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ABSTRACT 

 

Expression Pattern and Role of 

Klotho in Human Hair Follicles 

 

 

Xing-Hai Jin 

Dept. of Medicine 

The Graduate School 

Yonsei University 

 

The klotho gene, known as an “aging-suppressor” gene, increases the 

life span when it is over-expressed but hastens aging when it is disrupted 

in mice. Klotho-deficient mice display a complex phenotype reminiscent 

of human aging, including skin atrophy and hair loss. To date, klotho 

expression has only been detected in a few human tissues and cell lines. 

However, it is unclear whether klotho is expressed in human hair follicles 

and is correlated with hair growth. 

The purpose of the current study was to investigate the expression and 

effects of klotho in human hair follicles, and the functional roles of 
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klotho in human hair growth. 

We examined klotho expression patterns in human hair follicle units 

from young as well as aged donors. Furthermore, we examined the 

functional roles of klotho on human hair growth using klotho siRNA and 

klotho recombinant protein. 

Interestingly, klotho was expressed in human hair follicle units at both 

gene and protein levels. In hair follicles, prominent klotho expression 

was mainly observed in the outermost regions of outer root sheath and 

hair bulb matrix cells. Quantification of klotho protein expression in 

young and aged donors showed that klotho expression decreased with 

aging. In human hair follicle organ culture, klotho silencing promoted 

premature catagen induction and inhibited human hair growth. Klotho 

protein prolonged human hair growth and inhibited transforming growth 

factor- β1 (TGF-β1) induced hair apoptosis. 

These results indicate that klotho might be an important regulatory 

factor for human hair growth and hair cycle change. 

 

                                                          

Keywords: Klotho, Human hair follicle, Hair growth, Hair cycling, 

Transforming growth factor-β1, Apoptosis. 
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I. INTRODUCTION 

Hair provides protective, sensory, and sexual attractiveness attributes 

and is also often used to indicate personal beliefs or social position. 

The word "hair" usually refers to two distinct structures: the hair 

follicle, the part beneath the skin, and the shaft, which grows from hair 

follicle and extends above the skin surface. 

The mature hair follicle is a complex architecture consisting of 

distinct compartments
1
. Lee shows the histology of the human hair 

follicle (Figure 1)
2
. The dermal papilla (DP), located near the center of 

the bulb, is encapsulated by the matrix cells. The matrix cells located in 

the upper portion of the hair bulb exhibit lower mitotic rate than those 

of the lower part and can also further keratinize into: the henle layer of 

the inner root sheath (IRS), the huxley layer of the IRS, the cuticle of 

the IRS, the cuticle of hair, the cortex and the medulla. Hair shaft is 

roughly divided  into three zones: the medulla, the cortex, and the 

cuticle
1
. The medulla portrays an open and chaotic area at the center of 

the fiber, the cortex constitutes majority of the fiber; the cuticle consists 

of several layers of flat cells that surround the cortex. 
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Figure 1. Structure of the hair follicles.  

C, cortex; CH, cuticle of hair; CTS, connect tissue sheath; DP, dermal papilla; IRS, 

inner root sheath; M, medulla; Ma, hair matrix; ORS, outer root sheath and VL, 

glassy vitreous layer. Three layers of IRS: CI, the cuticle of the IRS; Hu, the huxley 

layer of the IRS; and He, the henle layer of the IRS. Adapted from Lee, 2011
2
. 
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The stages of the hair cycle are depicted in Figure 2
3
. Starting from 

the first postnatal anagen, which is the phase of activation and growth 

of the hair follicle, the shaft grows from hair follicle and extends above 

the skin surface. Follicles synchronously progress to the destructive 

(catagen) phase, during which time the lower two-thirds of the follicle 

undergo apoptosis and regression. Anagen could be divided into six 

sub-stages
4
. The human hair follicle anagen stage is generally 3 to 6 

years. Many factors have been demonstrated to involve hair growth 

regulation during the anagen phase. 

Catagen, a period of involution lasting 2 to 4 weeks, is the shortest 

transition phase. During the catagen, the hair follicle rapidly regresses 

due to the apoptosis of the matrix, IRS and outer root sheath (ORS) 

keratinocytes. Subsequently, the lower hair follicle reduces and 

becomes to an epithelial strand, bringing the DP into close proximity 

with the bulge. The DP condenses and moves upward to under the 

bulge region during the catagen phase, coming to rest underneath the 

hair-follicle bulge
5
. By the end of the catagen phase, the follicle does 

not extend deeper than the upper dermis. 

The telogen stage lasts until the next anagen phase begins, generally 

3 months. The human hair follicle stages (anagen, catagen, telogen) 

continuously cycling from birth to death. After the resting telogen 
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phase, a critical threshold of activating factors reaches and the stem 

cells become activated to re-grow the hair
6
. 
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Figure 2. The hair cycle.  

During postnatal life, hair follicle cyclically undergoes three alternating phases of 

rapid growth and hair production (anagen), apoptosis-mediated regression (catagen), 

and relative quiescence (telogen). B, bulge; CTS, connect tissue sheath; DP, dermal 

papilla; EP, Epidermis; HS, hair shaft; IRS, inner root sheath; Ma, matrix; ORS, outer 

root sheath and SB, sebaceous gland. Adapted from Millar, 2002
3
. 
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Many ingredients such as cytokines, hormones, neurotransmitters 

and enzymes have been demonstrated to be involved in the hair cycle 

regulation. These elements play a critical role in controlling the hair 

follicle cycle
7, 8

. 

Among these elements, insulin-like growth factor-1 (IGF-1) plays an 

essential role in regulating hair growth and cycle. In the anagen stage, 

IGF-1 functions as a survival factor in hair follicles, preventing cell 

death
9
. IGF-1, via binding to IGF-1 receptors (IGF-1R) regulates cell 

proliferation, differentiation and survival
10

. IGF-1 has been identified 

as one of the androgen-dependent paracrine growth factors in the DP 

cells
11

. 

During embryogenesis, reproductive and skeletal growth, vascular 

endothelial growth factor (VEGF) plays a pivotal role in the regulation 

of physiological angiogenesis
12

. Vascularization in the hair follicles 

seems to be more closely related to regulation of the hair cycle. VEGF 

is essential for angiogenesis, vascular permeability, hair follicle growth 

and cycling
13

. Transgenic over-expression of VEGF in hair follicle 

epithelial cells strongly induced perifollicular vascularization and has 

led to accelerated hair re-growth
14

. Therefor, VEGF is a major mediator 

of hair follicle growth and cycling. 

The Wnt signaling pathway has also been seen to pivotally regulate 
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the hair follicular growth and development. Till date, 19 Wnt members 

have been identified in mice and humans
15

. They are classified into two 

groups: canonical Wnts and non-canonical Wnts. Wnt3, a member of 

the Wnt gene family, is expressed in developing and mature murine 

hair follicles.The over-expression of Wnt3 in the skin and hair follicles 

of transgenic mice results in short hair and cyclical balding
16

. The DP 

is one site of Wnt/β-catenin signaling. Treatment with Wnt10b (a 

canonical Wnt) results in the accumulation of β-catenin in DP cells of 

cultured hair follicles in vitro
17

. Canonical Wnt signaling through the β-

catenin pathway is required for the hair inducing activity of the DP and 

the maintenance of DP cells in the anagen phase
18, 19

. Moreover, Wnt5a 

is a typical non-canonical Wnt which plays a critical role in the 

regulation of hair shaft growth
20

. 

The transforming growth factor-β1 (TGF-β1) plays an important role 

in the biological cycle of hair. At the end of anagen, the transition of 

actively growing hair follicles into the phase of spontaneous involution 

(catagen) is characterized by the increase of TGF-β1 signaling, which 

drives apoptosis and proliferation arrest of the keratinocytes in the hair 

follicle matrix and epithelial strands
21

. Inui el al. reported that 

androgen-inducible TGF-β1 derived from DP cells is responsible for 

the androgen-induced hair growth inhibition in androgenic alopecia
22, 23

. 
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 Melanocyte stem cells, epithelial stem cells and mesenchymal stem 

cells are three kinds of stem cells present in the hair follicles
24-26

. 

Melanocyte stem cells and epithelial stem cells are mainly distributed 

in the isthmus bulge region. Epithelial stem cells are also detectable in 

the suprabulbar ORS region. Mesenchymal stem cells are mainly 

distributed in the DP and dermal sheath region. Hair follicle formation 

is initiated when melanocyte stem cells and epithelial stem cells receive 

cues from specialized mesenchymal stem cells
27, 28

. 

 Klotho, the anti-aging protein is essential for regulating aging
29

. The 

klotho gene with a size of over 50 kb is present on the chromosome 

13q12 and contains 5 exons and 4 introns
30

. Murine klotho gene 

transcript is about 5.2 kb and that is similar with human
31. Alternative 

splicing of the klotho RNA gives rise to two portions: one secreted 

form and another transmembrane form of klotho protein (Figure 3)
32

. 

The Membrane klotho contains both an intracellular domain and a 

transmembrane domain with a large extracellular domain composed of 

two repeats (KL1 and KL2 domains). Secreted klotho might enter the 

circulation through two pathways: alternative RNA splicing and 

proteolytic cleavage. With alternative RNA splicing, klotho genes can 

directly generate the secreted form of klotho protein. In this process, 

the secreted klotho consists of only the KL1 domain which lacks the 
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KL2, transmembrane and intracellular domains. With proteolytic 

cleavage, the transmembrane form of klotho protein is cleaved and 

released into the circulation system
33

. The extracellular domain of 

klotho is cleaved by ADAM10 and ADAM17, members of the ADAM 

(a disintegrin and metalloproteinase) family, to generate fragments of 

130 and 68 kDa molecular weight
33

. The 130 kDa klotho fragment is 

generated by α-cut, and the 68 kDa fragments by β-cut. 
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Figure 3. Structure of human klotho.  

Membrane klotho consists of a intracellular domain, a transmembrane domain and a 

large extracellular domain composed of two repeats (KL1 and KL2 domains). 

Secreted klotho has two patterns: The shorter form consists of only KL1 domain by 

alternative RNA splicing; and the longer form consists the full extracellular domain of 

membrane klotho by proteolytic cleavage. Adapted from Kuro-o, 2008
32

. 
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The klotho protein has been identified as an aging suppressor in 

mammals, a accelerating aging when disrupted and extending life span 

when over-expressed
32

. Various human aging-like phenotypes have 

been first observed in klotho-deficient mice. Chronic renal failure (CRF) 

patients exhibit the reduced production of klotho protein and this may 

be one of the factors underlying the degenerative processes (e.g., 

arteriosclerosis, osteoporosis, and skin atrophy) seen in CRF
34

.  

In humans klotho is predominantly expressed in the kidney, however, 

presence of klotho has also been detected in the placenta, prostate, and 

small intestines
30

. To date, the expression of human klotho has only 

been partly deciphered. 

Some single nucleotide polymorphisms (SNP) in the human klotho 

gene are associated with altered lifespan, osteoporosis, stroke and 

altered risk for coronary artery disease
35-40

, however the molecular 

mechanism underlying these is obscure. 

Recent studies have revealed multiple functions of klotho protein. 

The transmembrane form of klotho positively binds to the fibroblast 

growth factor (FGF) receptors and also functions as a co-receptor for 

FGF23
41, 42

. The secreted klotho protein also serves as a circulating 

hormone that binds to the cell-surface receptors and represses the 

intracellular signals of IGF-1
43

. 
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Wnt is a secreted factor essential for stem cell proliferation and 

maintenance, and the chronic stimulation of Wnt signaling can lead to 

the rapid exhaustion and depletion of stem cells
44, 45

. Liu et al. reported 

that secreted klotho protein binds to multiple Wnt ligands and inhibits 

their ability to activate Wnt signaling
46

. Klotho-deficient mice showed 

higher Wnt signaling activity than wild type mice, suggesting that the 

continuous activation of Wnt signaling caused by klotho deficiency 

may lead to the senescence of stem cells. 

In recent years, research on klotho has been gradually increasing, 

especially research on the relationship between klotho and aging. 

Mutational studies have stressed on the strong association of klotho 

protein with aging
29, 43

. Particularly, skin atrophy and hair loss have 

been observed as the consequences of these mutations. Histological 

examination of the skin shows that the number of hair follicles was 

reduced. The width of the dermal and epidermal layer was diminished 

and the subcutaneous fat was hardly noticeable
29

. This indicated that 

klotho may act as a modulator in the hair follicle. 

Whether or not klotho is expressed in the human hair follicle has not 

yet been clearly shown. Accordingly, the first objective of the current 

study was to investigate the expression pattern of klotho in human hair 

follicles. 
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Klotho protein plays a pivotal role in regulating aging and functions 

as a circulating hormone that can modulate various biological signaling 

pathways
47

. Klotho binds to a cell-surface receptor and represses the 

intracellular signaling of IGF-1
43

. It was recently reported that the 

extracellular domain of klotho protein binds to multiple Wnt ligands 

and inhibits their ability to activate Wnt signaling
46

. Doi et al. reported 

that a novel function of secreted klotho is to directly bind the type I 

TGF-β receptor (TGF-βRI) and inhibit TGF-β1 binding to cell surface 

receptors, thereby inhibiting TGF-β1 signaling
48

. Most of these growth 

and morphogenetic factors are known to be involved in hair follicle 

biology. However, the mechanisms of hair aging have not been clearly 

identified. Whether klotho is involved in the regulation of hair growth 

and aging is not clearly known. 

The second objective of the current study was to evaluate the effects 

of klotho on human hair growth, to investigate the expression patterns 

of klotho in human hair follicles, and to clarify the molecular 

mechanism of klotho on human hair growth. 
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II. MATERIALS AND METHODS 

2.1 Tissue preparation 

Forty human occipital scalp skin specimens (25 males and 15 

females, aged 21 to 70 years) were collected during hair transplantation 

surgery after informed consent was obtained. Institutional Ethics 

committee of the Yonsei University Wonju College of Medicine 

(YWMR-13-6-053), Wonju, Korea, approved all described studies.  

 

2.2 Isolation and culture of human hair follicle units 

Human hair follicle units (a small piece of scalp skin) in the anagen 

VI stage were isolated and cultured as described previously
49

. Briefly, 

after separation of the epidermis and dermis from the dermo-

subcutaneous interface, anagen hair follicle units were isolated from 

subcutaneous fat using a light microscope (Olympus, Tokyo, Japan). 

Each of the anagen hair follicle units was carefully transferred to a 24-

well plate (Corning, NY, USA) containing 500 μl of William’s E 

medium (Gibco BRL, Gaithersburg, MD, USA) supplemented with 10 

μg/ml insulin (Sigma Aldrich, St Louis, MO, USA), 10 ng/ml 

hydrocortisone (Sigma Aldrich), 2 mM L-glutamine (Gibco BRL), 100 

IU/ml penicillin and 100 μg/ml streptomycin (Gibco BRL). Test groups 
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were treated with serial dose of klotho protein (Catalog No. 5334KL, 

R&D Systems, Minneapolis, MN, USA) or klotho siRNA (Invitrogen, 

Carlsbad, CA, USA) or co-treated with 5ng/ml TGF-β1 (R&D Systems) 

and klotho protein or TGF-βRI inhibitor, SB-431542 (Sigma Aldrich). 

 

2.3 Klotho knockdown 

In hair follicle units organ culture, hair follicle units were transfected 

with human klotho siRNA (Catalog No. s225119, Invitrogen) or 

control siRNA (Catalog No. sc-37007, Santa Cruz Biotechnology, 

Santa Cruz, CA, USA) using the transfection reagent (Santa Cruz 

Biotechnology) at day 0. 

After transfection, hair follicle units were maintained in a 24-well 

plate with 500 μl William’s E medium (Biochrom, Cambridge, UK) 

supplemented with 10 μg/ml insulin (Sigma Aldrich), 10 ng/ml 

hydrocortisone (Sigma Aldrich), 2 mM L-glutamine (Gibco BRL), 100 

IU/ml penicillin and 100 μg/ml streptomycin (Gibco BRL). The 

efficiency of blockage was evaluated by RT-PCR and western blot 

analysis. 
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2.4 Isolation and culture of follicular keratinocyte cells 

(FKCs) 

For culture of FKCs, anagen hair follicles were cut off from the hair 

bulb region, and then the dermal sheaths were removed from the upper 

part of the hair follicles. The hair shafts, including part of the ORS, 

were treated with 0.25% trypsin-EDTA (Invitrogen). The dissociated 

cells were rinsed in Dulbecco’s Modified Eagle’s Medium (Gibco BRL) 

supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA) 

and centrifuged for 5 minutes at 1500 rpm. The cells were then re-

suspended in Eepilife Medium (Cascade Biologics, Portland, OR, 

USA), penicillin (100 IU/ml), and streptomycin (100 μg/ml), seeded 

onto a culture dish, and cultured in an atmosphere of 5% CO2, 95% air 

at 37 °C, in a humidified incubator. Second passage FKCs were used in 

this study. After FKCs were grown to approximately 80% confluence, 

cells were treated with 5 ng/ml TGF-β1 or TGF-β1 plus klotho protein 

(0.1 or 0.5 μg/ml) or SB-431542 (10 μM), a TGF-βRI inhibitor for 1 

day. And then, cytosolic ROS generation, apoptosis and caspase-3 

activation were analyzed. 
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2.5 Measurement of hair follicle length and morphology 

Hair follicle length was defined as the entire length from the base of 

the hair bulb to the tip of the hair shaft using measuring scales attached 

to the objective lens of light microscope (Olympus). Measurements 

were taken at 2 day intervals until the 8
th

 day of cultivation and then 

were statistically analyzed. At the same time, follicle morphology 

(anangen, early catagen, mid catagen and late catagen) was observed 

and the hair cycle score was analyzed as described previously
50, 51

. For 

statistical analysis, anagen VI hair follicles were attributed a score of 

100, hair follicles in early catagen a score of 200, in mid-catagen of 300 

and in late catagen of 400. The sum of scores per group was than 

divided by the number of investigated hair follicle units. 

 

2.6 Semi-quantitative reverse transcription polymerase 

chain reaction (RT-PCR) analysis 

Total RNA was extracted using a TRIzol Reagent (Gibco BRL). The 

concentration of RNA was determined using a U.V. spectrometer at 260 

nm. Aliquots (1.0 μg) of RNA were reverse-transcribed using Moloney 

Murine Leukemia Virus Reverse Transcriptase (Promega, Tokyo, 

Japan). Briefly, RNA samples were incubated at 57 ºC for 10 minutes 

with molecular biology grade water. After chilling on ice, primer 
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extension and reverse transcription was performed by the addition of 

1X RT-buffer, 5 mM MgCl2 solution, 1 mM deoxynucleotide 

triphosphates (dNTPs), 2.5 μM Oligo d(T)16 (Roche, Mannheim, 

Germany) and 2.5 IU/μl MML-V RTase in a total reaction volume of 

20 μl. Samples were then incubated at 42 ºC for 45 minutes before 

storage at -20 ºC. cDNA (1 μl) was then subjected to the following PCR 

cycling program: 94 ºC denaturation for 5 minutes, followed by 33 

cycles of 94 ºC for 30 sec, 59 ºC for 30 sec, 72 ºC for 30 sec, and an 

additional extension for 5 min at 72 ºC. The primers used in this study 

were as follows: human klotho (forward) 5’-

ACTCCCCCAGTCAGGTGGCGGTA-3’, (reverse) 5’-TGGGCCCGG 

GAAACCATTGCTGTC-3’
52

; human GAPDH (forward) 5’-GAAGGT 

GAAGGTCGGAGT-3’, (reverse) 5’-GAAGATGGTGATGGGATTTC 

-3’
53

. PCR products were visualized on a 2% agarose gel (Promega).  

 

2.7 Quantitative real-time PCR 

For quantitative analysis of klotho mRNA expression changes, the 

cultured hair follicle units were transfected with klotho siRNA, and 

real-time PCR was performed on Rotor-Gene
TM

 3000 (Corbett Life 

Science, Sydney, Australia). Briefly, real-time PCR was carried out by 

rapid cycling in a reaction volume of 10 μl. The reaction contained a 
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final concentration of 1x SYBR green PCR Master Mix (Qiagen, 

Hilden, Germany), 10 μM of each primer, and 1μl of template cDNA. 

The primers used for amplifying the respective fragments are listed in 

below: human klotho (forward) 5’-GGTGTCCATTGCCCTAAGCTC-

3’, (reverse) 5’-TCGGTCATTCTTCGAGGATTGA-3’
54

; human 

GAPDH (forward) 5’-ATGTTCGTCATGGGTGTGAA-3’, (reverse) 

5’-GAAGATGGTGATGGGATTTC-3’
55

. The amplification and 

detection were carried out as follows: 95 ºC for 15 minutes followed by 

45 cycles of 95 ºC for 15 sec and 60 ºC for 1 min. GAPDH was used as 

the housekeeping gene. Data were obtained as Ct values (the cycle 

number at which logarithmic PCR plots cross a calculated threshold 

line) according to the manufacturer’s guidelines and used to determine 

ΔCt values (Ct of target gene-Ct of housekeeping gene) as raw data for 

gene expression. The change in gene expression was determined by 

subtracting ΔCt values for pimecrolimus-treated samples from their 

respective controls, the vehicle-treated samples. The resulting ΔΔCt 

values were then used to calculate the changes in gene expression as 2
- 

ΔΔCt
. All reactions were performed in triplicate and expressed as a mean 

of these values from three separate experiments.  
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2.8 Western blot analysis 

Protein samples were isolated using Mammalian Protein Prep Kit 

(Qproteome Mammalian Protein Prep kit; Qiagen), incubated for 30 

minutes on ice, and then centrifuged at 12,000 rpm for 10 minutes to 

remove any insoluble material. Aliquots were taken to quantify total 

lysate protein using the Bradford method. After boiling in sodium 

dodecyl sulfate (SDS) buffer for 5 minutes, samples (30 μg of protein 

per lane) were separated by SDS polyacrylamide gel electrophoresis 

using 8% or 12% acrylamide gel and then transferred (at 100 V for 1.5 

hour) to a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, 

USA). The membrane was blocked with Tris-buffered saline/Tween 20 

containing 5% skim milk for 1 hour, incubated overnight at 4 ºC with 

klotho (Catalog No. ab181373, Abcam, Cambridge, MA, USA), 

caspase-3 (Catalog No. ab13847, Abcam) and β-actin (Catalog No. 

a5441, Sigma Aldrich) antibodies and washed several times with Tris-

buffered saline/Tween 20 containing 5% skim milk. Horseradish-

peroxidase conjugated secondary antibody (Santa Cruz Biotechnology) 

was added and then membranes were incubated for 2 hours at room 

temperature. After intensive washing, the bound antibodies were 

detected by enhanced chemiluminescence (ECL) western blot detection 

reagents (Santa Cruz Biotechnology) on X-ray film.  
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2.9 Immunohistochemical staining 

At least, 10~15 hair follicle units were obtained from each group. 

Hair follicle units were fixed in 10% buffered formaldehyde, pH 7, and 

embedded in paraffin. Serial sections of 5 μm were cut and mounted on 

slides. 

For immunohistochemistry, after deparaffinization and rehydration, 

sections were incubated with peroxidase blocking reagent (Santa Cruz 

Biotechnology) for 30 minutes to block endogenous peroxidase activity. 

After incubation with Ultra V block (Thermo, Fremont, CA, USA) for 

5 minutes at room temperature to block background staining, the 

tissues were incubated with a rabbit monoclonal antibody specific for 

human klotho (dilution 1:200) (Catalog No. ab181373, Abcam) for 3 

hours at room temperature. Antibody binding was detected by means of 

the UltraVision LP detection system (Thermo) according to the 

manufacturer’s recommendations. Color development was done with 3-

3’-diaminobenzidine (Thermo). 
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2.10 Ki-67 staining (analysis of hair follicle keratinocyte 

proliferation) 

For immunofluorescence staining of Ki-67, after deparaffinization 

and rehydration, sections were fixed with 4% paraformaldehyde (Santa 

Cruz Biotechnology) containing 0.1% Triton X-100 (Sigma Aldrich) 

for 10 min and equilibrated in Phosphate-Buffered Saline (Gibco BRL) 

for 15 min at room temperature. After blocking with 4% normal donkey 

serum, sections were incubated with mouse monoclonal Ki-67 antibody 

(Catalog No. ab15580, Abcam) and incubated with Alexa Flour 488 

labeled donkey anti-mouse secondary antibody (Abcam). Fluorescent 

specimens were analyzed by a Leica TCS-SPE confocal microscope 

(Leica Microsystems, Bannockburn, IL, USA). 

 

2.11 Terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) staining (analysis of hair  follicle 

keratinocyte apoptosis) 

TUNEL was performed using the ApopTag Plus peroxidase in situ 

apoptosis detection kit (Millipore, Billerica, MA, USA) according to 

the manufacturer’s instructions. In brief, paraffin sections were digested 

with 20 μg/ml of proteinase K (Millipore) for 15 min at room 
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temperature and reacted with terminal deoxynucleotidyl transferase 

enzyme (Millipore) for 60 min at room temperature. TUNEL-positive 

cells were visualized by an anti-digoxigenin fluorescein antibody. 

Sections were then counterstained with propidium iodide (PI) (Sigma 

Aldrich) and visualized using a Leica TCS-SPE confocal microscope 

(Leica Microsystems). The number of cells positive for TUNEL 

immunoreactivity was counted. 

 

2.12 Measurement of cytosolic reactive oxygen species (ROS) 

generation 

Cytosolic ROS generation was measured using CM-H2DCF (2’-7’ 

dichlorofluorescin) (Molecular Probes, Eugene, OR, USA). The 

diacetate form, CM-H2DCFDA is passively diffuse into the cells where 

non-specific cellular esterases cleave off the lipophilic groups and 

thereby producing a charged compound that is trapped inside the cell. 

H2DCFDA which is a non-fluorescence compound is oxidized in the 

presence of ROS and converted to 2’, 7’ dichlorodihydrofluorescein 

(DCF), which is highly fluorescent. Human keratinocyte cells were 

differentiated on collagen coated coverslips for 7 days at 37 ºC. To 

chech ROS generation, CM-H2DCF was diluted to 5 μM working 

concentration with the same culture media and cells were incubated 
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with tat solution for 20 min at 37 ºC. After 20 min, excess dye was 

washed out using KRB solution containing 5.5 mM glucose. 

Fluorescence intensity was measured by an inverted microscope (IX81, 

Olympus, Tokyo, Japan) equipped with an array lasser confocal 

spinning disk (CSU10, Yokogawa Electric Corporation, Tokyo, Japan). 

The wavelengths for the measurement of DCF fluorescence are 

~492/495 nm for excitation and ~517/527 nm for emission and 

analyzed by using Metamorph 6.1 software package (Molecular 

Devices, Sunnyvale, CA, USA). 

 

2.13 Statistical Analysis 

Data handling and drawing were processed by the SPSS (20.0) 

(SPSS Inc., Chicago, IL, U.S.A) for windows statistical package. 

Statistical analysis was performed using one-way ANOVA followed by 

Dunnett’s multiple comparison tests to compare three or more groups. 

The Student’s t-test was used to compare two different groups. A p- 

value of less than 0.05 was considered to be statistically significant. All 

data are presented as the mean ± standard deviation (SD) of at least 

three separate experiments.  
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III. RESULTS 

3.1 Klotho expresses in human hair follicle units 

The presence of klotho mRNA in human hair follicle units was 

identified by RT-PCR analysis using a specific klotho primer pair. A 

DNA band corresponding to 350 bp was confirmed in human hair 

follicle units (Figure 4A). The human kidney tissue served as the 

positive control
30

, produced a band similar to that in hair follicle units. 

The presence of klotho protein in human hair follicle units was 

identified by western blot analysis using a specific klotho antibody. As 

shown in Figure 4B, klotho protein was also detectable in human hair 

follicle units with the expected molecular weight of 116 kDa. The 

human kidney tissue as the positive control also produced a band 

similar to that in hair follicle units (Figure 4B). 

 

 

 

 

 

 



- 26 - 

 

 

Figure 4. Expression of klotho mRNA and protein in human hair follicle units.  

A, Reverse transcription polymerase chain reaction (RT-PCR) was performed on 

isolated anagen VI stage hair follicle units using a specific klotho primer pair. Human 

kidney tissue was used as a positive control and water (no cDNA) was used as a 

negative control. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as 

an internal control. B, Western blot analysis was performed on isolated anagen VI 

stage hair follicle units using a specific klotho antibody. Human kidney tissue was 

used as a positive control. β-actin was used as a loading control. 
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3.2 Klotho immunoreactivity is detected in the epithelium 

of human skin and hair follicles 

Immnohistochemical staining was performed on the human hair 

follicle units using a polyclonal rabbit antibody against human klotho. 

Klotho immunoreactivity was detected in both anagen hair follicles 

(Figure 5E and 5E’; Figure 5F and 5F’) and extra-follicular structures 

(Figure 5A and 5A’; Figure 5C and 5C’; Figure 5D and 5D’), while 

staining was not detected in negative controls (Figure 5B and 5B’; 

Figure 5G and 5G’). In human skin, klotho expression was mainly 

observed in the epithelial cells (Figure 5A and 5A’). In human hair 

follicles, a specific immunoreactivity for klotho was found in the 

outermost regions of ORS (Figure 5E and 5E’). A moderate 

immunoreactivity for klotho was found in hair matrix and IRS of hair 

follicles (Figure 5F and 5F’). Some klotho positive cells were also 

found in the sebaceous glands (Figure 5C and 5C’) and sweat glands 

(Figure 5D and 5D’). Human kidney tissue, as a positive control, was 

also expressed klotho in the region of distal convoluted tubules (Figure 

5H and 5H’). 
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Figure 5. Immunohistochemical localization of klotho in human hair follicle 

units 

Paraffin sections of human hair follicle units (A-G) and human kidney tissue (H) were 

stained with anti-klotho antibody. Close-up images of boxed regions of A-H were also 

shown in A’-H’. Negative control was performed with normal rabbit IgG instead of 

primary antibody in the sections of human hair follicle units (B and B’; G and G’). 

Positive control was performed with anti-klotho antibody in the sections of human 

kidney tissue (H and H’). DCT, distal convoluted tubules, EP, epidermis; IRS, inner 

root sheath; Ma, hair matrix; ORS, outer root sheath; SB, sebaceous gland; SG, sweat 

gland. (Scale bar = 100 µm) 
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3.3 Klotho expression decreases with aging 

In order to determine aging dependent expression pattern of klotho in 

human hair follicle units, individual hair follicle units (aged from 21 to 

70) were collected, and klotho expression was identified by western 

blot assay and immunohistochemistry. In hair follicle units, klotho 

expression was decreased with aging (Figure 6) and klotho 

immunoreactivity was mainly reduced in the epithelial cells of 

epidermis and ORS (Figure 7). 

 

 

 

 

 

 

 

 

 

 



- 30 - 

 

 

Figure 6. Aging dependent expression pattern of klotho in hair follicle units.  

Western blot analysis was performed on individual human hair follicle units (aged 

form 21 to 70). β-actin was used as a loading control. 
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Figure 7. Klotho location in young and aged hair follicle units.  

Paraffin sections of young (28 y) and old (65 y) human hair follicle units were stained 

with anti-klotho antibody (A-D). Close up images of boxed regions of A-D were also 

shown in A’-D’. A and A’, Klotho immunoreactivity in the epidermis from young 

subject. B and B’, Klotho immunoreactivity in the epidermis from aged subject. C and 

C’, Klotho immunoreactivity in the ORS from young subject.  D and D’, Klotho 

immunoreactivity in the ORS from aged subject. EP, Epidermis; ORS, outer root 

sheath. (Scale bar = 100 µm) 
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3.4 Klotho knockdown is possible in human hair follicle 

units 

We attempted to silence klotho expression in organ-cultured human 

anagen hair follicle units according to previously published methods
50

. 

Klotho gene knockdown was performed by transfection with klotho or 

control siRNA, using lipofectamine. The successful in situ knockdown 

of klotho was documented at the gene and protein levels in organ-

cultured human hair follicle units (Figure 8A and 8B). Klotho mRNA 

expression was found to be significantly (p<0.05) reduced in the klotho 

siRNA treated hair follicle units (23.14 ± 4.61%) when compared with 

untreated or control siRNA (non-targeting siRNA) treated hair follicle 

units (95.33 ± 6.77%) (Figure 8A). The klotho protein expression was 

also markedly reduced in the klotho siRNA treated hair follicle units 

(Figure 8B). 
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Figure 8. Klotho knockdown in human hair follicle units. 

Hair follicle units were trensfected with klotho siRNA (200 nM) or non targeting 

siRNA and then 24 hour later, klotho mRNA and protein expression were analyzed by 

real-time RT-PCR and western blot. A, klotho mRNA expression in the untreated 

(control), non-targeting siRNA treated (control siRNA) and klotho siRNA treated hair 

follicle units. B, klotho protein expression in the untreated (control), non-targeting 

siRNA treated (control siRNA) and klotho siRNA treated hair follicle units. 

.  
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3.5 Klotho silencing results in hair growth inhibition and 

premature catagen induction 

After transfection with klotho siRNA, hair follicles units were 

cultured over three days. Hair follicle length and the hair cycle score 

were measured. Klotho siRNA treated hair follicle units showed less 

hair follicle length compared to the control. There was a significant 

(p<0.05) difference in cumulative hair follicle length between the 

control siRNA group (1058.58 ± 166.82 μm) and klotho siRNA group 

(692.35 ± 99.35 μm) at third day (Figure 9).  

Quantitative morphometry of the hair follicle units revealed that the 

klotho silencing was able to accelerate spontaneous catagen 

development in the human anagen follicle units in vitro. More than 

68% of control follicle units were still in anagen VI and, only 30% of 

klotho siRNA treated hair follicle units remained in anagen VI, and 

70% had already approached catagen (Figure 10A). This was 

confirmed by calculation of the hair cycle score (Figure 10B), after four 

days of culture (i.e., after three days transfection), hair cycle score was 

significantly (p<0.05) increased in the klotho siRNA treated hair 

follicle units (233.74 ± 10.15) compared with non-targeting control 

siRNA treated hair follicle units (121.27 ± 9.93) indicates that klotho 

silencing results in premature catagen induction. 
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Figure 9. Effects of klotho silencing on the hair follicle length.  

Hair follicle units were transfected with klotho siRNA (200 nM) or non-targeting 

control siRNA. The length of hair follicle unit was measured every day until three 

days. Data are based on 40~50 hair follicle units per group, and are presented as the 

mean ± SD. (* p<0.05). 
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Figure 10. Effects of klotho silencing on the hair cycling.  

Hair follicle units were transfected with klotho siRNA (200 nM) or non-targeting 

control siRNA and then hair follicle unit organ culture was performed over 3 days. 

For statistical analysis, anagen VI hair follicle units were attributed a score of 100, 

hair follicle units in early catagen a score of 200, in mid-catagen of 300 and in late 

catagen of 400. The sum of each hair follicle score was than divided by the number of 

investigated hair follicle units. A, Measurement of hair cycle staging of each hair 

follicle unit (anagen, early catagen, mid catagen, late catagen). B, Calculation of hair 

cycle score of each hair follicle unit. Data are based on 40~50 hair follicle units per 

group, and are presented as the mean ± SD. (* p<0.05). 
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3.6 Klotho silencing promotes apoptosis in the cultured 

hair follicle units 

We determined whether klotho silencing would affect the cell growth 

or cell death in organ culture hair follicle units. We performed 

immunofluorescence staining for TUNEL and Ki-67 after hair follicle 

units were transfected with klotho siRNA (200 nM) or non-targeting 

control siRNA. Quantitative histomorphometry of TUNEL significantly 

(p<0.05) revealed more TUNEL positive cell expressions in klotho 

siRNA treated hair follicle units (43.75 ± 5.93) when compared with 

the controls (23.33 ± 4.16) (Figure 11A and 11B). However, the 

expression of cell proliferation marker Ki-67 was no significantly 

changed between klotho siRNA treated hair follicle units and control 

hair follicle units (Figure 11C and 11D).  
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Figure 11. Analysis of terminal deoxynucleotidyl transferase-mediated dUTP-

biotin nick-end labeling (TUNEL) and Ki-67 positive cells in human hair follicle 

units after treatment with klotho siRNA. 

TUNEL staining has been used as an apoptosis marker, and Ki-67 has been used as a 

marker of proliferation. Immunofluorescence for the detection of TUNEL and Ki-67 

were performed on sections of anagen hair follicle units after 3 days of culture under 

the klotho siRNA (200 nM) treatment. A, Representative images of TUNEL positive 

cells (green) in control or klotho siRNA treated hair follicle units. B, Quantification of 

cell apoptosis. C, Representative images of Ki-67 positive cells (green) control or 

klotho siRNA treated hair follicle units. D, Quantification of proliferative cell. Data 

are based on 40~50 hair follicle units per group, and are presented as the mean ± SD. 

(Scale bar = 100 µm, * p<0.05) 
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3.7 Klotho protein prolongs hair growth and anagen phase 

We then examined whether treatment with klotho protein resulted in 

any change in the human hair growth. Human hair follicles were treated 

with 0.1 μg/ml or 0.5 μg/ml klotho protein every other day then 

cultured for 8 days. The hair cycle score and the hair follicle length 

were measured. Klotho protein treatment in vitro resulted in significant 

(p<0.05) prolongation of hair growth in 0.5 μg/ml klotho protein 

treated hair follicle units (1764.59 ± 150.59 μm) when compared with 

control hair follicle units (1427.42 ± 137.78 μm) at the eighth day 

(Figure 12).  

Quantitative morphometry of hair follicle units revealed that klotho 

protein treatment delayed catagen development in human anagen 

follicle units in vitro (Figure 13A).  

Hair cycle score was significantly (p<0.05) reduced in the protein-

treated hair follicle units (171.48 ± 16.15) compare with control hair 

follicle units (248.32 ± 18.93) (Figure 13B). This was confirmed by 

calculation of the hair cycle score indicates that klotho protein 

treatment results in delayed catagen induction. 

 

 

 



- 40 - 

 

 

Figure 12. Effects of klotho protein on the hair follicle length. 

Hair follicle units were treated with klotho protein (0.1 or 0.5 μg/ml) every other day. 

Hair follicle unit organ culture was performed over 8 days. The length of the hair 

follicle units was measured. Data are based on 40~50 hair follicle units per group, and 

are presented as the mean ± SD. (* p<0.05). 
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Figure 13. Effects of klotho protein on the hair cycling. 

Hair follicle units were treated with klotho protein (0.1 or 0.5 μg/ml) every other day. 

Hair follicle unit organ culture was performed over 8 days. A, Measurement of hair 

cycle staging of each hair follicle unit (anagen, early catagen, mid catagen, late 

catagen). B, Calculation of hair cycle score of each hair follicle unit. Data are based 

on 40~50 hair follicle units per group, and are presented as the mean ± SD. (* p<0.05). 
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3.8 Klotho protein protects transforming growth factor-β1 

(TGF-β1) induced hair growth inhibition 

As an inhibitor of keratinocyte proliferation and a potent catagen 

inducer, TGF-β1 has been proposed as playing an important role in the 

catagen regulation. Previous studies have shown that klotho protein 

directly binds to the TGF-β receptor and inhibits TGF-β1 binding to 

cell surface receptors, thereby inhibiting TGF-β1 signaling. We 

examined the potential involvement of klotho on the TGF-β1 induced 

hair growth inhibition. Hair follicle units were incubated with TGF-β1 

alone or TGF-β1 plus klotho protein every other day for 8 days. SB-

431542, a TGF-βRI receptor inhibitor, was used as the positive control. 

The human hair follicle units treated with 5 ng/ml TGF-β1, hair follicle 

length was significantly (p<0.01) reduced (Figure 14) and premature 

catagen was induced (Figure 15). In contrast, co-treatment with 0.5 

μg/ml klotho protein restored TGF-β1 induced hair growth inhibition 

(Figure 14). Hair cycle score was significantly (p<0.05) reduced in the 

co-treatment with TGF-β1 plus 0.5 protein-treated hair follicle units 

(253.43 ± 15.95) compared with TGF-β1 alone treated hair follicle 

units (321.81 ± 22.13) (Figure 13B).  
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Figure 14. Effects of transforming growth factor-β1 (TGF-β1) alone or co-

treatment with klotho protein on the hair follicle length. 

Hair follicle units were treated with TGF-β1 (5 ng/ml) alone, TGF-β1 plus klotho 

protein (KLP) (0.1 μg/ml and 0.5 μg/ml) or TGF-β1 plus SB-431542 (10 μM) every 

other day. Hair follicle unit organ culture was performed over 8 days. The length of 

the hair follicle units was measured. SB-431542, a type I TGF-β receptor (TGF-βRI) 

inhibitor, was used as the positive control. Data are based on 40~50 hair follicle units 

per group, and are presented as the mean ± SD. (* p<0.05 and ** p<0.01) 
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Figure 15. Effects of TGF-β1 alone or co-treatment with klotho protein on the 

hair cycling. 

Hair follicle units were treated with TGF-β1 (5 ng/ml) alone, TGF-β1 plus klotho 

protein (KLP) (0.1 μg/ml and 0.5 μg/ml) or TGF-β1 plus SB-431542 (10 μM) every 

other day for. Hair follicle unit organ culture was performed over 8 days. SB-431542, 

a TGF-βRI inhibitor, was used as the positive control. Hair cycle score of each hair 

follicle was measured. Data are based on 40~50 hair follicle units per group, and are 

presented as the mean ± SD. (* p<0.05). 
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3.9 Klotho protein protects TGF-β1 induced apoptosis 

We determined whether klotho protein could inhibit TGF-β1 induced 

cell death in organ culture hair follicle units and cultured FKCs. Hair 

follicle units and FKCs were treatment with TGF-β1 (5 ng/ml) alone, 

TGF-β1 plus klotho protein (0.5 μg/ml) or TGF-β1 plus SB-431542 (10 

μM) for 24 hours. After treatment, immunofluorescence staining for 

TUNEL was performed on hair follicle units and FKCs. Quantitative 

histomorphometry of TUNEL revealed more TUNEL positive cell 

expressions in TGF-β1 treated hair follicle units when compared with 

the controls. However, co-treatment with TGF-β1 plus klotho protein 

markedly reduced TUNEL positive cell expression (Figure 16). Similar 

results were also seen in cultured FKCs (Figure 17A and 17B), TGF-β1 

treated FKCs showed significant (p<0.05) more TUNEL positive cell 

expression (24.06 ± 2.03%) as compared to co-treatment with TGF-β1 

plus 0.5 μg/ml klotho protein (13.65 ± 0.37%). 
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Figure 16. Analysis of TUNEL positive cells in the hair follicle units after 

treatment with TGF-β1 alone or TGF-β1 plus klotho protein. 

Human hair forllicle units were treated with treated with TGF-β1 (5 ng/ml) alone, 

TGF-β1 plus klotho protein (KLP) (0.5 μg/ml) or TGF-β1 plus SB-431542 (10 μM) 

for 24 hours. After treatment, immunofluorescence for the detection of TUNEL was 

performed on sections of anagen hair follicle units. TUNEL cell apoptosis were 

measured (green). SB-431542, a TGF-βRI receptor inhibitor, was used as the positive 

control. Data are based on 40~50 hair follicle units per group, and are presented as the 

mean ± SD. (Scale bar = 100 µm) 
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Figure 17. Analysis of TUNEL positive cells in the follicular keratinocyte cells 

(FKCs) after treatment with TGF-β1 alone or TGF-β1 plus klotho protein.  

Cultured FKCs were treated with TGF-β1 (5 ng/ml) alone, TGF-β1 plus klotho 

protein (KLP) (0.5 μg/ml) or TGF-β1 plus SB-431542 (10 μM) for 24 hours. After 
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treatment, immunofluorescence for the detection of TUNEL was performed. TUNEL 

cell apoptosis were measured (green). A, Representative images of TUNEL positive 

cells (green) in cultured follicular keratinocyte. B, Quantification of cell apoptosis. 

SB-431542, a TGF-βRI inhibitor, was used as the positive control. All values are 

presented as the mean ± SD. (Scale bar = 100 µm, * p<0.05) 
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3.10 Klotho protein inhibits TGF-β1 induced ROS 

generation 

We investigated whether TGF-β1 can induce ROS generation in 

cultured FKCs. FKCs were treatment with TGF-β1 (5 ng/ml) alone, 

TGF-β1 plus klotho protein (0.1 or 0.5 μg/ml) or TGF-β1 plus SB-

431542 (10 μM) for 24 hours. After treatment, ROS generation was 

performed on cultured FKCs. The results showed that TGF-β1 

increases ROS generation (2526.17 ± 298.32) (Figure 18A and 18B). In 

contrast, 0.5 μg/ml klotho protein significantly (p<0.05) inhibited TGF-

β1 induced ROS generation (1042.92 ± 351.09) (Figure 18A and 18B). 
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Figure 18. Effects of TGF-β1 alone or co-treatment with klotho protein on the 

reactive oxygen species (ROS) generation.  

FKCs were grown on 18 mm coverslips for 7 days and then treated with TGF-β1 (5 

ng/ml) alone, TGF-β1 plus klotho protein (KLP) (0.1 μg/ml and 0.5 μg/ml) or TGF-β1 

plus SB-431542 (10 μM) for 24 hours. SB-431542, a TGF-βRI inhibitor, was used as 

the positive control. ROS generation was check. A, Representative DCF fluorescence 

images. B, Calculation of DCF fluorescence intensity which reflected cytosolic ROS 

generation. All values are presented as the mean ± SD. (* p<0.05) 
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3.11 Klotho protein inhibits TGF-β1 induced cleaved 

caspase-3 activation 

Furthermore, we investigated whether the apoptosis of FKCs is 

relevant to the caspase-3 activation. FKCs were treated with TGF-β1 (5 

ng/ml) alone, TGF-β1 plus klotho protein (0.1 or 0.5 μg/ml) or TGF-β1 

plus SB-431542 (10 μM) for 24 hours. After treatment, protein was 

extracted from cultured FKCs. The cleaved caspase-3 activation was 

identified by western blot. The results showed that cleaved caspase-3 

activation was increased in TGF-β1 treated FKCs when compared with 

the controls. However, co-treatment with TGF-β1 plus klotho protein or 

SB-431542 markedly reduced cleaved caspase-3 activation to compare 

with TGF-β1 treated FKCs (Figure 19).  
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Figure 19. Effects of TGF-β1 alone or co-treatment with klotho protein on the 

cleaved caspase-3 activation.  

FKCs were treated with TGF-β1 (5 ng/ml) alone, TGF-β1 plus klotho protein (KLP) 

(0.1 μg/ml and 0.5 μg/ml) or TGF-β1 plus SB-431542 (10 μM) for 24 hours and then 

protein was extracted from cultured FKCs. SB-431542, a TGF-βRI inhibitor, was 

used as the positive control. The cleaved caspase-3 activation was identified by 

western blot.  
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IV. DISCUSSION 

Klotho has been identified as an “aging-suppressor” gene in 

mammals which expedites aging upon disruption while boosting that 

life expectancy upon over-expression
32, 56

. In the late study, hair stem 

cells were reduced and senescence associated proteins were increased 

in the hair follicle bulge region of klotho mice (lacking klotho 

expression)
46

. Human klotho is principally conveyed in the kidney, it is 

also evident in the placenta, prostate, and small intestines
30

. To date, 

the expression of human klotho has only been partially characterized. 

In this study, we evaluated klotho expression in human skin and hair 

follicle units. Our study demonstrated that klotho was expressed in 

human anagen hair follicle units in mRNA as well as protein level. 

Nakai et al. reported that β-klotho is essential for the differentiation 

of epidermal keratinocytes and is expressed in the epidermis of mice 

skin
57

. Keratinization of the epidermis is a well-defined programme of 

differentiation: keratinocytes progress vertically from the basal cells 

into spinous and granular cells to flattened, differentiated squames in 

the stratum corneum. Recent research shows the epidermis displays 

abnormal differentiation in kl/kl mice, and klotho was required for the 

differentiation of epidermal keratinocytes
57

. We investigated the klotho 
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location in human scalp skin and hair follicle units. The results showed 

that prominent klotho expressions were observed in the epidermis basal 

layer, sweat gland and sebaceous gland. Combined with the previous 

results suggested that klotho may play a crucial role in the 

differentiation of epidermal keratinocytes in human skin. 

Multiple aging-like phenotypes has been first documented in klotho-

deficient mice. Skin atrophy and hair loss is also present in this model
29

. 

Whether klotho expression is correlated with human hair aging has not 

been clarified. We studied the correlation between klotho expression in 

human hair follicle units and aging. Our results showed that in human 

anagen hair follicle units, prominent klotho expression was observed in 

the outermost region of ORS and hair matrix, and the decline of klotho 

expression in human hair follicle units was related to human aging. 

Hair growth depends on perifollicular vascular support to meet the 

increased nutritional needs of hair follicles during the anagen phase of 

rapid cell division
14, 58

. Secreted form of klotho exists in human serum, 

and reduced klotho protein in serum correlates with human aging
59

. 

These results suggest that klotho may involve in the regulation of hair 

aging through secreted klotho from blood circulation. These results 

promoted a new direction to research in molecular mechanisms of hair 

follicle aging. But, the main mechanism of autocrine or paracrine 
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klotho regulating aging of skin and hair follicles has not been clarified. 

We also examined whether klotho expression differs between human 

anagen VI and catagen hair follicle units. No significant change was 

found between anagen VI and catagen hair follicle units. We cannot 

assert that there were no changes in klotho expression throughout the 

hair cycle; due to, the hair follicle units used in this experiment had lost 

the ability to cycle. The cultured hair follicles were only found in the 

anagen VI to telogen stages. 

In order to investigate the functions of klotho in the hair growth and 

hair cycle, anagen hair follicle units were transfected with human 

klotho siRNA reported in previously study. Successful in situ 

knockdown of klotho was documented at the gene and protein levels in 

organ-cultured human hair follicle units. We next examined whether 

klotho knockdown results changes in human hair growth. Klotho 

silencing resulted in premature catagen induction and hair growth 

inhibition. At the same time, klotho silencing promoted cell apoptosis 

in follicular keratinocyte. Klotho protein treatment in vitro resulted in 

significant promotion of hair shaft growth and delayed catagen 

development in organ cultured human anagen hair follicle units. Our 

data suggest that klotho maintains human hair follicles in anangen 

through inhibition of cell apoptosis and operates as a major molecular 
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brake on hair follicle regression (catagen) as well as anagen to catagen 

transition. 

During hair follicle growth and hair production, the activity of 

factors promoting the proliferation, differentiation, and survival 

predominates, whereas hair follicle regression is characterized by the 

activation of a variety of signaling pathways that induce apoptosis in 

hair follicle cells
60, 61

. Hair follicle rapidly regresses due to apoptosis of 

the matrix, inner root sheath and ORS keratinocytes
61

. We focused on 

TGF-β1 among several regulators of cell apoptosis because this factor 

was known to inhibit human keratinocytes growth in vitro
62, 63

.  

Moreover, the expression level of its receptor in epithelial cells of hair 

and follicles is tightly regulated during the hair cycle
64

. We examined 

whether klotho inhibits the apoptosis of hair follicle cells by inhibiting 

TGF-β signaling pathway. Hair follicle units were treated with TGF-β1 

recombinant protein in vitro. The result showed that hair follicle units 

treated with TGF-β1 showed a significantly reduced hair shaft 

elongation and more TUNEL apoptosis cell expression in hair 

epithelium cell.  

The mechanism of TGF-β-mediated cell apoptosis shows that the 

TGF-β binds to its membrane-bound receptors, TGF-βRI, TGF-βRII, 

which form a heteroterameric complex. TGF-βRI is phosphorylated by 
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TGF-βRII in the so-called GS-domain. Upon phosphorylation, TGF-

βRI phosphorylates the receptor-activated SMAD proteins. These 

activating SMAD proteins mediate cell apoptosis by the regulation of 

downstream signaling pathway
65

. Doi et al. reported a novel function of 

secreted klotho, it directly binds to the TGF-βRI and inhibits TGF-β1 

binding to cell surface receptors, thereby inhibiting TGF-β1 signaling
48

. 

Combined with the previous data, we formulate a hypothesis that 

klotho modulates cell apoptosis in hair follicle via inhibition of TGF-β1 

signaling pathway. In order to examine this hypothesis, hair follicle 

units were co-treated with TGF-β1 recombinant protein plus klotho 

protein. The result showed that hair follicle growth was inhibited by 

TGF-β1 treatment and restored by klotho protein. TGF-β1 knockout 

mice display significant catagen retardation associated with the decline 

of apoptotic cells in the regression of ORS
21

. SB-431542, a TGF-βRI 

blocker, inhibits TGF-β1 induced cell apoptosis. SB-431542 was used 

as a positive control. Hair follicle units were co-treated with TGF-β1 

recombinant protein plus SB-431542. This result was similar to co-

treatment with TGF-β1 plus klotho protein. These data suggest that 

klotho modulates cell apoptosis in hair follicle via inhibition of TGF-β1 

signaling pathway by binding TGF-βRI.  

Previous studies show that TGF-β1 induces ROS up-regulation result 
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in cell apoptosis
66, 67

. Moreover, ROS has been shown to mediate 

cellular apoptosis in hair follicle keratinocyte and DP cells
68

. Hung et al. 

showed that TGF-β provoked cell death was escorted with the 

activation of caspase-family proteases which was obligatory for TGF-

β1-induced cell death
69

. We tried to find out the molecular mechanism 

of cell apoptosis which was induced by TGF-β1 in cultured FKCs. We 

investigated generation and cleaved caspase-3 expression in cultured 

FKCs. Our results showed TGF-β1 enhanced total ROS generation and 

cleaved caspase-3 expression in cultured keratinocytes and restored by 

co-treatment with klotho protein or SB-431542. These results suggest 

that TGF-β1 induces ROS up-regulation and promotes caspase-3 

activation in hair follicle; TGF-β1 induces apoptosis of hair follicle cell 

via regulation caspase-3 activation and ROS generation. 

Hair loss and hair graying are commonly recognized symptoms of 

aging in mammals. The common form of human hair loss, androgenetic 

alopecia, shows a clear age-related progression
70

. In addition, some 

authors have argued for a distinct age-related entity, referred to as 

senescent alopecia
70, 71

. Both syndromes are thought to represent hair 

growth cycle defects characterized by increased telogen to anagen ratio 

due to a shortened anagen phase and persistent telogen follicles
72, 73

. 

Androgen-inducible TGF-β1 derived from DP cells from androgenetic 
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alopecia (AGA) was responsible for the androgen-induced hair growth 

inhibition in AGA
22

. We demonstrated that klotho inhibits the apoptosis 

of hair follicle epithelial cells by inhibiting TGF-β1signal pathway in 

hair follicle. Moreover, klotho deserves further exploration as a 

potential new treatment strategy for hair loss (AGA). Klotho works as a 

hormonal factor to promote adipocyte differentiation
74

. β-klotho is 

required for the differentiation of epidermal keratinocytes
57

. These data 

suggest that klotho involves in regulating differentiation and 

morphogenesis of skin may indirectly influence hair growth. In 

addition, hair stem cells were reduced and senescence associated 

protein was increased in the hair follicle bulge region in klotho mice 

(lacking klotho expression)
46

. Whether klotho involves in regulating 

hair follicle re-cycle by function as a modulator on hair follicle stem 

cell has not been clarified. 

Our study focus on clarify the functional role of klotho, an “aging-

suppressor” protein in human hair follicles. This study is expected to 

help us reveal the mechanism of hair aging. Moreover, the functional 

analysis of molecular mechanism of klotho on human hair growth may 

provide an important and critical knowledge to better understand the 

hair loss. 
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V. CONCLUSION 

Human hair follicle units expressed klotho in mRNA and protein 

level. Klotho immunoreactivity can be detected in the epithelium of 

human anagen hair follicle units. The immunoreactivity of klotho was 

reduced in human hair follicle units and scalp skin with aging. Klotho 

knockdown markedly down-regulates the expression of klotho and 

results in the premature catagen induction and apoptosis of FKCs. In 

the hair follicle units, exogenous TGF-β1 treatment induced oxidative 

stress and apoptosis. Apoptosis which were induced by TGF-β1 in 

FKCs occurred through the activation of cleaved caspase-3. Klotho 

protein significantly inhibited apoptosis which were induced by TGF-

β1 and prolonged the anagen phase of human hair follicle. 

  These results indicate that klotho might be an important regulator 

for human hair growth.  
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인체모낭에서 클로토의 발현양상과 역할 

 

김 성 해 
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< 지도교수 이 원 수 > 

 

클로토(klotho)는 노화억제 유전자로 잘 알려져 있으며 

클로토 발현이 감소된 마우스에서는 수명이 감소되는 반면 

클로토를 과발현시킨 마우스에서는 정상 마우스보다 수명이 

연장되었다. 클로토 결핍 마우스는 인간의 노화에서 나타나는 

여러 증후가 관찰되었으며 최근 들어 인간의 노화를 설명할 

수 있는 동물모델로 각광받으며 많은 연구가 진행되고 있다. 

클로토 결핍 마우스에서는 이외에도 탈모, 피부위축 등을 

비롯한 클로토가 모낭의 성장 및 주기적 변화에 있어서 

중요한 역할을 함을 시사하는 소견도 함께 관찰되었다. 하지만 

아직까지 인체모낭에서 클로토의 발현여부 및 그 역할에 
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관해서는 정확히 밝혀진바 없으며 이에 본 연구에서는 

인체모낭에서 클로토의 발현양상을 알아보고 또한 클로토가 

인체모낭의 성장 및 주기적 변화에 미치는 영향을 평가하고 

그 기전을 밝히고자 하였다.  

나이대별 정상 성인의 후두부 두피조직에서 클로토의 

발현양상을 알아보았고 인체 생장기 모낭을 분리 및 배양하여 

클로토 작은간섭리보핵산(small interfering ribonucleic acid) 및 

클로토 재조합 단백질(klotho recombinant protein)의 처리에 따른 

모낭의 길이성장, 주기적 변화를 조사하였다. 

인체모낭에서 클로토의 전령리보핵산(messenger ribonucleic 

acid) 및 단백질발현을 확인   하였으며 클로토의 발현양은 

나이가 증가함에 따라 감소하는 양상을 보였다. 인체모낭에서 

클로토의 발현은 주요하게 외측모근초의 가장 바깥쪽의 

상피세포 그러고 모기질의 상피세포에서 관찰되었다. 

인체모낭기관배양실험에서 클로토 작은간섭리보핵산을 

투여하여 클로토의 발현을 억제하였으며 클로토 

작은간섭리보핵산 투여 그룹에서 모낭의 길이성장을 유의하게 

억제되었고 생장기 기간을 단축되었으며 세포사멸은 유의하게 
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증가하였다. 클로토 재조합 단백질는 모낭의 길이성장을 

유의하게 촉진하였고 생장기 기간을 신장하였으며 세포사멸은 

유의하게 감소하였다. 클로토는 모발성장 저해인자인 형질전환 

성장인자-베타1(transforming growth factor-β1)에 의한 

모낭길이성장 억제를 유의하게 회복하였으며 세포사멸은 

감소하였다. 

결론적으로 클로토는 인체모낭의 성장 및 주기적인 변화에 

있어서 중요한 조절인자로 작용함을 알 수 있다. 

 

 

 

 

 

 

 

 

핵심 되는 말: 클로토, 모낭, 모낭성장, 모낭주기, 형질전환 

성장인자-베타 1, 세포사멸. 


