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ABSTRACT 
 

Transient receptor potential vanilloid 1 (TRPV1) is a member of the non-

selective cationic channel family. TRPV1 is activated by capsaicin, heat, 

ultraviolet (UV), and acid, and its activation results in an influx of 

divalent and monovalent cations such as Ca2+, Na+, and Mg2+ ions. 

TRPV1 channel is expressed not only in neuronal cells in the brain, but 

also in keratinocytes in the epidermis. Recent studies suggested that 

TRPV1 regulates the heat- and UV-induced matrix metalloproteinases-1 

(MMP-1) expression in human keratinocytes in vitro.  In addition, the 

expression level of TRPV1 proteins was increased by heat and UV 

stimulus in human skin in vivo. However, little is known about the initial 

mechanism of UV-induced TRPV1 activation. It is important to study the 

initial activation mechanism of TRPV1 by UV irradiation in order to 

identify the precise role of TRPV1 in UV-induced responses. In the 

present study, I investigated how UV can activate TRPV1 through the 

non-receptor protein tyrosine kinase Src in HaCaT keratinocytes. UV-

irradiation induced TRPV1 and Src trafficking into cell surface 

membrane in HaCaT cells. This UV-induced trafficking of TRPV1 was 

also blocked by Src inhibition. These results suggest that UV induces 

TRPV1 trafficking into cell membrane through Src kinase activation, and 

this initial process leads to the subsequent reactions including UV-



 

 

iv 

 

induced MMP-1 and pro-inflammatory cytokine expressions.  

Based on these functional role and basal mechanism of TRPV1 following 

photo-stimulus, TRPV1 can be a novel target for anti-skin aging. In this 

study, I investigated the activity of the TRPV1 inhibitory peptide (TIP) as 

a novel blocker for anti-skin aging, and observed the beneficial effect of 

TIP in UV-induced responses both in vitro and in vivo system.  

According to recent studies, TRPV1 may be related to intrinsic skin 

aging. TRPV1 protein was expressed more in the sun-protected (upper-

inner arm) skin of the elderly than in that of the young. The increased 

TRPV1 expression in the aged skin implies that TRPV1 may be related to 

well-known skin conditions of the elderly, such as senile pruritus or 

neurogenic inflammation, as well as to the change of neuronal outgrowth 

by aging. In this study, it was observed that the expression patterns of 

several neuronal outgrowth factors including TRPV1 are changed by 

aging using microarray analysis from the young and aged skin.  

In conclusion, Src-mediated activation of epidermis-expressed TRPV1 

may have a critical role in heat or UV-induced responses, and increased 

expression of TRPV1 and neuronal outgrowth factors in aged skin may 

be related to senile skin symptoms. Therefore, TIP may act as a novel 

anti-skin aging molecule. 

Keywords: TRPV1, Intrinsic aging, neuronal outgrowth factors, UV-
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induced responses, TRPV1 inhibitory peptide (TIP), Src tyrosine kinase 
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INTRODUCTION 

 

Life expectancy is the best interest of human history, and it has been 

increased geometrically worldwide in recent years. Subsequently, 

researches on skin aging have been continuously and markedly increased.  

Skin Aging 

Skin aging is a continuous process that results in several morphological 

and functional changes in the skin. The changes of epidermis involve 

thinning of stratum spinosum and flattening of the junction between 

epidermis and dermis. Dermal changes involve degradation of collagen 

and elastic fibers which are essential for stability and tensile strength  

[1].  

Skin aging involves two processes, intrinsic aging and photoaging [1-3]. 

Intrinsic aging is caused by slow, irreversible tissue degeneration and 

represented by smooth, pale, and finely wrinkled skin [3-5], while 

photoaging is mainly caused by the ultraviolet (UV) exposure and 

characterized by coarsely wrinkled skin, with dyspigmentation and 

telangiectasia [2, 5-11]. Intrinsically aged skin and photoaged skin have 

distinct features morphologically and histologically. Nevertheless, many 

observations and studies have shown that both aging processes involve 
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very similar biochemical, biological, and molecular mechanisms [3, 5, 9] 

In both chronologically aged and photoaged skin, activator protein-1 

(AP-1) is elevated and the activity and expression of matrix 

metalloproteinases (MMP) are increased, followed by more degradation 

of collagen as compared to young skin [9-12]. In addition, synthesis of 

types I and III procollagen is decreased in chronologically aged and 

photoaged skin [13-15]. By the increase of collagen degradation and 

decrease of new collagen synthesis, an overall collagen levels in the 

dermis are reduced. It seems that photoaging exhibits exacerbated and 

amplified changes associated with chronologic skin aging [16-18].  

 

Photoaging 

Solar UV-irradiation damages human skin and causes premature skin 

aging (photoaging) characterized by thickening, rough texture, coarse 

wrinkles, and mottled pigmentation [4, 5]. Photoaging induced by UV-

irradiation is progressed primarily by disorganization of collagen fibrils 

[11] comprising most of skin connective tissues and accumulation of 

abnormal, amorphous, elastin-containing materials [2, 19]. As collagen 

fibers and elastin fibers are responsible for the strength and elasticity of 

skin [19], their disarrangement by photoaging causes skin to appear aged 

[6]. 
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MMPs 

Collagen degradation is partly related to the presence of MMPs, which 

are secreted by epidermal keratinocytes and dermal fibroblasts. MMPs, a 

family of structurally related matrix-degrading enzymes, play important 

roles in various destructive processes, including inflammation [20], tumor 

invasion [21], and skin aging [14, 22]. It has been reported that increased 

expression of some MMPs is responsible for the enhanced destruction of 

dermal collagen during intrinsic skin aging and UV-induced photoaging 

[11]. MMPs are expressed at low levels in unstimulated cells, but some 

are induced by various extracellular stimuli, including growth factors, 

cytokines, tumor promoters, and ultraviolet and infrared radiation [20, 

21]. Although the signaling mechanism remains unclear, UV radiation 

somehow triggers DNA binding of AP-1, which induces MMPs, such as 

collagenase (MMP-1), stromelysin (MMP-3), gelatinase (MMP-9), and 

metalloelastase (MMP-12) [22]. Once collagen is cleaved by MMP-1, it is 

further degraded by MMP-2 and MMP-9, which are also induced by 

exposure to UV light [23]. Rodents lack the MMP-1 gene, instead, it is 

functionally replaced by MMP-13 in these animals [24]. 
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TRPV1 

Transient receptor potential vanilloid 1 (TRPV1) is a member of a non-

selective cationic channel family; activation of TRPV1 induces an influx 

of divalent cations (i.e., Ca2+ and Mg2+). TRPV1 is inhibited by a specific 

antagonist such as capsazepine and 5'-iodoresiniferatoxin (5’-I-RTX) [23-

26]. TRPV1 can be directly activated by vanilloids, exposure to UV, heat 

or protons (reduced pH), and conditions that occur during tissue injury 

[27], thus implicating the channel as a primary cellular sensor to thermal 

or chemical stimulation. The presence of TRPV1 has recently been 

reported in various tissues, such as brain [28, 29], kidney [29], bronchial 

epithelial cells [30], and even in keratinocytes in the epidermis [31].  

 

TRPV1 and photoaging 

Recently, it was suggested that TRPV1 regulates heat shock-induced 

MMP-1 expression in human epidermal keratinocytes [32, 33]. Heat 

shock induced the expression of MMP-1 mRNA and protein in HaCaT 

cells and normal human epidermal keratinocytes (NHEK) [34]. 

Treatment with TRPV1 inhibitors or knockdown of TRPV1 decreased 

heat shock-induced MMP-1 expression in HaCaT cells [35]. It was also 

reported that heat shock induced calcium influx through TRPV1 plays a 
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significant role in the heat shock-induced MMP-1 expression in HaCaT 

cells, and which is mediated by activated TRPV1 through the calcium 

dependent protein kinase C-alpha (PKC-α) signaling pathway in human 

keratinocytes [35, 36]. It is also found that acute heat shock induced 

TRPV1 expression in human skin [35].  

Our previous study suggests that calcium influx through TRPV1 is 

critical for UV-induced MMP-1 expression in immortalized human 

epidermal keratinocytes, HaCaT cells, and a calcium-dependent PKC is 

involved in the signaling cascade [37]. UV-irradiation induced calcium 

influx and increased membrane current, which is inhibited by treatment 

with TRPV1 inhibitors (capsazepine and ruthenium red). These TRPV1 

inhibitors prevented UV-induced MMP-1 expression in HaCaT cells. 

Both UV-induced increases in [Ca2+]i and MMP-1 were suppressed by a 

calcium-dependent PKC inhibitor. These studies support that epidermal 

TRPV1 seems to function as a sensor for noxious stimulus such as UV or 

heat. In this respect, TRPV1 may be a target for preventing skin 

photoaging most commonly caused by repeated UV light exposure [37]. 

 

TRPV1 and intrinsic skin aging 

Skin aging is a complicated process resulted from the passage of time. A 

recent study describes that the expression level of TRPV1 is increased in 
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the aged human skin in vivo.  Both protein and mRNA of TRPV1 were 

expressed at higher levels in sun-protected skin of the elderly than in that 

of the young [38, 39]. These results suggest that TRPV1 seems to be 

related to the development of intrinsic aging of human skin.  

According to David A. Greenberg, TRPV1 is related to adult 

neurogenesis [40]. Cannabinoid receptor (CBR) is well known as a 

regulating factor for adult neurogenesis [40]. Cannabinoid receptor 1 

(CB1R) knock-out mice have been well studied in an adult neurogenesis 

model. Neurogenesis is defective in mice lacking CB1R, suggesting that 

endogenous signaling through CB1R induces basal levels of neurogenesis 

in vivo [41-43]. The group of David A. Greenberg provided that both 

CB1R and TRPV1 regulate adult neurogenesis in vivo, as measured by 

the increased incorporation of bromodeoxyuridine (5-bromo-2'-

deoxyuridine, BrdU) into cells that are located in neuroproliferative 

zones of the brain and that express neuronal lineage marker proteins [40]. 

Based on these results that both CB1R and TRPV1 cooperatively 

regulate adult neurogenesis, I hypothesized that increased expression 

level of TRPV1 in epidermal skin is thought to be related to adult 

neurogenesis. Therefore I investigated the expression level of CBRs 

including CB1R and CB2R in the aged human skin compared to the 

young skin. Additionally, I also investigated the well-known neurogenetic 

factors including nerve growth factor (NGF) and brain-derived 
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neurotrophic factor (BDNF) [44-49]. Since the amount of neurofilaments 

is a significant indicator for neuronal outgrowth [50-52], I examined the 

neurofilament protein levels in both young and aged human skin by 

measuring 68 kDa neurofilament light chain (NF 68), 200 kDa 

neurofilament heavy chain (NF 200) [53, 54]as well as a well-known 

neurofilament marker, protein gene product 9.5 (PGP 9.5) [55-57].  

 

Activation mechanism of TRPV1  

TRPV1 protein has been identified to have many regions and amino acids 

related to specific functions including phosphorylation, capsaicin action, 

proton action, heat activation, multimerization, desensitization, and 

permeability [26, 58]. There are several molecules to phosphorylate 

TRPV1, such as protein kinase C (PKC), Ca2+/calmodulin-dependent 

protein kinase (CaMKII), and proto-oncogene tyrosine kinase Src [59-63].  

Phosphorylation of TRPV1 occurs downstream by activation of Gq-

coupled receptors by several inflammatory factors including bradykinin, 

prostaglandins, ATP, trypsin or tryptase [64-72]. Phosphorylation of 

TRPV1 by PKC not only potentiates capsaicin- or proton-evoked 

responses, but also reduces the temperature threshold for TRPV1 

activation. Then normal body temperature range, which do not evoke 
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pain in normal circumstances, is capable of activating TRPV1, which 

leads to the sensation of pain. Three target residues phosphorylated by 

PKC in TRPV1 include Ser residues (Ser 502 and Ser 800) and Thr 

residue (Thr 705) [61, 73, 74]. When these residues were replaced with 

Ala, the potentiation of TRPV1 activity induced by several stimuli such as 

capsaicin, proton, or heat was blocked [74]. 

Another molecule, CaMKII regulates TRPV1 activity upon 

phosphorylation of TRPV1 at Ser 502 and Thr 705 by regulating 

capsaicin binding [75]. It is well known that calcineurin, calcium-

dependent serine-threonine phosphatase, inhibits the desensitization of 

TRPV1, which indicates that a phosphorylation/dephosphorylation 

process is important for TRPV1 activity [58, 74-76]. Moreover, recent 

findings suggest that TRPV1 plays an important role in the signaling 

pathway of UV-induced MMP-1 expression, and it seems to be mediated 

by calcium-dependent PKC and CaMKII in HaCaT cells [37].  

A recent study demonstrates that Src kinase phosphorylates the Tyr 

residue (Tyr 200) of TRPV1, which play a significant role in the 

mechanism of TRPV1 trafficking. NGF induces rapid sensitization of 

TRPV1 by the phosphorylation Tyr 200 by Src [63].  
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The phosphorylation of TRPV1 by three different kinases seems to 

control TRPV1 activity through the dynamic balance between the 

phosphorylation and dephosphorylation.  

Therefore blocking these functional residues, for example by synthesizing 

peptides mimicking these sites for competitive inhibition, could be a very 

useful strategy for the development of novel anti-skin aging or anti-

nociceptive agents.  

 

Trafficking of TRPV1 into cell membrane and Src kinase 

Membrane current is enhanced through TRPV1 heat-gated ion channel 

by various pro-inflammatory factors such as bradykinin, ATP, and NGF, 

which called sensitization or hyperalgesia process, and then the 

sensitivity to noxious stimulus like heat is enhanced [77, 78]. Several 

mechanisms for the sensitization of TRPV1 have been suggested, and the 

trafficking of TRPV1 from cytosolic region to the surface membrane is 

one of them [79, 80]. Src tyrosine kinase phosphorylates a single tyrosine 

residue, Y200, on TRPV1 and mediates TRPV1 trafficking to the surface 

membrane [63]. 

Based on these results, I investigated that the sensitization of TRPV1 to 

the other noxious stimulus, UV-irradiation, is mediated by Src tyrosine 
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kinase. Besides, I examined whether the localization of TRPV1 was 

changed by UV-irradiation, from cytosolic region to surface membrane, 

and whether this process was mediated by Src tyrosine kinase.  

Potential of TRPV1 blocker 

As TRPV1 plays an important role in UV-induced skin photoaging 

process, it could be a significant target for prevention of skin photoaging. 

Although there are many inhibitors for TRPV1, they are too toxic to 

apply on the human skin. Therefore, it is necessary to develop a novel 

inhibitor blocking the activity of TRPV1 safely for anti-skin-photoaging. 

As a strategy for inhibition of TRPV1 activity, the single amino acid 

residue, Thr 705, was considered. Thr 705 residue on TRPV1 is 

phosphorylated by PKC and CaMKII, followed by conformational 

change and gate-open of TRPV1 channel. As a strategy to block this site, 

I synthesized a 9-sequence-peptide mimicking this region including Thr 

705, 701-709 residues for a competitive inhibition (Fig. 1). Since a peptide 

agent is relatively simple, non-harmful, and non-toxic, and easy to 

produce, it has been widely employed in the cosmetic industry for anti-

skin aging [81-83]. For instance, a fragment of pro-collagen I (KTTKS) is 

a well-known topical peptide, which increases dermal matrix production 

in fibroblasts. The permeability of peptide into the skin depends on the 

ionic nature of such materials, and it has to be tested both in vitro and in 

vivo studies [84-86].  
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I investigated whether this novel TRPV1 blocker, TRPV1 Inhibitory 

Peptide701-709 (TIP) can inhibit UV-induced MMP-1 or pro-inflammatory 

cytokine expression and a calcium influx in HaCaT cells. Additionally, I 

investigated the effect of TIP in UV-induced responses including skin 

thickness, MMP-13 expression, and apoptosis using hairless mice.  

 

TRPV1 and itch 

Pruritus is an irritating sensation which provokes a desire to scratch. It is 

one of the most common symptoms in various skin and systemic diseases 

including contact dermatitis, atopic dermatitis, cholestasis, and chronic 

renal failure. Pruritus is also related to aging. So many elderly people 

frequently suffer from pruritus [87-91]. Nevertheless, any definite cause 

of senile pruritus is not sufficient and there is no effective therapy to treat 

this symptom.  

The sensation is induced by several endogenous substances such as 

histamine, substance P (SP), vasoactive intestinal peptide and 

neurotensin [92-95]. For many years histamine has been well-known as a 

major itch-inducing factor. And the blockers inhibiting histamine 

receptors, has been used to treat pruritus [96-99]. However, it is suggested 

recently that SP is also a very potent pruritogenic endogenous 

neuropeptide and related to various pruritic diseases [95, 100]. Another 
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study demonstrated that treatment of SP to the skin induces scratching 

without histamine-afferent effects in mice, and suggested that SP-induced 

itch is histamine-independent mechanism [93].  

It has been well described that TRPV1 ion channels expressed in 

keratinocytes are activated by the external stimulus including heat 

exposure, and from the keratinocytes expressing TRPV1, pro-

inflammatory and pruritic mediators are released, followed by the 

paracrine signaling to adjacent afferents leading to neuronal activation 

[62, 67-69]. Sensitizing and activating mediators in the skin target 

receptors on primary afferent nerve fibers involved in itch and pain 

processing. TRPV1 activation affects the release of pruritogenic cytokine 

mediators from these non-neuronal cells [101-103]. Moreover, it has been 

found that SP is released from sensory nerves, followed by TRPV1 

activation, leading to stimulation of neurokinin 1 receptors (NK1R) on 

epithelial cells, and reactive oxygen species (ROS) generation [104, 105]. 

Therefore, the result of increased TRPV1 expression in aged skin [38, 39] 

implies that TRPV1 may play an important role in the pathophysiology of 

the skin symptoms related to aging, such as pruritus occurring in elderly 

subjects [106-108]. In this study, I investigated whether pruritogenic 

factor, substance P, known as TRPV1 downstream signaling molecule, is 

also increased in intrinsically aged skin. Additionally, I investigated the 

expression level of the receptor of substance P, neurokinin 1 receptor 
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(NK1R), in young and aged human skin. I also investigated whether 

activation of TRPV1 induces NK1R expression in HaCaT cells.  
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Figure 1.  TRPV1 inhibitory peptide (amino acid sequence: 701-709) 

design  

TRPV1 is phosphorylated by protein kinases such as protein kinase C 

(PKC) and Ca2+/calmodulin-dependent protein kinase (CaMKII) which 

lead to its structural transformation and channel open. Based on this, a 
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novel peptide mimicking the C-terminal amino acid sequences of human 

TRPV1 (a.a 701-709: QRAITILDT) was synthesized, the sequences of 

which are phosphorylated by both PKC and CaMKII. These sequences in 

human TRPV1 are identical with those in mouse TRPV1.   
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PURPOSES 

 

The capsaicin-gated ion channel TRPV1 play a significant role in both 

photo- and intrinsic skin aging. Therefore, it is very worth that 

indentifying of the TRPV1 activation mechanism in UV-induced 

signaling and finding out a novel inhibitory substance targeting TRPV1 

for skin anti-aging. Additionally, to study about the meaning of TRPV1 

increase in intrinsic aging is also a valuable thing.  

 

Chapter I. UV-induced TRPV1 trafficking into cell membrane is 

mediated by Src tyrosine kinase. 

This chapter had two objectives : to investigate (1) whether TRPV1 is 

trafficked to cell surface membrane as an initial UV-induced responses; 

and (2) whether UV-induced TRPV1 trafficking is regulated by Src 

tyrosine kinase. 

 

Chapter II. A synthetic peptide targeting TRPV1 inhibits UV-induced 

responses in HaCaT cells and in mouse skin. 
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Although there are several inhibitor of TRPV1, since they are too toxic to 

apply on human skin, it is necessary to develop a non-toxic novel blocker 

targeting TRPV1. This chapter had two objectives :  to investigate  (1) 

whether a novel blocker, TRPV1 inhibitory peptide (TIP) has an 

inhibitory effect on UV-induced MMP-1 or pro-inflammatory cytokines 

expression in HaCaT cells; and (2) whether TIP has also an inhibitory 

effect on UV-induced responses in mouse model. 

 

Chapter III. Microarray analysis reveals the increased expression of 

nervous system-related genes in the aged human skin. 

Finally, to study the meaning of TRPV1 increase in intrinsic skin aging, I 

investigated the expression level of several well-known neurite outgrowth 

factors related with TRPV1 and substance P, the itch related-

downstream signaling molecule of TRPV1, in both young and aged 

human skin. 
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Chapter I. 

UV-induced TRPV1 trafficking into cell 

membrane is mediated by Src tyrosine 

kinase. 
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ABSTRACT 

Transient receptor potential vanilloid 1 (TRPV1) channel can be 

activated by vanilloids, exposure to ultraviolet (UV) light, heat, protons, 

and conditions that occur during tissue injury. In the present study, I 

investigated how UV could activate TRPV1 through the non-receptor 

protein tyrosine kinase Src in HaCaT keratinocytes. UV-induced 

expressions of MMP-1 and pro-inflammatory cytokines, including TNF-α, 

IL-6, and IL-8, were inhibited by pretreatment with a Src kinase 

inhibitor, PP2, in HaCaT cells, and this inhibition was partially recovered 

by treatment with a TRPV1 agonist, capsaicin. Confocal microscopy 

revealed that UV-irradiation induced TRPV1 and Src trafficking into cell 

membrane in HaCaT cells at 5 minutes, resulting in their co-localization. 

At 15 minutes, Src kinase moved back to cytoplasm, while TRPV1 was 

still remained in the cell membrane. This UV-induced trafficking of 

TRPV1 was also blocked by treatment with PP2. These results suggest 

that UV induces TRPV1 trafficking into cell membrane, which is 

involved in UV-induced expressions of MMP-1 and pro-inflammatory 

cytokines, and is mediated by Src kinase activity.  

---------------------------------------------------------------------------------------------- 

Keywords: TRPV1, UV-irradiation, Src tyrosine kinase, membrane 

trafficking  
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MATERIALS AND METHODS 

Materials 

PP2 (a selective inhibitor of Src-family tyrosine kinases, P0042), 

Capsaicin (TRPV1 agonist, M2028), and wheat germ agglutinin (WGA, 

membrane specific marker, FITC-conjugated, L4895) were purchased 

Sigma-Aldrich (St. Louis, MO). Anti-human MMP-1 antibody was 

acquired from Lab Frontier (Seoul, Korea). Goat polyclonal antibody 

against TRPV1 (sc-12498) and Goat polyclonal antibody against actin (sc-

1616) were supplied by Santa Cruz Biotechnology (Santa Cruz, CA). 

Rabbit polyclonal antibody against Src tyrosine kinase (# 2108) and 

rabbit polyclonal antibody against phospho-Src (Tyr 416, # 2101) were 

purchased from Cell Signaling technology, Inc (Danvers, MA). Mounting 

solution with DAPI (VECTASHIELD Mounting Media for Fluorescence, 

H1200) was acquired from VECTOR Laboratories (Burlingame, CA). 

Donkey anti-goat IgG Alexa Fluor® 488 (A11055), donkey anti-goat IgG 

Alexa Fluor® 594 (A-11014), and goat anti-rabbit IgG Alexa Fluor® 594 

(A-11012) were acquired from Life technologies (Rockville, MD). The cell 

culture media and antibiotics were purchased from Life Technologies 

(Rockville, MD). Fetal bovine serum (FBS) was obtained from Hyclone 

(Logan, UT).  
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Methods 

1. Cell culture and treatments  

The immortalized human keratinocytes cell line, HaCaT, was cultured in 

Dulbecco’s modified Eagle’s media (DMEM) supplemented with 

glutamine (2 mM), penicillin (400 U/ml), streptomycin (50 mg/ml), and 10% 

FBS at 37°C in a humidified atmosphere containing 5% CO2. For 

treatment, the cells were cultured to 80% confluence and then 

maintained in culture media without FBS for 24 hours. The cells were 

washed with phosphate buffered saline (PBS) and irradiated with UV. 

After UV treatment, the culture medium was replaced with fresh medium 

without FBS, and the cells were further incubated for 48 hours in 

Western blot analysis and for 5 minutes or 15 minutes in 

immunofluorescence experiment. PP2 or capsaicin was added 30 minutes 

before UV treatment, and incubated for 48 hours after UV treatment.  

 

2. UV-irradiation  

In the Western blot and immunofluorescence experiments, the HaCaT 

cells were irradiated with a Philips TL 20W/12 RS fluorescent sun lamp 

with an emission spectrum ranging between 275 and 380 nm (peak, 310–

315 nm) [27]. A Kodacel filter (TA401/407; Kodak) was used to block 
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UVC, which has wavelengths of <290 nm. The UV strength (irradiated 

with 75 mJ/ cm2) was measured using a Waldmann UV meter (model 

585100). 

 

3. Western blot analysis 

In order to determine the amounts of MMP-1 secreted into the culture 

media, equal aliquots of conditioned culture media from an equal 

number of cells were fractionated by 10% SDS–PAGE, transferred to a 

Hybond ECL membrane (Amersham Biosciences, Buckinghamshire, 

England), and analyzed by Western blotting with a rabbit monoclonal 

antibody against MMP-1 (Lab Frontier) by enhanced chemiluminescence 

(Amersham Biosciences). As controls, the levels of the corresponding β-

actin were determined in the same cell lysates using the antibodies for β -

actin (Santa Cruz Biotechnology, Santa Cruz, CA). The signal strengths 

were quantified using a densitometric program (TINA; Raytest 

Isotopenme b gerate, Straubenhardt, Germany).  

 

4. Enzyme-linked immunosorbent assay (ELISA) 

Protein levels of IL-6, IL-8, and TNF-α secreted into culture media from 

HaCaT cells were measured by ELISA or human Fuorokine Multi 
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Analyte Profiling (MAP) bead-based assays, according to the 

manufacture's protocol (R&D systems, MN, USA) using Versamax 

ELISA reader (Molecular Devices, CA, USA) or Bioplex200 (Bio-rad) 

system, respecively.  

 

5. Immunofluorescence 

For immunofluorescence staining, the HaCaT cells were seeded in 4-well 

chamber slides (Falcon, BD Biosciences, Bedford, MA) with 1.5 x 104 cells 

per well and incubated for 24 hours. FITC-conjugated WGA was treated 

for 30 minutes. Cells were fixed in 4% paraformaldehyde in phosphate-

buffered saline (PBS) for 30 minutes. Fixed cells were blocked with 

blocking solution (10% goat serum, 0.5% gelatin and 0.1% Triton X-100 

in PBS) for 30 minutes and then incubated with primary antibodies such 

as goat polyclonal antibody against TRPV1 or rabbit polyclonal antibody 

against Src tyrosine kinase diluted with blocking solution for overnight. 

The primary antibody treated cells were washed 3 times with PBS and 

incubated with fluorescein-conjugated secondary antibodies (Alexa 

Fluor®) diluted in blocking solution for 1 hour. Subsequently, the 

coverslips were mounted onto slides after the treatment of mounting 

solution with DAPI. Cells were observed under the fluorescence 
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microscope (Carl Zeiss, Jena, Germany). Specimens were visualized with 

405, 488, 545 nm lasers 
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RESULTS 

UV-induced MMP-1 and pro-inflammatory cytokines 

expressions are regulated by Src tyrosine kinase in 

HaCaT cells. 

To investigate whether Src tyrosine kinase regulates UV responses, the 

expression level of UV-induced MMP-1 and pro-inflammatory cytokines 

were measured in the presence or absence of Src inhibitor (Fig. 2). 

HaCaT cells were exposed to UV (at 75 mJ/cm2), and the level of secreted 

MMP-1 was measured in culture media at 48 hours after UV-irradiation. 

UV-irradiation increased the level of MMP-1 protein expression, and 

pretreatment of HaCaT cells with Src kinase inhibitor, PP2, decreased the 

UV-induced MMP-1 expression compared with the UV-irradiated group 

(Fig. 2A). And I measured the protein level of pro-inflammatory 

cytokines with ELISA, and the protein level of IL-6, IL-8, and TNF-α 

were increased by UV-irradiation compared to the control group 

(1121.3±112.5%, 613.4±94.2%, 352.1±72.3% of the control group, 

respectively; The data shown are representative of three independent 

experiments, Fig. 2B, 2C, 2D). Pretreatment of PP2 decreased the UV-

induced IL-6 expression in a dose-dependent manner (compared to the 

UV-irradiated group (757.7±101.2%, 672.5±135.4%, 548.2±136.2% of the 



 

 

26 

 

control group by 2.5, 5, and 10 μM, respectively; The data shown are 

representative of three independent experiments, Fig. 2B). Pretreatment 

of PP2 decreased the UV-induced IL-8 expression in a dose-dependent 

manner (compared to the UV-irradiated group (443.0±75.8%, 

263.8±52.7%, 170.4±31.2% of the control group by 2.5, 5, and 10 μM, 

respectively; The data shown are representative of three independent 

experiments, Fig. 2C). Besides, the UV-induced TNF-α expression was 

decreased by PP2 pretreatment in a dose-dependent manner (compared 

to the UV-irradiated group (305.9±12.5%, 280.7±73.2%, 203.4±35.4% of 

the control group by 2.5, 5, and 10 μM, respectively; The data shown are 

representative of three independent experiments, Fig. 2D).  
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Figure 2. Src regulates UV-induced MMP-1 and pro-inflammatory 

cytokine expression. 

HaCaT cells were cultured in 60 mm dish. Culture media was changed 

with serum-free media and incubated for 24 hours. After pretreatment 

with the specific Src inhibitor, PP2, for 30 minutes, the cultured HaCaT 

cells were irradiated with UV (75 mJ/cm2). Fresh media containing PP2 

was added, and the cells were further incubated for 48 hours. The 

amounts of MMP-1 released into the culture media and phospho-Src, and 

total-Src protein from total cell lysates were determined by Western 

blotting (Fig. 2A). The protein levels of IL-6, IL-8, and TNF-α were 

analyzed by ELISA (Fig. 2B, 2C, 2D). Results are expressed as mean 
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values ± standard error (SE). *P < 0.05 versus UV-untreated control 

group.  #P < 0.05 versus UV-treated group.  
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Inhibitory effect by PP2 in UV-induced responses is 

partially recovered by TRPV1 agonist. 

To investigate whether TRPV1 is related to these UV responses mediated 

by Src tyrosine kinase, the expression level of UV-induced MMP-1 and 

pro-inflammatory cytokines were measured after treatment with TRPV1 

agonist, capsaicin (Fig. 3). HaCaT cells were exposed to UV (at 75 

mJ/cm2), and the level of secreted MMP-1 was measured in culture media 

at 48 hours after UV-irradiation. UV-irradiation increased the level of 

MMP-1 protein expression, and pretreatment of HaCaT cells with Src 

kinase inhibitor, PP2, decreased the UV-induced MMP-1 expression 

compared with the UV-irradiated group (Fig. 3A).  

And I measured the protein level of pro-inflammatory cytokines with 

ELISA analysis, and the protein level of IL-6, IL-8, and TNF-α were 

increased by UV-irradiation compared to the control group (392.8±35.2%, 

365.6±80.2%, 1783.0±300.2% of the control group, respectively; The data 

shown are representative of three independent experiments, Fig. 3B, 3C, 

3D). Pretreatment of 5 μM of PP2 decreased the UV-induced IL-6, IL-8, 

and TNF-α expression levels compared to the UV-irradiated group 

(152.0±39.4%, 45.85±69.5%, 577.8±299.4% of the control group, 

respectively; The data shown are representative of three independent 

experiments, Fig. 3B, 3C, 3D). These decreases by treatment with PP2 
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were recovered by pretreatment of capsaicin at 5 μM of concentration 

compared to the UV-irradiated and PP2-treated control group 

(233.3±41.5%, 112.4±72.4%, 1567.4±289.7% of the control group, 

respectively; The data shown are representative of three independent 

experiments, Fig. 3B, 3C, 3D).  
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Figure 3. Inhibitory effect of PP2 on UV-induced responses is partially 

recovered by treatment with TRPV1 agonist. 

HaCaT cells were cultured in 60 mm dish. Culture media was changed 

with serum-free media and incubated for 24 hours. After pretreatment 

with a TRPV1 agonist, capsaicin, and the specific Src inhibitor, PP2, for 

30 minutes, the cultured HaCaT cells were treated with UV-irradiation 

(75 mJ/cm2). Fresh media containing capsaicin and PP2 was added, and 

the cells were further incubated for 48 hours. The amounts of MMP-1 

released into the culture media and phospho-Src, and total-Src protein 

from total cell lysates were determined by Western blotting (Fig. 3A). 
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The protein levels of IL-6, IL-8, and TNF-α were analyzed by ELISA (Fig. 

3B, 3C, 3D). Results were expressed as mean values ± SE. *P < 0.05 versus 

UV-untreated control group.  #P < 0.05 versus UV-treated group. **P < 

0.05 versus UV-treated and PP2-treated control group. 
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UV induces TRPV1 trafficking into cell membrane. 

To investigate whether TRPV1 moves into cell membrane from cell 

cytosol by UV-irradiation, TRPV1 trafficking was observed by staining 

with anti-TRPV1 antibody in HaCaT cells. The cultured HaCaT cells 

were treated with UV-irradiation (75 mJ/cm2), and then cells were fixed 

and stained for TRPV1 (green) using anti-TRPV1 antibody at indicated 

time after UV treatment (at 0, 5, 15 minutes after UV treatment, Fig. 4). 

Indeed, TRPV1 moved into cell membrane from 0 to 15 minutes after UV 

treatment (indicated yellow arrow, The data shown are representative of 

three independent experiments, Fig. 4). 
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Figure 4. UV induces TRPV1 trafficking into cell membrane. 

HaCaT cells were seeded on a chamber slide, and cultured for 24 hours in 

a humidified CO2 incubator at 37°C. The cultured HaCaT cells were 

treated with UV-irradiation (75 mJ/cm2). Cells were fixed with 4% 

paraformaldehyde and stained for TRPV1 (green) using anti-TRPV1 

antibody at indicated time after UV treatment. Nuclei were 

counterstained with 4',6-diamidino-2-phenylindole (DAPI, blue). HaCaT 

cells were photographed with a Zeiss LSM 510 META confocal laser-

scanning microscope (Zeiss, Yena, Germany).  
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UV-induced TRPV1 trafficking is inhibited by treatment 

with PP2 

To investigate whether Src kinase regulates UV-induced TRPV1 

trafficking, TRPV1 trafficking was observed by staining in HaCaT cells 

with PP2 treatment or not. The cultured HaCaT cells were pretreated 

with PP2 for 30 minutes, and then cells were treated with UV. HaCaT 

cells were fixed and stained for TRPV1 (green) using anti-TRPV1 

antibody at indicated time after UV treatment (at 0, 5, 15 minutes after 

UV treatment). By pretreatment of PP2, TRPV1 did not move into cell 

membrane despite of UV-irradiation (at 5 minutes after UV treatment, 

representatively, indicated red arrow, Fig. 5A) (The data shown are 

representative of three independent experiments). 

To compare cell membrane with other regions, HaCaT cells were stained 

with cell membrane specific protein, wheat germ agglutinin (WGA, green, 

Fig. 5B). By PP2 pretreatment, TRPV1 did not translocate into cell 

membrane at 5 minutes after UV treatment (red, Fig. 5B). HaCaT cells 

were photographed visualized using a Zeiss LSM 510 META confocal 

laser-scanning microscope (Zeiss, Yena, Germany) (The data shown are 

representative of three independent experiments). 
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Figure 5. UV-induced TRPV1 trafficking is inhibited by treatment with 

PP2 

HaCaT cells were seeded on a chamber slide, and cultured for 24 hours in 

a humidified CO2 incubator at 37°C. After pretreatment with the specific 

Src inhibitor, PP2, for 30 minutes, the cultured HaCaT cells were treated 

with UV-irradiation (75 mJ/cm2). Cells were fixed with 4% 

paraformaldehyde and stained for TRPV1 (green) using anti-TRPV1 

antibody at indicated time after UV treatment. Nuclei were 

counterstained with 4',6-diamidino-2-phenylindole (DAPI, blue).  
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To distinguish cell membrane from other regions, HaCaT cells were 

stained with a cell membrane specific protein, wheat germ agglutinin 

(WGA, green, Fig. 5B) and TRPV1 was immunostained with anti-TRPV1 

antibody (red, Fig. 5B) at indicated time after UV treatment. HaCaT cells 

were visualized with a Zeiss LSM 510 META confocal laser-scanning 

microscope (Zeiss, Yena, Germany).   
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UV-induced TRPV1 trafficking is mediated by Src.  

To determine the co-localization of TRPV1 with Src after UV-irradiation, 

both TRPV1 and Src proteins were observed by confocal microscopy 

visualized. HaCaT cells were stained for TRPV1 (green, Fig. 6A) and Src 

(red) using anti-TRPV1 antibody and anti-Src antibody at 5 minutes 

after UV exposure. After UV-irradiation, both TRPV1 and Src kinase 

simultaneously moved into the cell membrane at 0 to 5 minutes (yellow 

arrow, Fig. 6A). However, at 15 minutes after UV-irradiation, TRPV1 was 

separated from Src kinase. (The data shown are representative of three 

independent experiments). 

This UV-induced co-localization of TRPV1 and Src kinase was inhibited 

by PP2 treatment. In HaCaT cells with PP2 pretreatment, UV failed to 

induce the trafficking of TRPV1 and Src into the cell membrane (Fig. 6B). 
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Figure 6. UV-induced TRPV1 trafficking is mediated by Src.  

To compare the co-localization of TRPV1 with Src after UV-irradiation, 

HaCaT cells were seeded on a chamber slide, and cultured for 24 hours in 

a humidified CO2 incubator at 37°C. The cultured HaCaT cells were 

treated with UV-irradiation (75 mJ/cm2). Cells were fixed with 4% 

paraformaldehyde and stained for TRPV1 (green, 6A, 6B) and Src (red, 

6A, 6B) using anti-TRPV1 antibody and anti-Src antibody at 0 to 15 

minutes after UV treatment. Nuclei were counterstained with 4',6-

diamidino-2-phenylindole (DAPI, blue, 6A, 6B). HaCaT cells were 
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photographed with a Zeiss LSM 510 META confocal laser-scanning 

microscope (Zeiss, Yena, Germany).  
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A model of the UV-induced TRPV1 trafficking mediated 

by Src and the downstream signaling pathways  

These results suggest that UV induces TRPV1 trafficking into cell 

membrane from the vesicle in cell cytosol. Although it is remained to 

solve, Src tyrosine kinase may bind to TRPV1 and phosphorylate the 

tyrosine residue of TRPV1, which leads to the trafficking of TRPV1 into 

cell membrane. And TRPV1 localized in cell membrane could be 

activated by the activators including PKC and CaMKII, which causes 

conformational change of TRPV1 and open the channel. The calcium 

influx through TRPV1 mediates the downstream signaling pathway of 

UV-induced responses including the increase of MMPs and pro-

inflammatory cytokines expression, which result in skin aging.  
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Figure 7. A model of the UV-induced TRPV1 trafficking mediated by Src 

and the downstream signaling pathways  

UV radiation induces the trafficking of TRPV1 into the cell membrane 

through Src kinase. This initial activation step of TRPV1 by UV radiation 

leads to the downstream signaling associated with UV-induced MMP-1 or 

pro-inflammatory cytokine expression, which is mediated by calcium 

influx through TRPV1 translocalized into cell membrane.  
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DISCUSSION 

Recently, as increasing exposure to harmful UV radiation have become a 

significant problem to human society due to the destruction of ozone 

layer, the interest of UV response on the nature and underlying 

mechanisms of UV responses has been expanding exponentially. UV 

response was suggested to be attributed to a damaged DNA or a by-

product of DNA damage [8, 11], and many UV-inducible genes or the 

transcription factors including AP-1 or NF-κB regulating UV induction 

responses have been proposed [109-111].  Over the past decades, studies 

on the mechanism of signal transduction following UV radiation have 

been reported, and according to the previous study, Src tyrosine kinase is 

activated as the earliest step of UV-induced responses, followed by 

activation of Ha-Ras and Raf-1. Since Src and Ras are generally 

associated with the inner face of the cellular membrane and participate in 

downstream signaling pathway from cell surface receptors, it has been 

suggested that the UV response is initiated at the cell surface membrane 

rather than within the nucleus [112-114]. In this study, I demonstrated 

that UV-induced TRPV1 trafficking into cell surface membrane is 

mediated by Src tyrosine kinase. These results support that the UV signal 

transduction occurs at the cell surface membrane. I also showed that 

blocking Src tyrosine kinase with Src specific inhibitor, PP2, could 

significantly inhibit UV-induced MMP-1 and pro-inflammatory cytokine 
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expression. These results imply that Src tyrosine kinase acts as an 

important role in signal transduction during UV-induced skin aging 

process. And because this inhibitory effect by Src inhibitor was 

attenuated by capsaicin, a TRPV1 agonist, I suggest it could be inferred 

that TRPV1 is a downstream signaling molecule regulated by Src 

tyrosine kinase. Therefore, both Src tyrosine kinase and TRPV1 have 

important role in the UV-induced responses at the surface membrane. 

Subsequently, at the surface membrane, other kinases including PKC 

and CaMKII could phosphorylate and activate the TRPV1 ion channel, 

leading to conformational change of TRPV1 and inducing calcium influx 

through TRPV1.  

It has been well described that TRPV1 plays a role in heat or UV-induced 

responses [35-38]. Since TRPV1 can be activated when it is localized at 

the cell surface membrane, it has to be trafficked by certain mediators 

[63]. And this trafficking process provokes the downstream signaling 

more rapidly. And this preconditioning step for the further sensitization 

to the noxious stimuli such as heat is a well-known mechanism for 

TRPV1 activation [79, 115]. In this study, I showed that UV induced 

TRPV1 trafficking into cell surface membrane. The results reported here 

imply that by not only heat, but also UV stimulus, the nociceptor TRPV1 

could be trafficked and sensitized for further activation.  

Tyrosine phosphorylation has been suggested to regulate the trafficking 
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of ion channels, transporters and receptors [74, 76]. In particular, a 

recent study demonstrated that phosphorylation of a single tyrosine 

residue, Y200, in TRPV1 by Src is the major mechanism leading to NGF-

induced rapid sensitization of TRPV1. Therefore, it remains to be solved 

that UV-induced TRPV1 trafficking, which is thought to be mediated by 

Src, requires the phosphorylation of Y200 in TRPV1, and this tyrosine 

phosphorylation is necessary for serine or threonine phosphorylation in 

TRPV1 by PKC or CaMKII.  

In this study, I found that Src kinase has a critical role in UV-induced 

TRPV1 trafficking and activation. However, since the molecular 

mechanism about the initial activation of TRPV1 by UV radiation is still 

not clearly established, investigation of this mechanism in detail should 

be further studied.  
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Chapter II. 

A synthetic peptide targeting TRPV1 

inhibits UV-induced responses in 

HaCaT cells and in mouse skin. 
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ABSTRACT 

Transient receptor potential vanilloid 1 (TRPV1) channel can be 

activated by vanilloids, exposure to ultraviolet (UV) light, heat, or protons, 

and conditions that occur during tissue injury. In the present study, I 

designed a new TRPV1 inhibitory peptide (TIP) mimicking the specific 

site in TRPV1, phosphorylated by both protein kinase C (PKC) and 

Ca2+/calmodulin-dependent protein kinase (CaMKII) in TRPV1 (a.a 701-

709 : QRAITILDT), and investigated whether this TIP can ameliorate 

UV-induced responses.  

Treatment with this TIP prevented UV-induced mRNA and protein 

expression of MMP-1 and pro-inflammatory cytokines such as IL-6 and 

TNF-α in HaCaT cells. Moreover, this peptide reduced heat-induced 

MMP-1 expression in HaCaT cells. Treatment with this peptide also 

inhibited capsaicin-induced calcium influx in HaCaT cells.  

TIP prevented UV-induced skin thickening. The mRNA and protein level 

of UV-induced MMP-13 tended to be reduced by this peptide. The UV-

induced MMP-9 increase was also inhibited. Additionally, TIP prevented 

UV-induced apoptosis in the skin of hairless mice.  In conclusion, I 

demonstrated that a novel synthetic peptide targeting TRPV1 could 

inhibit UV-induced MMPs or pro-inflammatory cytokines expressions in 

HaCaT cells and mice skin. 
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---------------------------------------------------------------------------------------------- 

Keywords: TRPV1 inhibitory peptide (TIP), UV, MMPs, pro-

inflammatory cytokines, mice skin  
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MATERIALS AND METHODS 

Materials 

TRPV1 inhibitory peptide (TIP, QRAITILDT), palmitoyl-linked TRPV1 

inhibitory peptide (PA-TIP), and control peptide (composed with each of 

contrary amino acid sequences, ILTQRRTIA) were producd in Peptron. 

Co. (Daejeon, Korea) (Fig. 1). The calcium-sensitive indicator, Fluo-4 AM, 

was obtained from Molecular Probes (Carlsbad, CA). Capsaicin (M2028) 

was purchased from Sigma Aldrich (St. Louis, MO). Anti-human MMP-1 

antibody was acquired from Lab Frontier (Seoul, Korea). Goat 

polyclonal antibody against actin (sc-1616) was supplied by Santa Cruz 

Biotechnology (Santa Cruz, CA). Rabbit polyclonal antibody against 

MMP-13 (ab39012) was supplied by abcam (Cambridge, UK). The cell 

culture media, antibiotics, and Trizol reagent were purchased from Life 

Technologies (Rockville, MD). Fetal bovine serum (FBS) was obtained 

from Hyclone (Logan, UT).  

 

Methods 

1. Cell culture and treatments  
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The immortalized human keratinocytes cell line, HaCaT, was cultured in 

Dulbecco’s modified Eagle’s media (DMEM) supplemented with 

glutamine (2 mM), penicillin (400 U/ml), streptomycin (50 mg/ml), and 10% 

FBS at 37°C in a humidified atmosphere containing 5% CO2. For 

treatment, the cells were cultured to 80% confluence and then 

maintained in culture media without FBS for 24 hours. The cells were 

washed with phosphate buffered saline (PBS) and irradiated with UV. 

After UV treatment, the culture medium was replaced with fresh medium 

without FBS, and the cells were further incubated for 48 hours. TRPV1 

inhibitory peptide (TIP) was added at 30 minutes before UV treatment, 

and incubated for 48 hours after UV treatment.  

 

2. UV-irradiation  

In the Western blot and real-time RT-PCR experiment, the HaCaT cells 

were irradiated with a Philips TL 20W/12 RS fluorescent sun lamp with 

an emission spectrum ranging between 275 and 380 nm (peak, 310–315 

nm) [116, 117]. A Kodacel filter (TA401/407; Kodak) was used to block 

UVC, which has wavelengths of < 290 nm. The UV strength was 

measured using a Waldmann UV meter (model 585100). 

For UV exposure to animal, F75/85W/UV21 fluorescent sunlamps with 

an emission spectrum between 275 and 380 nm (peak at 310–315 nm) 
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served as the UV source [116, 117]. A Kodacel filter (TA401/407; Kodak, 

Rochester, NY) was mounted 2 cm in front of the UV tube for removal of 

wavelengths < 290 nm (UVC). Irradiation intensity at the skin surface 

was measured using a UV meter (model 585100; Waldmann Co., 

Villingen-Schwenningen, Germany). The irradiation intensity 30 cm from 

the light source was 1.0 mW/cm2. We initially measured the minimal 

erythema dose (MED) on the dorsal skin of mice. MED is defined as the 

minimum amount of radiation required to produce an erythema with 

sharp margins after 24 hours. UV was exposed to the dorsal skin of 

hairless mice in 2MED (1MED = 100 mJ/cm2). 

For UV-irradiation to human, human buttock skin was irradiated with a 

Waldmann UV-800 (Waldmann, Villingen-Schwenningen, Germany) 

phototherapy device and a F75/85W/UV21 fluorescent lamp with an 

emission spectrum between 285 and 350 nm (peak, 310–315 nm), as 

described previously (Seo et al., 2001). The strength of UV-irradiation at 

the skin surface was measured using a Waldmann UV meter (model 

585100). The buttock skin was irradiated with UV light filtered through a 

Kodacel filter (TA401/ 407; Kodak, Rochester, NY), and the minimal 

erythema dose (MED) was determined at 24 hours before irradiation. 

The MED usually ranges between 70 and 90 mJ/cm2 for the brown skin 

of Koreans. In this study, I used 2 MED. The irradiated and non-

irradiated buttock skin samples were obtained from each subject using a 
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punch biopsy. This study was approved by the Institutional Review 

Board at the Seoul National University Hospital, and all subjects 

provided written informed consent. 

 

3.  Heat shock treatment 

For heat treatment, cells were cultured to 80% confluence and then 

maintained on culture media without FBS for 24 hours. The culture 

dishes were sealed with parafilm and immersed for 30 minutes into a 

circulating water bath thermo-regulated at 37 ± 0.05°C for the control 

treatment or at 44 ± 0.05°C for the heat shock treatment. After heat 

treatment, culture media were replaced with fresh media without FBS 

and the cells were further incubated for the indicated times. TRPV1 

inhibitory peptide (TIP) or control peptide (CNT-peptide) was added at 

30 minutes before the control or heat shock treatment.  

 

4. Western blot analysis 

In order to determine the amounts of MMP-1 secreted into the culture 

media from HaCaT cells, equal aliquots of conditioned culture media 

from an equal number of cells were fractionated by 10% SDS–PAGE, 

transferred to a Hybond ECL membrane (Amersham Biosciences, 
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Buckinghamshire, England), and analyzed by Western blotting with a 

anti-human MMP-1 antibody (Lab Frontier) by enhanced 

chemiluminescence (Amersham Biosciences). As controls, the levels of the 

corresponding β-actin were determined in the same cell lysates using the 

antibodies for β-actin (Santa Cruz Biotechnology). The signal strengths 

were quantified using a densitometric program (TINA; Raytest 

Isotopenme b gerate, Straubenhardt, Germany).  

In order to measure MMP-13 protein level in animal, skin tissues were 

homogenized in ice-cold lysis buffer [50 mM Tris–HCl, pH 7.4, 150 mM 

NaCl, 2 mM ethylenediamine tetraacetic acid (EDTA), 5 mM 

phenylmethanesulfonyl fluoride (PMSF), and 1 mM dithiothreitol (DTT), 

1% Triton X-100] with freshly added protease inhibitor cocktail (Roche, 

Indianapolis, IN). Homogenates were then centrifuged at 15,000g for 30 

minutes at 4°C, and supernatants were then collected and stored at -70°C. 

Protein contents in lysates were determined using the Bradford assay. 

Equal amounts of protein were resolved over 8–16% Tris–Glycine SDS-

PAGE gels, and then electrophoretically transferred to PVDF 

membranes. Blots were subsequently blocked with blocking buffer (5% 

nonfat dry milk, 1% Tween-20; in 20 mM TBS, pH 7.6) for overnight at 

4°C and incubated rabbit polyclonal antibody against MMP-13 

(ABCAM). 
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In order to measure MMP-1 protein level in human skin, after skin 

samples were obtained from each subject by punch biopsy, the samples 

were incubated at 58°C for 2 minutes in phosphate-buffered saline (PBS). 

To analyze the expression of MMP-1, skin samples were homogenized 

and extracted with lysis buffer containing 50 mm Tris–HCl (pH 7.4), 1% 

Triton X-100, 150 mm NaCl, 1 mM EDTA, 1 mM EGTA, 10 μg⁄ml 

aprotinin, 10 μg⁄ml leupeptin, 5 mm phenylmethylsulphonyl fluoride and 

1 mM dithiothreitol. The protein content was determined using Bradford 

reagent (Bio-Rad, Hercules, CA, USA). Equal amounts (40 μg) of the 

protein samples were fractionated, transferred and analyzed by Western 

blotting using a anti-human MMP-1 antibody (Lab Frontier). As a 

control, the corresponding β-actin levels were determined in the same cell 

lysates using the antibodies for β-actin (Santa Cruz Biotechnology, 

SantaCruz, CA, USA). The signal strengths were quantified using a 

densitometric program (TINA; Raytest Isotopengemessgeraete GmbH, 

Straubenhardt, Germany). 

 

5. Quantitative real-time RT-PCR 

In order to measure mRNA of MMP-1, IL-6, and TNF-α in cells, total 

RNA was prepared from HaCaT cells using the Trizol method according 

to the manufacturer’s protocol (Life Technologies). The isolated RNA 
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samples were electrophoresed in 1% agarose gels to assess the quality 

and quantity. One microgram of the total RNA was used in a 20 μL 

reaction volume for first-strand cDNA synthesis using a first-strand 

cDNA synthesis kit for RT-PCR, according to the manufacturer’s 

instructions (MBI Fermentas, Vilnius, Lithuania). A quantitative real-

time reverse transcription polymerase chain reaction (RT-PCR) was 

performed using 1 μg of the first-strand cDNA product and each primer 

pair (Table. 1) for the human genes: 36B4 (cDNA for human acidic 

ribosomal phosphoprotein PO), which did not change with UV or heat 

irradiation (Cho et al., 2008), MMP-1, IL-6, and TNF-α with an ABI 

PRISM 7500 Sequence Detection System (Applied Biosystems, Foster 

City, CA). The technique is based on the ability to detect the RT-PCR 

product directly with no downstream processing. This was accomplished 

by monitoring the increase in fluorescence of a dye-labeled DNA probe 

specific for each factor under study, plus a probe specific for the 36B4 

gene, which is used as an endogenous control for the assay. The PCR 

reaction was carried out according to the manufacturer’s instructions. As 

a negative control, the PCR reactions without the template cDNA were 

added to the reaction wells. All the samples were run in triplicate.  

In order to measure mRNA level of MMP-13 and MMP-9 in animal, total 

RNA was prepared from whole skin tissue using Trizol reagent, 

according to the manufacturer’s protocol (Life Technologies, Rockville, 
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MD). In order to assess quality and quantity, isolated RNA samples were 

electrophoresed in 1% agarose gels. One microgram of total RNA was 

used in a 20 μL first-strand cDNA synthesis reaction using a first-strand 

cDNA synthesis kit for quantitative real-time RT-PCR, according to the 

manufacturer’s instructions (MBI Fermentas, Vilnius, Lithuania). For 

quantitative estimation of mRNA expression, PCR was performed on a 

7500 Real-time PCR System (Applied Biosystems, Foster City, CA) using 

the SYBR Premix Ex TaqTM (Takara Bio Inc., Shiga, Japan), according 

to the manufacturer’s instructions. Primers used were indicated in Table 

1. PCR conditions were 50°C for 2 minutes, 95°C for 2 minutes, followed 

by 40 cycles at 95°C for 15 s and 60°C for 1 minutes. Data were analyzed 

using the 2-∆∆CT method [118-120]; data were presented as the fold in 

gene expression normalized to 36B4 and relative to UV-irradiated or 

control cells. These experiments were performed in triplicate and 

independently repeated at least three times. 

In order to measure mRNA of MMP-1 and IL-1β in human, skin samples 

were obtained from each subject by punch biopsy, the samples were 

incubated at 58°C for 2 minutes in PBS. Total RNA was prepared from 

skin tissue using Trizol reagent according to the manufacturer’s protocol 

(Life Technologies, Rockville, MD, USA). The isolated RNA samples were 

electrophoresed in 1% agarose gels to assess the quality and quantity. 

One microgram of total RNA was used in a 20-μL first-strand cDNA 
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synthesis reaction using a first-strand cDNA synthesis kit for RT-PCR 

according to the manufacturer’s instructions (MBI Fermentas, Vilnius, 

Lithuania). For quantitative estimation of mRNA expression, PCR was 

performed on a 7500 Real-time PCR System (Applied Biosystems, Foster 

City, CA) using the SYBR Premix Ex TaqTM (Takara Bio Inc., Shiga, 

Japan), according to the manufacturer’s instructions. Primers used were 

indicated in Table 1. PCR conditions were 50°C for 2 minutes, 95°C for 2 

minutes, followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 

minutes. Data were analyzed using the 2-∆∆CT method [118-120]; data 

were presented as the fold in gene expression normalized to 36B4 and 

relative to UV-irradiated or control cells. These experiments were 

performed in triplicate and independently repeated at least three times. 

 

6. Ca2+-imaging experiments 

HaCaT cells were cultured on cover glasses, then loaded with 4 mM Fluo-

4 AM (Molecular Probes) in serum-free medium at room temperature for 

45 minutes. After washing three times with serum-free medium, cells on 

the cover glasses were transferred to custom-built observation chambers, 

and allowed to accommodate for 20 minutes. Capsaicin was used at a 

final concentration of 1 mM in Tyrode’s buffer (140 mM NaCl, 5 mM 

KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM glucose, and 10 mM HEPES [pH 
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7.2]). The fluorescence intensity was measured using a confocal laser 

scanning microscope (LSM 510 META, Zeiss) fitted with appropriate 

filters and a PL Fluotar objective (200x0.5 NA) that was controlled by 

SCAN Ware 5.10 software (Zeiss). The experiments were performed at 

37°C in a humidified chamber. The measurements lasted for 200 seconds, 

with images taken every 1 or 4 seconds. 

 

7.  Immunofluorescence 

For immunofluorescence staining, the HaCaT cells were seeded in 4-well 

chamber slides (Falcon, BD Biosciences, Bedford, MA) with 1.5 x 104 cells 

per well and incubated for 24 hours. FITC-linked TIP was treated for 30 

minutes, while the negative control group was treated with serum-free 

media containing TIP. Cells were fixed in 4% paraformaldehyde in 

phosphate-buffered saline (PBS) for 30 minutes. Fixed cells were blocked 

with blocking solution (10% goat serum, 0.5% gelatin and 0.1% Triton 

X-100 in PBS) for 30 minutes. The negative control (NC) was incubated 

with goat anti-rabbit IgG. Both FITC-linked TIP and primary antibody 

treated cells were washed 3 times with PBS and then incubated with 

fluorescein-conjugated secondary antibodies (Alexa Fluor®) diluted in 

blocking solution for 1 hour. Subsequently, the coverslips were mounted 

onto slides after the treatment of mounting solution with DAPI. Cells 
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were observed under the fluorescence microscope (Carl Zeiss, Jena, 

Germany). Specimens were visualized with 405, 488, 545 nm lasers.  

 

8. Animals and Treatment of peptide and UV 

Six-week-old female albino hairless mice (Skh-1) were obtained from Bio 

Genomics, Inc. (Seoul, Korea). Animals were acclimated for 1 week prior 

to the study and had free access to food and water. All experimental 

protocols were approved by the Committee for Animal Care and Use at 

Seoul National University.  

Animals were divided into four groups in each group of i - iv as follows: (i) 

UV unexposed and vehicle treated mice, (ii) UV unexposed and 1 mM 

TRPV1 inhibitory peptide treated mice (iii) UV-irradiated and vehicle 

treated mice (iv) UV-irradiated and 1 mM TRPV1 inhibitory peptide 

treated mice. Vehicle was composed of ethanol (30%) and polyethylene 

glycol (70%). Vehicle and TRPV1 inhibitory peptide were applied to the 

dorsal skin surface at 0 and 24 hours after UV-irradiation. These mice 

were sacrificed at 48 hours after UV-irradiation and skin specimens were 

biopsied. 

 

9.  Skin fold thickness measurement 
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Using a caliper (PEACOCK, Ozaki MFG Co. Ltd., Tokyo, Japan), skin 

fold thickness was measured at 24 hours before UV-irradiation and 48 

hours after UV-irradiation. Midline skin was manually pinched upward 

at the neck and at the base of the tail, and skin fold thickness was then 

measured mid-way between the neck and hips. 

 

10.  Hematoxylin and eosin (H&E) staining and skin thickness 

measurements 

Mouse skin samples were fixed in 10% buffered formalin for 24 hours, 

and embedded in paraffin. Serial sections (4 μm) were mounted onto 

silane-coated slides, and stained with hematoxylin solutions for nuclear 

staining and eosin solutions for cytoplasm (H&E) by routine methods as 

previously described [29]. Epidermal and dermal thickness was measured 

using an image analysis program (BMI plus software, BumMi Universe 

Co., Kyungki, Korea). 

 

11.  Terminal dUTP nick-end labelling analysis 

Terminal dUTP nick-end labelling was performed using a commercial kit 

(ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit; Chemicon 

International, Temecula, CA, USA). Skin samples from animal were cut 
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into sections of 4 μm thickness and fixed in acetone for 5 min at -20 °C. 

The sections were blocked in 3% hydrogen peroxide for 5 min at room 

temperature. The sections were incubated with the equilibration buffer 

(10 seconds at room temperature), and the working-strength TdT enzyme 

in a humidified chamber (1 h at 37°C), followed by incubation with the 

stop/wash buffer (10 min at room temperature). Sections were incubated 

with the antidigoxigenin peroxidase conjugate (30 min at room 

temperature). The colour reaction was developed using the AEC 

substrate system (Zymed). 

  

12.  Human skin sample and UV or TIP treatment 

Adult Korean male volunteers (more than the age of 30 years, n=8) 

without current or prior skin disease provided skin samples. Either 6-mm 

punch biopsy specimens were obtained from buttock skin.  

The regions were divided into four groups in each group of i - iv as 

follows: (i) UV unexposed and vehicle treated region, (ii) UV-irradiated 

and vehicle treated region (iii) UV-irradiated and 1mM TRPV1 

inhibitory peptide (TIP) treated region (iv) UV-irradiated and 1mM 

palmitoyl-TRPV1 inhibitory peptide (PA-TIP) treated region. Vehicle 

was composed of ethanol (30%) and polyethylene glycol (70%).  
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The buttock skin was irradiated with a Waldmann UV-800 (Waldmann, 

Villingen-Schwenningen, Germany) phototherapy device and a F75 

⁄85W⁄UV21 fluorescent lamp with an emission spectrum between 285 and 

350 nm (peak at 310–315 nm), as described previously [121]. The strength 

of UV-irradiation at the skin surface was measured using a Waldmann 

UV meter (model 585100). The buttock skin was irradiated with UV light 

filtered through a Kodacel filter (TA401 ⁄ 407; Kodak, Rochester, NY, 

USA), and the MED (minimal erythema dose) was determined 24 hours 

after irradiation. The MED usually ranged between 70 and 90 mJ ⁄cm2 

for the brown skin of Koreans. This study used 2MED (between 140 and 

180 mJ⁄cm2). After UV-irradiation, 25 μL of vehicle, TRPV1 inhibitory 

peptide (TIP, 1 mM), or palmytoyl acid-linked TRPV1 inhibitory peptide 

(PA-TIP, 1 mM) was applied to each region on the buttock skin. 

Irradiated and non-irradiated or TIP treated or non-treated buttock skin 

samples were obtained from each subject using a punch biopsy. This 

study was approved by the Institutional Review Board at the Seoul 

National University Hospital, and all subjects provided written informed 

consent.  
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Table 1. Primer sequences for human and mouse genes for quantitative 

real-time PCR. 
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RESULTS 

TIP as a competitive inhibitory substance of TRPV1 

targeting Thr 705. 

For inhibition of TRPV1 activity, since the single amino acid residue Thr 

705 residue on TRPV1 is phosphorylated by PKC and CaMKII, followed 

by conformational change and gate-open of TRPV1 channel. I 

synthesized a 9-amino acid-peptide mimicking this region including Thr 

705, 701-709 residues for a competitive inhibition as a strategy to block 

this site (Fig. 1)   
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Activation of Ca2+ influx by capsaicin is inhibited by 

treatment with TIP 

To confirm the effect of TIP in HaCaT cells, the capsaicin-induced 

increase in intracellular Ca2+ concentration ([Ca2+]i) was measured. The 

fluorescence intensity of Fluo-4 (Ffluo4) was increased by capsaicin (Fig. 

8A). 1 mM of capsaicin increased the Ffluo4 to 217.0±9.7% of control 

values (The data shown were measured from 11 different cells marked as 

different regions of interest, Fig. 8B).  Pretreatment with TIP (10 μM) 

inhibited the capsaicin-induced increase of [Ca2+]i  (126.6±6.3% of 

control values) (The data shown were measured from 11 different cells 

marked as different regions of interest, Fig. 8B).  
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Figure 8. TIP inhibits capsaicin-induced Ca2+ influx in HaCaT cells.  

HaCaT cells were cultured on cover glasses, then loaded with 4 mM Fluo-

4 AM (Molecular Probes) in serum-free medium at room temperature for 

45 minutes. Tyrode’s buffer containing 1 mM capsaicin was loaded in 

dish. The fluorescence intensity was measured as described in Method. 

Fluorescence signals of Fluo-4 loaded for monitoring [Ca2+]i were 

observed from 0 to 200 seconds after treatment with capsaicin from 11 

different cells marked as different regions of interest. Results are 

expressed as mean values ± SE. (*P < 0.05 versus control group; #P < 0.05 

versus capsaicin-treated group.) The relative intensity ratio of calcium 

influx is measured at about 20 seconds after capsaicin treatment 

(indicated red bar, Fig. 8A, 8B). 
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TIP inhibits UV-induced MMP-1 expression 

I investigated whether the UV-induced MMP-1 expression was affected 

by treatment with TIP. For this purpose, HaCaT cells were exposed to UV 

(75 mJ/cm2), and the level of secreted MMP-1 was measured in culture 

media 48 hours after UV-irradiation. Consistent with previous reports. 

UV-irradiation increased the level of MMP-1 protein expression. 

Pretreatment of HaCaT cells with TIP decreased the UV-induced MMP-1 

expression compared with the control peptide-treated UV-irradiated 

group (Fig. 9). UV-irradiation increased the level of MMP-1 protein 

expression (158.6±12.1%, Fig. 9A). Pretreatment with TIP decreased the 

UV-induced MMP-1 protein expression compared with the UV-irradiated 

group (125.7±6.1%, 94.8±42.1%, 71.4±28.8% of the control group by 1, 5, 

and 10 μM, respectively; Fig. 9A) (The data shown are representative of 

three independent experiments). Quantitative RT-PCR analysis showed 

an increased MMP-1 mRNA at 48 hours after UV-irradiation (200.0±76.4% 

of the control group, Fig. 9B) (The data shown are representative of three 

independent experiments). TIP decreased the UV-induced MMP-1 mRNA 

expression compared with the control peptide-treated UV-irradiated 

group (88.2±31.1%, 76.1±22.1%, 82.4±16.6% of the control group by 1, 5, 

and 10 μM, respectively; Fig. 9B) (The data shown are representative of 

three independent experiments).
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Figure 9. TIP inhibits UV-induced MMP-1 expression in HaCaT cells.    

HaCaT cells were cultured in 60 mm dish. Culture media was changed 

with serum-free media and incubated for 24 hours. After pretreatment 

with TIP for 30 minutes, the cultured HaCaT cells were treated with UV-

irradiation (75 mJ/cm2). Fresh media containing control peptide (CNT 

peptide) or TIP were added, and the cells were further incubated for 48 

hours. The amounts of MMP-1 protein released into the culture media 

were determined by Western blotting and quantified by densitometry. 

Each level of MMP-1 protein expression was normalized to that of the 

corresponding β-actin from total cell lysates, and the mean values are 

shown as bar graphs (Fig. 9A). The amounts of MMP-1 mRNA (Fig. 9B) 
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were analyzed at 48 hour post-treatment by quantitative RT-PCR (Fig. 

9B). The mRNA expression level of MMP-1 was normalized versus that 

of the corresponding 36B4. Results are expressed as mean values ± SE. *P 

< 0.05 versus unirradiated control group.  #P < 0.05 versus CNT peptide-

treated UV-irradiated group.    
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TIP prevents UV-induced IL-6 and TNF-α expression  

I also investigated the effects of TIP on UV-induced mRNA expression of 

the pro-inflammatory cytokines, IL-6 and TNF-α. UV-irradiation 

increased the level of IL-6 and TNF-α expression (700.6±89.4% and 

289.2±34.3%, respectively; Fig. 10A, 10B). TIP decreased the UV-induced 

expressions of IL-6 and TNF-α mRNA respectively in HaCaT cells 

(465.1±110.6% and 193.5±5.4, respectively; Fig. 10A, 10B) (The data 

shown are representative of three independent experiments)..  
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Figure 10. TIP inhibits UV-induced IL-6 and TNF-α expressions in 

HaCaT cells. 

HaCaT cells were starved with serum-free media for 24 hours. After 

pretreatment with control peptide (CNT peptide) or TIP for 30 minutes, 

the cultured HaCaT cells were treated with UV-irradiation (75 mJ/cm2). 

Fresh serum-free media containing signaling TIP were added, and the 

cells were further incubated for 48 hours. The mRNA level of pro-

inflammatory cytokine such as IL-6 or TNF-α was determined by 

quantitative real-time RT-PCR. Each mRNA expression level of cytokine 

was normalized versus that of the corresponding 36B4. Results are 

expressed as mean values ± SE. *P < 0.05 versus UV-untreated control 

group.  #P < 0.05 versus UV-treated group.  
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Inhibition of TRPV1 suppresses heat-shock-induced 

MMP-1 expression in HaCaT cells 

Because it is reported that TRPV1 signaling is involved in heat shock-

induced MMP-1 expression [35, 36], I investigated whether TIP regulates 

heat-shock induced MMP-1 expression.  

HaCaT cells were pretreated with TIP for 30 minutes, then the culture 

dishes were treated for 30 minutes in a water bath at 37°C (control) or at 

44°C (heat shock) and MMP-1 release was determined 48 hours post-

treatment. We observed that heat increased the protein level of MMP-1 

(148.8±17.0% of the control group, Fig. 11A), and TIP significantly 

inhibited the heat-induced MMP-1 in a dose-dependent manner 

(138.9±23.4%, 81.9±18.9%, 15.8±7.6% of the control group by 1, 5, and 

10 μM, respectively; Fig. 11A) (The data shown are representative of 

three independent experiments).  

Quantitative RT-PCR analysis demonstrated an increase in MMP-1 

mRNA at 48 hours after heat shock treatment (258.4±63.9% of the 

control group, Fig. 11B), which was also suppressed by 10 µM TIP 

treatment (190.9±55.2% of the control group, Fig. 11B) (The data shown 

are representative of three independent experiments). 
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Figure 11. TIP inhibits heat-induced MMP-1 expression in HaCaT cells. 

HaCaT cells were serum-starved for 24 hours. After being pretreated for 

30 minutes with TIP, the cells were placed for 30 minutes in a water bath 

at 37 or 44°C. The cells were retreated with fresh media containing 

control peptide or TIP, and further incubated in a humidified CO2 

incubator at 37°C for 48 hours. The amounts of MMP-1 proteins released 

into cultured media (Fig. 11A) were analyzed at 48 hour post-treatment 

by Western blotting. Each level of MMP-1 protein was normalized to that 

of the corresponding β-actin. The amounts of MMP-1 mRNA (Fig. 11B) 

were analyzed at 48 hour post-treatment by quantitative real-time RT-

PCR. Each level of MMP-1 mRNA was normalized versus that of the 
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corresponding 36B4 mRNA. Results are expressed as mean values ± SE. 

*P < 0.05 versus 37°C control group.  #P < 0.05 versus 44°C group.  
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Membrane permeability of TIP in HaCaT cells 

Since the sequences of 701-709 of TRPV1 localize in a cytosol, TIP can 

play an inhibitory role to block the activation of TRPV1 when this 

peptide could enter into cytosol of cell. Therefore I investigated whether 

TIP can be influxed into cytosol of HaCaT cell without any stimulus.  

To this purpose, an FITC-linked TIP was made and treated in HaCaT 

cells. I found that TIP could be influxed into cell membrane in a UV-

independent manner (Fig. 12). 
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Figure 12. Membrane permeability of TIP in HaCaT cells 

HaCaT cells were seeded on a chamber slide, and cultured for 24 hours 

in a humidified CO2 incubator at 37°C. Then, cells were treated with 

serum-free media containing FITC-linked TIP (FITC-TIP, green) for 30 

minutes, while the negative control group was treated with serum-free 

media containing TIP. After UV-irradiation (75 mJ/cm2), cells were 

instantly fixed with 4% paraformaldehyde. The negative control (NC) 

was incubated with goat anti-rabbit IgG and then treated with Alexa 488 

fluorescence antibody (green). Nuclei were counterstained with 4',6-

diamidino-2-phenylindole (DAPI, blue).  HaCaT cells were 

photographed with a Zeiss LSM 510 META confocal laser-scanning 

microscope (Zeiss, Yena, Germany) (The data shown are representative 

of three independent experiments).  
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TIP inhibites UV-induced skin thickening in hairless mice 

UV exposure significantly increased skin thickness, as measured by a 

caliper, in hairless mice. UV-induced skin thickening was significantly 

inhibited in the 1 mM TIP-treated group compared with the UV-exposed 

group (79.0±9.8% of the control group, n=8, Fig. 13A). 

I also confirmed the inhibitory effect of TIP on UV-induced skin 

thickening histologically in hematoxylin and eosin (H&E)-stained sections 

(Fig. 13B). UV-irradiation induced cutaneous inflammation in hairless 

mouse, which was alleviated by TIP post-treatment. Using an image 

analysis program, the epidermal or dermal thickness was measured in 

H&E-stained sections. UV exposure increased the epidermal thickness 

(UV-untreated control group: 15.22±0.64 μm, UV-treated group: 

69.43±5.41 μm, n=8, Fig. 13C). TIP 1 mM treatment significantly 

inhibited UV-induced epidermal thickening, compared with the UV-

exposed group (32.30±2.03 μm, n=8, Fig. 13C). Dermal thickening was 

significantly increased by UV-irradiation (UV-untreated control group: 

133.94±5.61 μm, UV-treated group: 222.84±10.77μm, n=8, Fig. 13D), 

however; UV-induced dermal thickening was not decreased by TIP 

treatment (UV-treated and TIP treated: 236.04±5.47 μm, n=8, Fig. 13D).  
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Figure 13. TIP attenuates UV-induced skin thickening.  

Using a caliper, skin thicknesses were measured at midway between the 

neck and hips before and 48 hours after the single UV (200 mJ/cm2) 
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treatment. TIP (50 µL of 1 mM) was applied to the dorsal skin of mice at 

0 (immediately after UV) and 24 hours after single UV (200 mJ/cm2) 

irradiation. These mice were biopsied at 48 hours after UV-irradiation. 

(Fig. 13A) 

The below graph shows the relative difference of skin thickness between 

the values measured before and after UV-irradiation for each group, as 

mean values ± SE. Epidermal or dermal thicknesses are determined in 

H&E-stained sections (Fig. 13B). *P<0.05 versus non-exposed vehicle-

treated control mice, #P<0.05 versus UV-exposed vehicle-treated mice (n 

= 8, Fig. 13C, 13D). 
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TIP inhibits UV-induced MMP expressions in hairless 

mice 

To investigate the effects of TIP on UV-induced MMP expressions in 

hairless mice, I examined the protein and mRNA expression of MMP-13 

(Fig. 14A, 14B), and also mRNA expression of MMP-9 (Fig. 14C).  

I found that UV exposure significantly increased the expressions of 

MMP-13 protein and mRNA by Western blotting and quantitative real-

time RT-PCR, respectively (Fig. 14A, 14B). UV-irradiation increased the 

level of MMP-13 protein expression (147.0±28.8% of the control group, 

n=8, Fig. 14A). Treatment of TIP decreased the UV-induced MMP-13 

protein expression compared with the control group (91.6±12.9% of the 

control group, n=8, Fig. 14A). Furthermore TIP decreased the basal 

MMP-13 protein expression compared with the negative control group 

(52.7±13.2% of the control group, n=8, Fig. 14A).  

Quantitative real-time RT-PCR analysis also showed that UV increased 

the mRNA level of MMP-13 (695.0±261.9% of the control group, n=8, Fig. 

14B) and TIP decreased that of UV-induced MMP-13 (248.21±190.2% of 

the control group, n=8, Fig. 14B). And also 1 mM of TIP decreased the 

basal expression of MMP-13 mRNA compared with the UV-untreated 

control group (39.6±18.0%, n=8, Fig. 14B). 
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I also demonstrated that UV exposure significantly increased the 

expressions of MMP-9 mRNA (300.4±66.1% of the control group, n=8, 

Fig. 14C) by quantitative real-time RT-PCR analysis. TIP inhibited UV-

induced MMP-9 mRNA expressions (99.7±44.2% of the control group, 

n=8, Fig. 14C) 
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Figure 14. Down-regulation of UV-induced MMP-13 expression in 

hairless mice by treatment with TIP. 

TIP (50 µL of 1 mM) was applied to the dorsal skin of mice at 0 

(immediately after UV) and 24 hours after UV (200 mJ/cm2, 1 time) 

irradiation. The skin of these mice were obtained at 48 hours after UV-

irradiation. MMP-13 protein level was assessed by Western blotting. The 

bands shown are representative of their respective groups. Each level of 

MMP-13 protein was normalized to that of the corresponding β-actin, 

and their mean values ± SE are shown as bar graphs (Fig. 14A). MMP-13 

and MMP-9 mRNA expressions were assessed by quantitative real-time 

RT-PCR analysis. The mRNA expression level of MMP-13 and MMP-9 

was normalized versus that of the corresponding 36B4. Results are 

expressed as mean values ± SE. (Fig. 14B, 14C) *P<0.05 versus non-

exposed vehicle-treated control mice, #P<0.05 versus UV-exposed vehicle-

treated mice (n = 8)  
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TIP prevents UV-induced apoptosis.  

To investigate whether TIP can prevent UV-induced apoptosis, I 

examined terminal dUTP nick-end labeling (TUNEL) assay for detecting 

cellular apoptosis after UV-irradiation.  

I found that UV-irradiation caused apoptosis significantly in hairless 

mice and this UV-induced apoptosis was decreased by TIP (Fig. 15)  
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Figure 15. TIP decreases UV-induced apoptosis.  

TIP (50 µL of 1 mM) was applied to the dorsal skin of mice at 0 

(immediately after UV) and 24 hours after UV (200 mJ/cm2, 1 time) 

irradiation. These mice were biopsied at 48 hours after UV-irradiation. 

The effect of TIP on UV-induced cellular apoptosis was examined by 

terminal dUTP nick-end labeling (TUNEL staining, red spots) 

assay in hairless mice (n=8).  
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TIP inhibits UV-induced MMP-1 expression in human 

skin. 

This clinical trial was designed to investigate the effect of TIP in photo-

damaged human skin. Two MED of UV was irradiated on human buttock 

skin. To increase the penetration effect of TIP [54, 55], palmitoyl acid was 

linked to TIP, and I compared the effect of TIP with that of palmitoyl 

acid-linked TIP in human skin. To investigate the effect of TIP on UV-

induced MMP-1 expression in human skin, I examined the protein level 

of MMP-1 expression. I found that UV exposure significantly increased 

the expressions of MMP-1 protein by Western blotting (613.43±54.79%, 

n=8; Fig. 16A). 

TIP and also palmitoyl acid-linked TIP (PA-TIP) inhibited UV-induced 

MMP-1 expressions (33.32±15.84%, 29.27±27.30%, respectively, n=8; Fig. 

16A).  

Quantitative real-time RT-PCR analysis also showed that UV increased 

the mRNA level of IL-1β (369.8±94.0% of the control group, n=8, Fig. 

16B) and PA-TIP decreased that of UV-induced IL-1β (235.0±48.0% of 

the control group, n=8, Fig. 16B). 
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Figure 16. TIP decreases UV-induced MMP-1 expression in human skin.  

TIP (25 µL of 1 mM, 1 time) was applied to the buttock skin of human 

immediately after single UV (140-180 mJ/cm2) irradiation. Buttock skin 

of each subject was obtained at 24 hours after UV-irradiation.  

The effect of TIP and also palmitoyl acid TIP (PA-TIP) on UV-induced 

MMP-1 protein level was assessed by Western blotting. The bands shown 

are representative of their respective groups. Each level of MMP-1 

protein was normalized to that of the corresponding β-actin, and their 

mean values ± SE are shown as bar graphs (Fig. 16A, lower panels). 

*P<0.05 versus non-exposed vehicle-treated control skin, #P<0.05 versus 
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UV-exposed vehicle-treated skin (n = 8). IL-1β mRNA expression was 

assessed by quantitative real-time RT-PCR analysis. The mRNA 

expression level of IL-1β was normalized versus that of the corresponding 

36B4. Results are expressed as mean values ± SE. (Fig. 16B) *P<0.05 

versus non-exposed vehicle-treated control mice, #P<0.05 versus UV-

exposed vehicle-treated mice (n = 8)  
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DISCUSSION 

TRPV1 channel is a non-specific cation channel belonging to TRP family, 

which is activated by capsaicin and plays a role as a membrane protein to 

form membrane potential by calcium influx to send a stimulus to nerve 

system. The activation of TRPV1 is regulated by different pathways, 

which is exemplified by phosphorylation/dephosphorylation, including 

PKA, PKC, Ca2+/calmodulin-dependent protein kinase (CaMKII), and 

Src kinase [74]. In addition, it was also suggested that TRPV1 regulates 

the heat- and ultraviolet (UV)-induced matrix metalloproteinases-1 

(MMP-1) expression in human keratinocytes in vitro. Also, the expression 

level of TRPV1 proteins was increased by heat and UV stimulus in 

human skin in vivo. TRPV1 expression was increased in the photoaged 

(forearm) skin of the elderly compared to their sun-protected skin. 

However, little is known about the initial mechanism of UV-induced 

TRPV1’s activation. Based on these functional roles about basal 

mechanism of TRPV1 after photo-stimulus, TRPV1 could be a novel 

target for anti-skin aging. In this study, I found that the TIP can act as a 

novel blocker for anti-skin aging, which mimics the activation sites in 

TRPV1 and competes with endogeneous TRPV1 (data not shown). These 

peptides correspond to the peptide sequences including 5 to 9 amino acids 

including Thr705 residue of TRPV1 phosphorylated by PKC and CaMKII 

(Fig. 7). Among them, the TRPV1 inhibitory peptide (TIP) could prevent 
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TRPV1 activation very effectively.  

Since the C-terminal activation site (Thr705) of TRPV1 sequences is 

localized in cytosol, TIP is able to play a blocking role when it is localized 

in cell cytosol. To confirm whether this peptide composed of 9 amino acid 

sequences could enter through cell membrane, FITC-linked peptide 

(FITC-TIP) was made. And I observed that TIP was able to go through 

cell membrane, which was independent of UV-irradiation (Fig. 12). This 

result suggests that the length of TIP (9 amino acids) are not too long to 

go through cell membrane [85, 86]. 

Our previous study showed that various TRPV1 blockers, such as 

capsazepine, 5’-iodoresiniferatoxin (I-RTX), and ruthenium red, can 

inhibit heat or UV responses in HaCaT cells [122]. Especially, the well-

known TRPV1 blocker, 5’ iodoresiniferotoxin (I-RTX), can inhibit UV-

induced responses in a mouse model. Nevertheless, these blockers may 

not be safe enough to use in human skin, since these known inhibitors 

may be toxic or not be only specific to TRPV1 signaling. The sequence of 

TIP used in this study is 100% specific to TRPV1 [Blast: 

4WX2UKT001R], so it cannot be excluded that TIP may affect on the 

PKC or CAMK signaling pathway. Moreover, peptides are considered to 

be very safe for human use [86, 123, 124]. 

If TRPV1 channel is activated, many amino acids such as tyrosine, serine, 

http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&RID=4WX2UKT001R
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and threonine were phosphorylated [74]. Since TIP targets phospho-

threonine705 of TRPV1, it is necessary to confirm that TIP could inhibit 

the TRPV1 phosphorylation; Therefore as a further study, it should be 

investigated that the phosphorylation of threonine705 of TRPV1 is blocked 

by TIP. In this study, I examined the inhibitory effect of TIP indirectly.  

I confirmed the effect of TIP to block the activation of TRPV1 by 

measuring calcium influx. In a previous study, our group has shown that 

calcium influx through TRPV1 plays a significant role in UV-induced 

downstream signaling, leading to MMP and pro-inflammatory cytokine 

expressions [37]. Since excessive amount of TIPs may inhibit 

phosphorylation of TRPV1, it may block the activation of endogeneous 

TRPV1, which makes TRPV1 channel open and calcium influxed. 

Therefore the inhibition of calcium influx by TIP could block efficiently 

the downstream signaling resulting in expressions of MMPs or pro-

inflammatory cytokines.  

Based on this effective inhibition of TIP in UV-induced responses from 

cell to mouse skin, TIP could be a potent blocker in UV-induced skin 

damage and may provide an effective therapeutic method for 

counteracting photoaging.  
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Chapter III. 

Microarray analysis reveals the 

increased expression of nervous 

system-related genes in the aged 

human skin. 
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ABSTRACT 

There are several nerve fibers in the skin. These nerve fibers may be 

regulated and changed by aging process. Several factors including 

neuronal growth factor (NGF) or brain-derived neurotrophic factor 

(BDNF) regulate neuronal outgrowth, and these nerve fibers play very 

important roles related with sensor, motor, pain, and various diseases. 

The nerve fibers are affected and changed by intrinsic aging. However, 

aging-related changes of nerve fibers in the skin are not fully understood. 

To detect and characterize the nervous system-related genes, 

transcriptome analysis using young and aged human skin was performed, 

and 23 nervous system-related differentially expressed genes were 

identified in the aged skin. Among those 23 genes, 6 nervous system 

related-genes were validated, (neurexophilin 3, small EDRK-rich factor 

1A (telomeric) (small EDRK), neuropeptide Y receptor Y2 (NPY2R2), 

angiotensin II receptor, type 2 (ANG2R2), regulating synaptic membrane 

exocytosis 3 (RIMS3), and complexin 1) were increased in the aged skin. 

Additionally other well-known neuronal outgrowth factors (BDNF and 

NGF) and neurofilaments including neurofilament heavy chain (NF200), 

neurofilament light chain (NF68), and well-known neurofilament marker 

protein (PGP9.5.) were also increased in the aged skin.  
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I focused on tachychinin precursor 1 (TAC1) gene, from which substance 

P is expressed by alternative spicing. Substance P induces itch as a down 

signaling factor of TRPV1 in skin. The mRNA expression of substance P 

was significantly increased in the aged skin, and the receptor of substance 

P, neurokinin 1 receptor (NK1R) was also increased in fibroblasts from 

the aged skin. These results suggest that substance P may be a crucial 

factor in the development of senile pruritus.  

Taken together, these data may provide a novel insight into the changes 

of nervous system related genes by aging. 

 

---------------------------------------------------------------------------------------------- 

Keywords: intrinsic skin aging, neuronal outgrowth factors, substance P, 

senile pruritus 
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MATERIALS AND METHODS 

Materials 

Capsaicin (M2028), anti-neurofilament light chain antibody (NF68, 

N5139), and anti-neurofilament heavy chain antibody (NF200, N4142) 

were purchased from Sigma Aldrich (St. Louis, MO). Rabbit polyclonal 

antibody against cannabinoid receptor 1 (CB1R, ab23703) and rabbit 

polyclonal antibody against cannabinoid receptor 2 (CB2R, ab3561) were 

supplied by abcam (Cambridge, UK). Goat polyclonal antibody against 

TRPV1 (sc-12498) and Goat polyclonal antibody against actin (sc-1616) 

were supplied by Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit 

polyclonal antibody against PGP 9.5 (neurofilament marker, ADI-905-

520-1) was purchased from ENZO Life Science (Farmingdale, NY, USA). 

Mounting solution with DAPI (VECTASHIELD Mounting Media for 

Fluorescence, H1200) was acquired from VECTOR Laboratories 

(Burlingame, CA). Donkey anti-goat IgG Alexa Fluor® 488 (A11055), 

and goat anti-rabbit IgG Alexa Fluor® 594 (A-11012) were acquired 

from Life technologies (Rockville, MD). The cell culture media and 

antibiotics were purchased from Life Technologies (Rockville, MD). Fetal 

bovine serum (FBS) was obtained from Hyclone (Logan, UT).  
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Methods 

1. Cell culture and treatments  

Human dermal fibroblasts, isolated from young and aged buttock skins, 

and the immortalized human keratinocytes cell line, HaCaT, were 

cultured in DMEM supplemented with glutamine (2 mM), penicillin 

(400 U/ml), streptomycin (50 mg/ml), and 10% FBS in a humidified 5% 

CO2 atmosphere at 37 °C. Cultured human dermal fibroblasts were used 

at passages 6–10 for the experiments. For treatment of capsaicin desolved 

in DMSO, HaCaT cells were cultured to 80% confluence and then 

starved in DMEM containing 0% FBS for 24 hours. After treatment, cells 

were further incubated in the culture media containing at the indicated 

concentrations.  

2. Human skin samples  

Young Koreans (age range 20–35 years, n=13) and elderly Koreans (age 

range 71–90 years, n=13) without current or prior skin disease provided 

either upper-inner arm or buttock skin. Either 6-mm punch biopsy 

specimens were obtained from sun-protected upper-inner arm or buttock 

skin. This study was approved by the Institutional Review Board at the 

Seoul National University Hospital, and all subjects provided written 

informed consent. 
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3.  Microarray analysis 

The young and aged buttock skin samples were obtained from four 

patients by shave biopsy and isolated with dermal skin. The isolated and 

purified cRNA from each tissue was labelled according to the 

manufacturer’s recommendations and hybridized on to Affymetrix 

Human U133 Plus 2.0 arrays (Affymetrix, Santa Clara, CA, U.S.A.), 

which cover 47400 transcripts and 38500 genes across the entire human 

genome. CEL files produced by GeneChip Operating System (Affymetrix) 

were imported to Affymetrix Expression Console Software (version 1.1.2) 

using a Microarray Suite 5 (MAS5) normalization preprocessor. 

I filtered out probe sets with normalized values in all samples exhibiting 

< 20% intensity. Then, along with filtering by detection calls, pairwise 

comparisons between the young and aged skin were carried out to 

identify nervous system related genes (usually up-regulated, with twofold 

or greater changes in expression). The dataset is accessible in Gene 

Expression Omnibus (GEO series accession number GSE22998). 

4. Western blot analysis 

In order to measure protein level of CB1R, CB2R, NF 68, NF 200, PGP 

9.5 in human skin, after skin samples were obtained from each subject by 

punch biopsy, the samples were incubated at 58°C for 2 minutes in 

phosphate-buffered saline (PBS), and epidermis and dermis were 



 

 

97 

 

separated with forceps. Skin samples were homogenized and extracted 

with lysis buffer containing 50 mm Tris–HCl (pH 7.4), 1% Triton X-100, 

150 mm NaCl, 1 mm EDTA, 1 mm EGTA, 10 μg⁄ml aprotinin, 10 μg⁄ml 

leupeptin, 5 mm phenylmethylsulphonyl fluoride and 1 mm dithiothreitol. 

The protein content was determined using Bradford reagent (Bio-Rad, 

Hercules, CA, USA). Equal amounts (40 μg) of the protein samples were 

fractionated, transferred and analysed by Western blotting using each 

antibody. As a control, the corresponding β-actin levels were determined 

in the same cell lysates using the antibody for β-actin (Santa Cruz 

Biotechnology, SantaCruz, CA, USA).  

5. Quantitative real-time RT-PCR 

In order to measure mRNA of neurexophilin 3, small EDRK-rich factor 

1A (telomeric) (small EDRK), neuropeptide Y receptor Y2 (NPY2R2), 

angiotensin II receptor, type 2 (ANG2R2), regulating synaptic membrane 

exocytosis 3 (RIMS3), complexin 1, and tachykinin, precursor 1 

(substance P, SP), brain-derived neurotrophic factor (BDNF), nerve 

growth factor (NGF), cannabinoid receptor 1 and 2 (CB1R, CB2R),  

short and long form of neurokinin 1 receptor (NK1R), and TRPV1 in 

human, skin samples were obtained from each subject by punch biopsy, 

the samples were incubated at 58°C for 2 minutes in PBS and epidermis 

and dermis were separated with forceps. Total RNA was prepared from 

skin tissue using Trizol reagent according to the manufacturer’s protocol 
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(Life Technologies, Rockville, MD, USA). The isolated RNA samples were 

electrophoresed in 1% agarose gels to assess the quality and quantity. 

One microgram of total RNA was used in a 20-μL first-strand cDNA 

synthesis reaction using a first-strand cDNA synthesis kit for RT-PCR 

according to the manufacturer’s instructions (MBI Fermentas, Vilnius, 

Lithuania). For quantitative estimation of mRNA expression, PCR was 

performed on a 7500 Real-time PCR System (Applied Biosystems, Foster 

City, CA) using the SYBR Premix Ex TaqTM (Takara Bio Inc., Shiga, 

Japan), according to the manufacturer’s instructions. Primers used were 

indicated in Table 2. PCR conditions were 50°C for 2 minutes, 95°C for 2 

minutes, followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 

minutes. Data were analyzed using the 2-∆∆CT method [29]; data were 

presented as the fold in gene expression normalized to 36B4. 

 

6. Immunofluorescence 

For immunofluorescence staining, human dermal fibroblasts were seeded 

in 4-well chamber slides (Falcon, BD Biosciences, Bedford, MA) with 1.5 

x 104 cells per well and incubated for 48 hours. Cells were fixed in 4% 

paraformaldehyde in phosphate-buffered saline (PBS) for 30 minutes. 

Fixed cells were blocked with blocking solution (10% goat serum, 0.5% 

gelatin and 0.1% Triton X-100 in PBS) for 30 minutes and then 
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incubated with rabbit polyclonal antibody against CB1R diluted with 

blocking solution for overnight. The primary antibody treated cells were 

washed 3 times with PBS and incubated with fluorescein-conjugated 

secondary antibodies (Alexa Fluor®) diluted in blocking solution for 1 

hour. Subsequently, the coverslips were mounted onto slides. Cells were 

observed under the fluorescence microscope (Carl Zeiss, Jena, Germany). 

Specimens were visualized with 405, 488, 545 nm lasers 

For immunofluorescent staining of human skin, the biopsy samples were 

fixed in 10% buffered formaldehyde for 24 hours and embedded in 

paraffin wax. Sections (4 μm) were cut from the buttock skin specimens. 

After being deparaffinized in xylene, samples were dehydrated through a 

descending gradient of ethanol. After several washes in PBS, the 

endogenous peroxidase activity was quenched using 3% hydrogen 

peroxide for 6 minutes. The sections were then blocked with blocking 

solution (Zymed) for 30 minutes, then washed and incubated with the 

primary goat polyclonal antibody against TRPV1 in a humidified 

chamber at 4°C for 18 hours. After washing in PBS, the sections were 

incubated with secondary donkey anti-goat IgG Alexa Fluor® 488 for 1 

hour at room temperature. The nuclei were counterstained by DAPI 

staining. All the sections were examined immediately and photographed 

with a Zeiss LSM 510 META confocal laser scanning microscope (Zeiss, 

Yena, Germany) 
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Table 2. Primer sequences for human genes for quantitative real-time 

PCR. 

 



 

 

101 

 

RESULTS 

Nervous system-related genes are increased in the old 

human skin. 

To identify the significant factors and to find various unexpected targets 

involved in intrinsic skin aging, a microarray analysis was performed 

using buttock dermal skin tissues obtained from the young and the aged. 

(9 subjects in each group, aged of 20-33 years and 71-90 years, 

respectively) Using the filtering criteria described on Materials and 

methods, 23 nervous system-related genes in the aged dermal skin were 

up-regulated as compared to the young dermal skin. They are 

neuropeptide Y receptor Y2, neuromedin U receptor 2, mab-21-like 2 (C. 

elegans), angiotensin II receptor, type 2, regulating synaptic membrane 

exocytosis 3, cerebellin 1 precursor, translocase of inner mitochondrial 

membrane 8 homolog A (yeast), complexin 1, Cysteine rich 

transmembrane BMP regulator 1 (chordin-like), Sortilin-related VPS10 

domain containing receptor 1, Down syndrome cell adhesion molecule, 

leucine-rich repeats and calponin homology (CH) domain containing 4, 

Synaptosomal-associated protein, 25 kDa, Solute carrier family 6, 

member 16, Baculoviral IAP repeat-containing 1, contactin 2 (axonal), 

neurexophilin 3, synapsin II, Small EDRK-rich factor 1A (telomeric), 

amyloid beta (A4) precursor protein-binding, family A, member 2 (X11-
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like), Spectrin repeat containing, nuclear envelope 2, tachykinin, 

precursor 1 (alternatively transcribed with substance K, substance P, 

neurokinin 1, neurokinin 2, neuromedin L, neurokinin alpha, 

neuropeptide K, neuropeptide gamma), and Atrophinatrophin 1. These 

genes were increased in the old dermal skin with two-fold or greater 

changes in expression, as compared with the young dermal skin. (Table. 3) 

To validate the microarray data, quantitative real-time RT-PCR analysis 

of these upregulated 23 genes was performed, and the mRNA level of 6 

targets was found to be increased in the old skin. The mRNA levels of 

neurexophilin 3, regulating synaptic membrane exocytosis 3 (RIMS3), 

small EDRK-rich factor 1A (telomeric) (small EDRK), neuropeptide Y 

receptor Y2 (NPY2R2), complexin 1, and angiotensin II receptor, type 2 

(ANG2R2) were increased in the old skin (114.3±27.2%, 118.1±20.5%, 

146.9±20.5%, 134.9±34.4%, 230.0±93.9%, 264.6±70.5% of the young skin, 

respectively; n=9, Fig. 17A). Two genes including spectrin and celebelin 

were increased in the old skin, albeit not significant (Fig. 17A). 

Quantitative real-time RT-PCR analysis of the genes in the old dermal 

skin was also performed, and the mRNA levels of 7 targets were increased 

similarly in the old dermal skin. The mRNA levels of neurexophilin 3, 

small EDRK-rich factor 1A (telomeric) (small EDRK), neuropeptide Y 

receptor Y2 (NPY2R2), angiotensin II receptor, type 2 (ANG2R2), 

regulating synaptic membrane exocytosis 3 (RIMS3), and complexin 1 
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were increased in the old skin (165.1±70.6%, 173.5±10.7%, 280.0±121.1%, 

299.2±120.7%, 360.0±178.1%, 784.5±426.3% of the young skin, 

respectively; n=4, Fig. 17B). Two genes including celebelin and spectrin 

were increased in the old skin, albeit not significant (Fig. 17B). 

Additionally, the mRNA level of tachykinin, precursor 1 (substance P, SP) 

was also increased in the old dermal skin (423.0±154.5% of the young 

skin, n=4, Fig. 30B).
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Table 3. Nervous system-related genes are increased in the old human 

skin. 
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The young and aged buttock skin samples were biopsied and dermal skin 

regions were isolated (n=4). The isolated and purified cRNA from each 

tissue was labelled according to the manufacturer’s recommendations 

and hybridized on to Affymetrix Human U133 Plus 2.0 arrays 

(Affymetrix, Santa Clara, CA, U.S.A.). I filtered out probe sets with 

normalized values in all samples exhibiting < 20% intensity, and then, 

along with filtering by detection calls, pairwise comparisons between the 

young dermal skin and the old dermal skin were carried out to identify 

nervous system-related genes with two-fold or greater changes in 

expression.  
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Figure 17. The increased expression of nervous-system related genes in 

the young and aged human skin in vivo.  
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For validation of microarray analysis, 23 selected genes differentially 

expressed in young and old skin, the mRNA levels were measured by 

real-time reverse transcription–polymerase chain reaction (RT-PCR) 

(Fig. 17A). Each level of mRNA was normalized versus that of the 

corresponding 36B4 mRNA. Results are expressed as mean values ± SE. 

*P < 0.05 versus the young group.   

Total RNAs were isolated from young and old dermal skin were 

subjected to microarray analysis. The mRNA levels were measured by 

real-time RT-PCR  (DY: dermal skin of the young, DO: dermal skin of 

the aged, Fig. 17B). Each level of mRNA was normalized versus that of 

the corresponding 36B4 mRNA. Results are expressed as mean values ± 

SE. *P < 0.05 versus the young group.   
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The neuronal outgrowth factors are increased in the old 

human skin. 

To confirm that the aging process is related to neuronal outgrowth in 

skin, I investigated the changes in the mRNA and protein expressions of 

several neuronal outgrowth factors caused by intrinsic aging. I compared 

the expression of several targets well-known as neuronal outgrowth 

factors in the young and aged buttock skin. In the naturally-aged buttock 

skin of the elderly, the mRNA expression of brain-derived neurotrophic 

factor (BDNF) and nerve growth factor (NGF) were higher than in the 

buttock skin of young people (130.4 ± 38.6%, 226.4 ± 39.3% of the young 

skin, respectively, n = 9, Fig. 18A). To be more specific, I isolated the 

dermal skin region in the young and aged buttock skin, and found more 

prominent increase in neuronal outgrowth factors in the old dermal skin. 

The mRNA levels of brain-derived neurotrophic factor (BDNF), nerve 

growth factor (NGF), and cannabinoid receptor 1 and 2 (CB1R, CB2R) 

were increased in the old dermal skin (165.1 ± 35.3%, 202.4 ± 43.8%, 

166.1 ± 52.9%, 196.4 ± 96.8% of the young skin, respectively, n = 4) (Fig. 

18B). The mRNA levels of CB1R and CB2R were also increased in the 

primary cultured fibroblasts from the young and old buttock skin (133.2 

± 9.6%, 339.0 ± 70.6% of the young skin, respectively, n = 6, Fig. 18C).   
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The aged buttock skin of the elderly showed an increase in CB1R and 

CB2R protein expression compared to the young buttock skin as shown 

by Western blotting (n=4, Fig. 18D), and the protein expression of CB1R 

was also increased in the aged buttock dermal skin (n=4, Fig. 18E). 

Additionally, the immunofluorescence staining in the primary cultured 

fibroblasts from the young and aged buttock skin showed an increased 

expression of CB1R protein (n=3, Fig. 18F).  
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Figure 18. The neuronal outgrowth factors are incresed in the young and 

aged human skin in vivo.  

The buttock skin of young (20 to 35-years old) and elderly subjects (72 to 

89-years old) was obtained as described in Materials and methods. The 

mRNA levels of BDNF and NGF of the young and aged buttock skin were 

measured by real-time reverse transcription–polymerase chain reaction 
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(RT-PCR). Each level of mRNA was normalized versus that of the 

corresponding 36B4 mRNA. Results are expressed as mean values ± SE. 

*P < 0.05 versus the young group. (n = 9, Fig. 18A). The mRNA levels of 

BDNF, NGF, CB1R, and CB2R of the isolated young and aged buttock 

dermal skin were measured by real-time RT-PCR. Each level of mRNA 

was normalized versus that of the corresponding 36B4 mRNA. Results 

are expressed as mean values ± SE. *P < 0.05 versus the young group. (n = 

4, DY: dermal skin of the young, DO: dermal skin of the aged, Fig. 18B). 

Primary fibroblasts were isolated from buttock skin of young (20 to 35-

years old) and elderly subjects (72 to 89-years old). The mRNA levels 

CB1R and CB2R of fibroblasts from the young and aged buttock skin 

were quantitated by real-time RT-PCR. Each level of mRNA was 

normalized versus that of the corresponding 36B4 mRNA. Results are 

expressed as mean values ± SE. *P < 0.05 versus the young group. (n = 9, 

Fig. 18C). CB1R and CB2R protein of the young and aged buttock skin 

were observed by Western blotting. The bands shown are representative 

of their respective groups. (Fig. 18D). The CB1R protein of the isolated 

young and aged buttock dermal skin was determined by Western blotting. 

The bands shown are representative of their respective groups. (Fig. 18E). 

CB1R expression was increased in the fibroblasts isolated from the old 

skin. The primary fibroblasts were cultured from buttock skin of young 

(20 to 35-years old, the upper figures, Fig. 18F) and elderly subjects (72 
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to 89-years old, the lower figures, Fig. 18F). The fibroblasts were fixed 

and stained using aan anti-CB1R antibody (red, Fig. 18F). Nuclei were 

counterstained with 4',6-diamidino-2-phenylindole (DAPI, blue). HaCaT 

cells were photographed with a Zeiss LSM 510 META confocal laser-

scanning microscope (Zeiss, Yena, Germany) (n=5, Fig. 18F).  
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The expressions of neurofilaments are increased in the 

old human skin. 

Based on these data, to confirm that neurofilament expression is affected 

by aging process in skin, I investigated the changes in the expression level 

of neurofilaments in the young and aged skin. In the naturally-aged 

buttock skin of the elderly, the mRNA expression of ubiquitin carboxy-

terminal hydrolase L1 (UCHL1), known as a neurofilament marker, was 

higher than in the buttock skin of young people (167.7 ± 44.6% of the 

young skin, n = 9, Fig. 19A). I also investigated the expression of 

neurofilaments using Western blotting with several neurofilament 

markers or antibodies. The Western blotting results showed an increase 

of nerufilamentneurofilament heavy chain antibody (NF200), 

neurofilament light chain (NF68), and a well-known neurofilament 

marker (PGP 9.5) protein expression in the elderly skin compared to the 

young buttock skin (n=4, Fig. 19B), and all of these protein expression 

was also increased in the aged buttock dermal skin (n=4, Fig. 19C). 
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Figure 19. The neurofilaments are incresed in the young and aged human 

skin in vivo.  

The buttock skin of young (20 to 35-years old) and elderly subjects (72 to 

89-years old) was biopsied as described in Materials and methods. The 

mRNA levels UCHL1 of the young and aged buttock skin were measured 

by real-time RT-PCR. Each level of mRNA was normalized versus that of 

the corresponding 36B4 mRNA. Results are expressed as mean values ± 
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SE. *P < 0.05 versus the young group (n = 9, Fig. 19A). The protein levels 

of 200 kDa of neurofilament heavy chain (NF 200), 68 kDa of 

neurofilament light chain (NF 68), and neurofilament marker PGP 9.5 

from the young and aged buttock skin were observed by Western blotting. 

(n = 4, Fig. 19B, 19C).  
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TRPV1 are increased in the aged human skin in vivo, and 

mRNA level of the itch-related factors including 

substance P and the receptor of substance P (NK1R) are 

increased.  

TRPV1 signaling is involved in itch as followed by the release of 

substance P from c-fiber, which is recently studied as another cause of 

itch apart from histamine-induced signaling [50]. Moreover, according to 

the previous study, the expression of TRPV1 is increased in the aged skin 

compared to the young skin [37]. Thus I investigated whether TRPV1-

induced itch signaling is related to the aging process.  

I investigated the changes in the mRNA and protein expressions of 

TRPV1-induced itch signaling molecules caused by intrinsic aging. I 

compared the expression of neurokinin 1 receptor (NK1R), known as 

substance P receptor, in the young and aged buttock skin. In the 

naturally-aged buttock skin of the elderly, the mRNA expressions of 

NK1R and TRPV1 were higher than those in the buttock skin of the 

young (132.1 ± 17.9%, 137.9 ± 29.0% of the young skin, respectively, n = 

9, Fig. 20A). To be more specific, the dermal skin was isolated in the 

young and aged buttock skin, and TRPV1-induced itch signaling 

molecules were found to be more increased in the old dermal skin. The 

mRNA levels of the short form and long form of NK1R, TRPV1, and 
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substance P were increased in the old dermal skin (237.6 ± 89.3%, 203.7 ± 

36.0%, 225.1 ± 63.2%, 433.0 ± 154.5% of the young skin,  respectively, n 

= 4, Fig. 20B). The mRNA levels of the short form and long form of 

NK1R were also increased in the primarily-cultured fibroblasts from the 

young and old buttock skin (213.4 ± 43.2%, 615.9 ± 0.9% of the young 

skin, respectively, n = 6, Fig. 20C). 

The buttock skin of the elderly showed an increase in TRPV1 as reported 

in the previous study (Fig. 20D), and the protein expression of TRPV1 

was also increased in both aged buttock dermal skin as well as the aged 

buttock skin (n=4, Fig. 20E, 20F).  

Additionally, I investigated whether the receptor of substance P, NK1R is 

increased by TRPV1 activation. HaCaT cells were pretreated with 

TRPV1 agonist, capsaicin for 30 minutes, then the culture dishes were 

incubated for 48 hours. Quantitative real-time RT-PCR analysis showed 

an increase in NK1R mRNA in a dose-dependent manner. Both 20 and 30 

μM of capsaicin induced the expression of NK1R (431.7±50.1%, 

397.6±49.1% of the control group, n=3, Fig. 20G).  
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Figure 20. TRPV1 are increased in the aged human skin in vivo, and 

mRNA level of the itch-related factors including substance P and the 

receptor of substance P (NK1R) are increased.   
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The buttock skin of young (20 to 35-years old) and elderly subjects (72 to 

89-years old) was biopsied as described in Materials and methods. The 

mRNA levels of short form of NK1R and TRPV1 of the young and aged 

buttock skin were measured by real-time RT-PCR. Each level of mRNA 

was normalized versus that of the corresponding 36B4 mRNA. Results 

are expressed as mean values ± SE. *P < 0.05 versus the young group (n = 

9, Fig. 20A). The mRNA levels of short form and long from of NK1R, 

TRPV1, and substance P of the separated young and aged buttock 

dermal skin were measured by real-time RT-PCR. Each level of mRNA 

was normalized versus that of the corresponding 36B4 mRNA. Results 

are expressed as mean values ± SE. *P < 0.05 versus the young group (n = 

9, DY: dermal skin of the young, DO: dermal skin of the aged, Fig. 20B). 

The fibroblasts were primary cultured from buttock skin of young (20 to 

35-years old) and elderly subjects (72 to 89-years old) was biopsied as 

described in Materials and methods. The mRNA levels of short form and 

long from of NK1R in fibroblasts from the young and aged buttock skin 

were measured by real-time RT-PCR. Each level of mRNA was 

normalized versus that of the corresponding 36B4 mRNA. Results are 

expressed as mean values ± SE. *P < 0.05 versus the young group  (n = 9, 

Fig. 20C). The TRPV1 protein was immuno-stained using a rabbit-

polyclonal antibody against TRPV1 in young and aged sun-protected 

upper-inner arm skin in vivo (Fig. 20D). The protein levels of TRPV1 

from the isolated young and aged buttock skin or the young and aged 
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buttock dermal skin were observed by Western blotting (n = 4, Fig. 20E, 

20F). HaCaT cells were cultured in 60 mm dish. Culture media was 

changed with serum-free media and incubated for 24 hours. After 

pretreatment with the TRPV1 agonist, capsaicin, for 30 minutes, the 

cultured HaCaT cells incubated for 48 hours with fresh media containing 

capsaicin. The mRNA level of NK1R was measured by real-time RT-PCR. 

The mRNA was normalized versus that of the corresponding 36B4 mRNA 

(n=3, Fig. 20G). Results are expressed as mean values ± SE. *P < 0.05 

versus the control group. 
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DISCUSSION 

TRPV1 channel is expressed not only in neuronal cells in the brain, but 

also in keratinocytes in the epidermis, and there are a sophisticated 

network of nerve fibers in the skin. These nerve fibers may be regulated 

and changed by aging process. Several factors including nerve growth 

factor (NGF) or brain-derived neurotrophic factor (BDNF) regulate 

neuronal outgrowth, and these nerve fibers play very important roles 

related with sensor, motor, pain, and various neuronal diseases [44, 46, 

49, 125, 126]. The nerve fibers are affected and changed by intrinsic 

aging. However, the aging-related changes of nerve fibers in the skin are 

not fully understood.  

In this study, I provided that neuronal growth factors including NGF and 

BDNF were increased in the aged skin. And well-known other 

neurogenesis factors cannabinoid receptor 1 and 2 were also increased in 

the aged people. These results imply that adult neurogenesis is caused by 

aging process in skin as a complementary system for the attenuated 

sensing.  

In this study, neurofilament light chain (NF 68) and neurofilament heavy 

chain (NF 200) were also increased in the aged skin. And I confirmed this 

neurofilament increase in the aged skin by showing that another 

neurofilament marker, PGP 9.5 was increased in the aged skin. As 
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further study, it is need to identify the mechanism or cause of adult 

neurogenesis in skin. 

Our group identified 23 differentially-expressed, nervous system-related 

genes in the aged skin. Among those 23 genes, 6 nervous system related 

genes were validated. Other genes seemed to be increased also, therefore 

they thought to be increased significantly by increasing the number of 

samples. Since the 6 nervous system-related genes were not well studied 

yet, therefore finding out the function or role of the genes in human skin 

can be valuable things.  

The aged skin exhibited an increased expression of other well-known 

neuronal outgrowth factors such as tachychinin precursor 1 (TAC1) gene, 

from which substance P is expressed by alternative spicing [38, 108, 127]. 

Itch, the sensation of desire to scratch is induced by SP. SP, as the most 

potent pruritogenic endogenous peptides, causes the degranulation and 

itch induced by SP is thought to be mediated by its upstream signaling 

molecule, TRPV1 through c-fiber, known as pain sensing neurofilament.  

In this study, the mRNA expression of substance P is increased in the 

aged skin significantly, and the receptor of substance P, neurokinin 1 

receptor (NK1R) is also increased in the old fibroblasts. These results 

imply that senile pruritus may be caused by the increase of substance P 

and its receptor, NK1R in human skin. Although most of the elderly 

people suffer from the senile pruritus, the therapy for senile pruritus is 
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insufficient yet [38, 108, 127]. Therefore these data provides that 

targeting substance P could be a potent strategy for senile pruritus 

treatment. Moreover, since the increased expression level of TRPV1 may 

be a significant factor causing the increase of substance P, TRPV1 could 

be also a potent target in this elderly irritating symptom. In this study, 

our results provide that substance P may be a crucial factor in senile 

pruritus. To confirm this, it is need to compare the expression level of 

substance P, NK1R, or TRPV1 in the skin from normal aged people and 

aged people who are suffered from senile pruritus.  
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국문 초록 

Transient receptor potential vanilloid 1 (TRPV1)는 캡사이신, 열, 

자외선, 산성 pH 등의 물리-화학적 자극에 의해 활성화되는 비선택적 

양이온 채널이다. 신경세포에서 TRPV1 채널 활성화는 세포막 

탈분극과 칼슘유입을 일으켜서 통증자극을 매개하는 것으로 잘 

알려져 있다. TRPV1 채널은 신경 세포뿐만 아니라 각질형성화 

세포에서도 발현된다는 것이 알려져 있으나, 피부에서 TRPV1 

채널의 생리학적 역할에 대한 연구는 부족하다. 최근 우리 

연구실에서는 TRPV1 채널이 피부의 광노화 및 내인성 노화에 

관련됨을 제시한 바 있다. 즉, 열이나 자외선과 같은 피부노화유발 

자극원에 의해 피부세포에서 TRPV1이 활성화될 뿐만 아니라 발현이 

증가됨을 보였다.  

이를 바탕으로 본 연구에서는 TRPV1이 자외선에 의해 활성화되는 

신호기전을 조사하였고, 자외선에 의하여 TRPV1의 세포질에서 

세포막으로의 이동이 증가하며 이 단계에 Src kinase가 관여함을 인체 

각질형성세포주 (HaCaT)에서 규명하였다. 

또한 TRPV1 채널을 타겟으로 하여 피부노화를 억제할 수 있는 

방안으로서 TRPV1 억제성 펩타이드를 고안하였고, TRPV1 억제성 
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펩타이드가 자외선이나 열에 의한 MMP-1 단백질 및 mRNA의 

발현을 억제함을 HaCaT 세포에서 규명하였다. 실제 생체에서의 

적용가능성을 알아보기 위하여, 무모쥐를 이용하여 TRPV1 억제성 

펩타이드가 자외선에 의한 피부두께 증가 및 MMP-13과 MMP-9의 

발현 및 세포자살을 억제함을 확인하였다. 

마지막으로, TRPV1이 노인 피부에서 증가된다는 선행 결과를 

바탕으로 하여, TRPV1이 원래 발견되었던 신경세포의 관련 

유전자들이 내인성 노화과정에서 피부조직에서도 증가할 가능성을 

조사하였고, 다수의 신경관련 표지단백의 발현 증가를 확인하였다. 

특히 substance P 수용체와 TRPV1의 발현증가는 노인성 소양증에서 

TRPV1이 관여할 가능성을 시사한다. 

이와 같은 연구 결과는 피부에 존재하는 TRPV1 채널이 광노화 및 

내인성 노화를 억제하기 위한 방안 모색에서 중요하고 효과적인 

표적임을 제시한다. 

주요어 : TRPV1, 내인성 노화, 신경세포 관련 유전자, 자외선에 의한 

광노화 반응, TRPV1 억제성 펩타이드, Src kinase 

학 번 : 2010-30603 
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소중한 내 친구들, 서연이, 민희, 지영이, 수진이, 희진이, 선미, 윤이, 

혜인이, 그리고 대화를 나눌수록 힘이 되어주는 지원이, 내 죽마고우 멋진 

커리어 우먼 윤영이, 같은 길을 걷는 귀여운 동창 주은이, 늘 듬직하고 

각자의 자리에서 멋지게 해내고 있는 선영이, 동건이, 상훈이, 또 늘 힘이 

되어준 디사이플 콰이어 가족들, 특히 지영이, 은혜, 유리, 수정이, 지현언니, 

현정언니께도 감사드립니다. 

앞으로도 이 모든 은혜에 힘입어 더욱 성숙하고 뿌리깊은 과학도로서의 

길을 걸어가도록 노력하겠습니다. 다시 한번 박사 학위를 받기까지 

도와주신 모든 분들께 감사드립니다. 
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