figure 22(B)). Additionally, as shown in 

Figure 22(C), these phenolic compounds, except for sudachitin, failed to suppress ERK1/2 

phosphorylation even at high concentration (100 µM). These results suggest that some known 

natural products, including hesperidin, naringin, and sudachitin, and/or unidentified compound(s) 

might additively or synergistically contribute to antiproliferation and inhibitory activity against 

ERK signaling in keratinocytes.  
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Figure 22. Effects of some phenolic compounds in the extract of C. sudachi peels on cell 

proliferation and ERK1/2 phosphorylation  

(A) Serum-starved HaCaT cells were pretreated with SPE (3%) or sudachitin (1 or 30 µM) for 

1 h and subsequently incubated in the presence of 3% FBS. After 24 h, the cells were subjected to 

a BrdU incorporation assay. (B) HaCaT cells were treated with either 0-3% SPE, DMSO, 10 µM 

hesperidin, 10 µM naringin, 10 µM narirutin, 10 µM hesperetin, 10 µM naringenin, or 1 µM 

sudachitin for 1 h. (C) HaCaT cells were treated with 100 µM hesperidin, 100 µM naringin, 100 

µM narirutin, 100 µM hesperetin, 100 µM naringenin, or 100 µM sudachitin for 1 h. (B and C) 

Then, the cell lysates were prepared and immunoblotted with anti-ERK1/2 and anti-phospho-

ERK1/2 antibodies. The levels of phosphorylated ERK1/2 were normalized to the levels of the 

total ERK1/2. All experiments were performed multiple times with similar results. The data are 

expressed as the mean ± SE derived from at least three independent experiments, and statistical 

analysis was performed by one-way ANOVA with Bonferroni’s multiple comparisons test. *** p 

< 0.001, * p < 0.05. 
 

3.6. SPE potentiates calcium-induced keratinocyte differentiation 

In addition to hyperproliferation, altered keratinocyte differentiation is also a characteristic of 

several skin diseases, including skin cancer and psoriasis [74]. Therefore, I examined whether SPE 

could also affect keratinocyte differentiation by determining the messenger RNA (mRNA) levels 

of keratinocyte differentiation markers (keratin 1, keratin 10, and involucrin). Since differentiation 
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of HaCaT cells is induced by switching from a low-to high-calcium medium [75], HaCaT cells 

cultured in calcium-free medium were treated with 3% SPE in the presence or absence of 2 mM 

CaCl2. Quantitative RT-PCR analysis showed that high calcium increased the expression of 

keratin1, keratin10, and involucrin in HaCaT cells (Figure 23(B-D)). Although SPE did not affect 

in the absence of calcium, SPE significantly enhanced the increase in expression of differentiation 

markers elicited by high calcium. These results suggest that SPE may synergistically enhance 

calcium-induced keratinocyte differentiation in HaCaT cells. 

 

Figure 23. SPE potentiates calcium-induced keratinocyte differentiation in HaCaT cells. 

(A-C) HaCaT cells cultured in calcium-free medium were treated with 2 mM CaCl2 in the 

presence or absence of 3% SPE for 72 h. The cells were subjected to quantitative RT-PCR. The 

messenger RNA (mRNA) levels of keratin 1 (A), keratin 10 (B), and involucrin (C) were 

normalized to that of GAPDH. The data are expressed as the mean ± SE derived from at least three 

independent experiments, and statistical analysis was performed by one-way ANOVA with 

Bonferroni’s multiple comparisons test. *** p < 0.001, ** p < 0.01.  

 

3.7. SPE promotes calcium-stimulated differentiation of NHEKs 

Finally, I examined the effect of SPE on the differentiation in NHEKs. Stimulation with a high 

concentration of Ca2+ (2 mM) resulted in significantly increased involucrin mRNA expression in 

NHEKs, and 3% SPE induced a further increase in involucrin mRNA expression (Figure 24(A)). 

Furthermore, I assessed the protein level of involucrin by immunoblot analysis. The expression of 

involucrin protein tended to be increased by calcium stimulation and was significantly increased 
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in combination with 3% SPE when compared to the control group (Figure 24(B)). These results 

strongly support that SPE can also promote calcium-induced differentiation of keratinocytes. 

 

Figure 24. SPE promotes calcium-stimulated differentiation of NHEKs. 

NHEKs cultured in keratinocyte growth medium 2 including 0.06 mM CaCl2 were treated with 

2 mM CaCl2 in the presence or absence of 3% SPE for 24 h or 72 h. The cells were subjected to 

quantitative RT-PCR (A) and immunoblot analysis (B). The mRNA and protein levels of 

involucrin were normalized to those of GAPDH. The data are expressed as the mean ± SE derived 

from at least three independent experiments, and statistical analysis was performed by one-way 

ANOVA with Bonferroni’s multiple comparisons test. *** p < 0.001, * p < 0.05. 
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4. Discussion 

The ERK pathway (Ras-Raf-MEK-ERK) is involved in the regulation of various cellular 

processes, such as adhesion, proliferation, cell cycle progression, migration, survival, 

differentiation, metabolism, and transcription. Previous studies showed that many extracts exert 

various biological functions by modulating the ERK pathway [76, 77]. For example, carrot 

pentane-based fractions inhibited the proliferation of tumorigenic HaCaT cells through inhibition 

of the ERK and phosphatidylinositol 3-kinase-Akt pathways, and the extract of Centella asiatica 

induced keratinocyte migration through focal adhesion kinase-Akt, ERK, and p38MAPK signaling. 

In this study, I demonstrated that the aqueous extract of C. sudachi peel suppresses cell 

proliferation of HaCaT cells and normal keratinocytes. Furthermore, the extract of C. sudachi peel 

attenuated EGF-induced phosphorylation of EGFR, Raf-1, MEK1/2, and ERK1/2. The 

development of cancer drugs targeting the EGFR-Ras-Raf-MEK-ERK pathway has been attempted. 

EGFR tyrosine kinase inhibitors, such as gefitinib, inhibit autophosphorylation by binding to the 

ATP-binding pocket of the intracellular catalytic kinase domain, resulting in inhibition of the 

downstream signaling pathways [78]. On the contrary, epigallocatechin-3 gallate, a component of 

green tea, inhibits the binding of the ligand to EGFR and, subsequently, the dimerization and 

activation of EGFR [79]. The extract of C. sudachi peel may also bind to the ligand-binding site or 

ATP-binding pocket of EGFR and suppress the autophosphorylation and activation of EGFR. 

Moreover, the extract of C. sudachi peel also suppressed TNF-α-induced ERK pathway activation, 

although TNF-α did not affect EGFR phosphorylation on Tyr-1068. Previous studies showed that 

TNF-α stimulates ERK activation through EGFR-dependent or -independent pathways, and that 

EGFR-independent ERK activation is mediated through the activation of TGF-β-activated kinase 

1 and tumor progression locus 2 [80, 81, 82]. Taken together, the extract of C. sudachi peel may 

attenuate EGF-induced ERK activation through inhibition of not only EGFR but also its 

downstream molecule(s), such as Ras and Raf-1, or other signaling molecule(s). Because the 
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combination of drugs targeting different proteins may often increase efficiency and attenuate 

toxicity [83], the extract of C. sudachi peel may be a potential therapeutic avenue for skin diseases 

caused by abnormalities in the ERK pathway. 

I also demonstrated that the extract of C. sudachi peel could potentiate calcium-induced 

keratinocyte differentiation of HaCaT cells and NHEKs. Calcium is involved in the differentiation 

and proliferation process of keratinocytes [84]. Keratinocytes in low-calcium conditions proliferate 

but fail to differentiate, and exposure to high calcium levels results in keratinocyte differentiation 

[75]. Moreover, not only is intracellular calcium concentration a key regulator for keratinocyte 

differentiation but so is EGFR. EGFR is expressed in all layers of keratinocytes, especially in the 

basal layer, and a decrease in EGFR expression due to exit the basal layer leads to suppression of 

proliferation and initiation of differentiation [85]. A previous study showed that both EGFR small 

interfering RNA (siRNA) and EGFR inhibitors increase the expression of several differentiation 

markers, including keratin 1, keratin 10, and involucrin in primary human keratinocytes, intact 

epidermis, and skin squamous cell carcinomas [86]. Furthermore, the expression of differentiation 

markers was reduced by EGF treatment in a keratinocyte cell line derived from newborn rat skin 

[87]. Additionally, it was reported that the desmoglein-1/Erbin interaction promoted keratinocyte 

differentiation by attenuating ERK1/2 activity [88]. On the other hand, a previous study showed 

that inhibition of MEK1/2, a downstream of EGFR, blocked calcium-induced involucrin 

expression [35]. In this study, SPE enhanced keratinocyte differentiation only under high-calcium 

conditions, although SPE inhibited calcium-induced ERK1/2 activation. Therefore, I speculate that 

SPE may potentiate calcium-stimulated keratinocyte differentiation through the inhibition of 

EGFR, and further studies are needed to investigate the involvement of the ERK pathway in SPE-

enhanced keratinocyte differentiation. 

Abnormalities of the EGF-EGFR-ERK signaling pathway in keratinocytes cause skin disorders. 

For example, EGFR and its ligands are overexpressed in patients with psoriasis, and increased 
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serum EGF concentrations correlate with the severity of psoriasis [70, 71]. Overactivation of EGFR 

caused by a higher concentration of EGF increased epidermal stress and induced remarkable 

epidermal disorganization with the loss of proper stratification in in vitro human skin equivalents 

[89]. Furthermore, the ERK pathway is also recognized as an important target for the treatment of 

cSCC. Oncogenic Ras was shown to be involved in the growth and development of cSCC through 

the activation of the ERK pathway [37]. EGFR-activating mutations cause constitutive activation 

of the ERK pathway in cutaneous keratoacanthoma and cSCC [90]. On the other hand, it was 

reported that a potent Ras inhibitor, salirasib, did not exhibit antitumor activity due to the disability 

of signaling transmission from Ras to Raf in cSCC [91]. Moreover, mutations in Ras were caused 

by treating with Raf inhibitor, vemurafenib, in cSCC, and these lesions were blocked by a MEK1/2 

inhibitor [92]. As the inhibition of the EGFR-ERK pathway is important for the treatment of skin 

disorders, such as psoriasis and cSCC, further research on mechanisms underlying the inhibition 

of EGFR-ERK signaling by SPE may lead to the development of therapeutic agents for more 

effective treatments against skin diseases characterized by abnormalities in the EGFR-ERK 

signaling pathway. 

In this study, I demonstrated that the aqueous extract of C. sudachi peel suppresses ERK1/2 

phosphorylation. Furthermore, I demonstrated that sudachitin, a PMF extracted from the peel of C. 

sudachi, suppresses cell proliferation and migration thorough inhibition of the ERK pathway in 

HaCaT cells at a relatively high concentration (30 µM) in chapter 3. Therefore, although I 

examined whether polyphenolic compound(s) included in C. sudachi peel could inhibit the ERK 

pathway, hesperidin, naringin, narirutin, sudachitin, hesperetin (an aglycone of hesperidin), and 

naringenin (an aglycone of naringin and narirutin) had no effects even at higher concentrations 

than those in SPE. Additionally, these phenolic compounds, except for sudachitin, failed to 

suppress ERK1/2 phosphorylation even at high concentration (100 µM) (Figure 22(C)), 

Supplementary Materials). However, previous studies reported that many flavones such as 
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hesperidin and naringin isolated from citrus peel suppress the ERK1/2 pathway [93, 94, 95]. For 

example, hesperidin (approximately 10 µM) found in C. tangerine peel suppressed 

lipopolysaccharide-induced ERK1/2 phosphorylation in HaCaT cells [93], and naringin (100 µM) 

isolated from C. grandis attenuated EGF-induced ERK1/2 phosphorylation in human lung 

adenocarcinoma cells [94]. Hesperetin also inhibited vascular endothelial growth factor-induced 

ERK1/2 phosphorylation at 25 µM in human umbilical vascular endothelial cells [95]. On the other 

hand, it was reported that hesperidin (40 µM), naringin (100 µM), and hesperetin (50 µM) 

facilitated ERK1/2 phosphorylation in normal human hepatic cells, human bladder carcinoma cells, 

and murine B16-F10 melanoma cells, respectively [96, 97, 98]. Therefore, phenolic compounds 

may regulate the ERK pathway in a cell type-dependent manner, and the phenolic compounds 

evaluated in this study may have no effect on ERK activity in keratinocytes. Other phenolic 

compounds contained in Citrus peels have been shown to possess ERK1/2 inhibitory activity [99, 

100]. Tangeretin and quercetin, which are flavonoids obtained from Citrus peels, inhibited 

estradiol-induced ERK1/2 phosphorylation in human mammary ductal carcinoma and suppressed 

ERK1/2 phosphorylation induced by stimulation of 12-O-tetradecanoylphorbol-13-acetate in 

human breast carcinoma cells, respectively. Taken together with these studies, I speculate that 

some known natural products, including hesperidin, naringin, and sudachitin, and/or unidentified 

compound(s) may additively or synergistically affect keratinocyte proliferation and differentiation 

through regulation of the ERK1/2 pathway. Further studies are needed to identify bioactive 

compound(s) and investigate the underlying mechanisms of the action. 
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Figure 25. C. sudachi peel extract suppresses cell proliferation and promotes the 

differentiation of Keratinocytes. 
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Chapter 5 Conclusion 

In chapter 2, I attempted to elucidate novel biological activities of sudachitin and 3’-

demethoxysudachitin. I showed that two PMFs, sudachitin and nobiletin, significantly suppressed 

cell proliferation at 30 and 100 µM in human keratinocytes HaCaT. Although 3’-

demethoxysudachitin exhibited an antiproliferative activity at a concentration of 100 µM, little 

effect was observed at 30 µM. Next, I examined whether these polymethoxyflavones induce 

apoptosis or autophagy. My results showed that sudachitin selectively induced apoptosis in human 

HaCaT cells, and nobiletin promoted autophagy but not apoptosis. On the other hands, 3’-

demethoxysudachitin failed to induce apoptosis and autophagy. These results show three 

polymethoxyflavones have different effects on apoptosis and autophagy in HaCaT cells. Further 

studies are needed to clarify the mechanism behind sudachitin and nobiletin-induced cell death, 

and understanding the structure and biological activity of PMFs may lead to the discovery of 

potential therapeutic agents. 

In chapter 3, I investigated the mechanism underlying sudachitin-induced apoptosis via the 

MAPK pathways. To confirm the apoptotic effect of sudachitin, I measured caspase activation in 

HaCaT cells. Sudachitin caused a dose-dependent proteolytic cleavage and the activation of 

caspase-3 and significantly decreased the level of full-length Bid, accompanied by an increased 

amount of its cleaved product, truncated Bid. Furthermore, sudachitin-induced PARP cleavage was 

prevented by pan-caspase inhibitor z-VAD-FMK. These results indicated that sudachitin induces 

apoptosis via the caspase pathway. Next, I also assessed whether sudachitin-induced apoptosis is 

associated with MAPK family. Sudachitin increased p38MAPK and JNK phosphorylation, but 

significantly decreased ERK1/2 phosphorylation. In contrast, nobiletin significantly increased 

ERK1/2 phosphorylation. To confirm the involvement of p38MAPK in sudachitin-induced 

apoptosis, a specific p38MAPK inhibitor, SB203580, was used. SB203580 significantly inhibited 

sudachitin-induced PARP cleavage, indicating that sudachitin-induced apoptosis occurs through 
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the activation of the p38MAPK pathway. In addition, Sudachitin suppressed Raf-1 and ERK1/2 

activation by FBS and EGF treatment after serum starvation. Moreover, sudachitin inhibited EGF-

promoted cell migration and proliferation. Because induction of apoptosis and suppression of EGF-

induced cell migration and proliferation of keratinocytes are important for psoriasis treatment, 

sudachitin has therapeutic potential in skin diseases. 

In chapter 4, I determined the effect of C. sudachi peel extract (SPE) on keratinocyte 

proliferation and differentiation. My data showed that SPE significantly suppressed EGF-promoted 

cell proliferation and cell migration. In addition, SPE significantly suppressed the phosphorylation 

of EGFR and Raf-1, MEK1/2, and ERK1/2 induced by EGF treatment. Furthermore, in order to 

narrow down the target candidates of SPE, I examined the effect of SPE on TNF-α-induced EGFR-

independent ERK1/2 activation. TNF-α did not affect the phosphorylation of EGFR at Tyr-1068. 

On the other hand, ERK1/2 was significantly activated in response to TNF-α, and SPE almost 

completely inhibited this increase. These results indicate that SPE can suppress both EGFR and its 

downstream molecule(s). Next, I examined whether SPE could also affect keratinocyte 

differentiation. Quantitative RT-PCR analysis showed that SPE significantly enhanced the increase 

in expression of differentiation markers elicited by high calcium in HaCaT cells. SPE also 

possessed antiproliferation and pro-differentiation activities in primary keratinocytes. Thus, it may 

be effectively used for the prevention and treatment of skin diseases, such as psoriasis and 

cutaneous squamous cell carcinoma, caused by abnormalities in proliferation and differentiation in 

epidermal keratinocytes. 

In summary, I demonstrated that C. sudachi peel extract and sudachitin have novel physiological 

activities such as induction of apoptosis, anti-proliferation activity and pro-differentiation activity 

via the mechanisms including inhibition of EGFR-ERK pathway and activation of p38MAPK 

pathway in keratinocytes. Therefore, C. sudachi peel extracts and its functional components has 

therapeutic potential in skin diseases.  
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