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Abstract

Nε-(carboxymethyl) lysine (CML), an advanced glycation end product (AGE), is an aging factor 
produced by glycation of protein. Higher levels of AGE in skin tissue are related to skin elasticity, but how 
CML that has accumulated in the skin affects hair follicle formation is unclear. This study constructed 
a simple model that mimics accumulated glycation from feeding by intradermally injecting Nε-
(carboxymethyl) lysine (CML), and examined the effects on the morphogenesis of hair follicles (HF). The 
results showed weakening of the hair shaft and HF formation by CML. The in vitro inhibitory effect of CML 
on wound healing of dermal papilla cells (DPC) suggested that the mechanism infl uences the proliferation 
and migration of DPC, which are essential for HF morphogenesis. In addition, CML in DPC inhibited the 
expression of sonic hedgehog (Shh), a factor of tissue morphogenesis, in a NF-kB-independent manner. 
The fi ndings suggest that the delay in HF formation was due to CML inhibiting proliferation and migration 
in DPC by inhibiting Shh expression.
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Introduction

Advanced glycation end-products (AGEs) is a generic term 
for structures generated in the late stages of nonenzymatic 
glycosylation reaction between sugars, such as glucose, and 
proteins [1]. AGEs have been studied as being directly involved 
in the onset and progression of diabetic complications, diabetic 
retinopathy, diabetic nephropathy, diabetic neuropathy. 
N- (carboxymethyl) lysine (CML) is an abundant and well 
characterized non-crosslinking, non-fl uorescence AGE that is 
commonly known as a biomarker of oxidative stress and long-
term protein damage [2,3]. Accumulation of CML in the skin 
facilitates aging phenomena such as wrinkles and sagging [4]. 
CML stimulates receptor for advanced glycation endproducts 
(RAGE), an AGE receptor, leading to activation of a hallmark 
signaling axis; the NF-B pathway [5].

Major signaling pathways, such as WNT, BMP, and Shh 
signaling, are involved in HF morphogenesis [6-10]. In mice, 
HF develops in several successive waves of induction that 
are dependent on canonical WNT activity and have different 
requirements with respect to ectodysplasin and BMP signals 
(10). Edar signaling has been implicated in refi ning Wnt/-
catenin pattern during primary placode induction, and it also 
acts as a suppressor of BMP signals, which has an inhibitory 

effect on placode formation [11]. Eda A1-Edar signaling axis 
stimulates Sonic hedgehog (Shh) expression in primary hair 
placodes by cell-to-cell communication [12]. Shh is the most 
well-known promoter of hair follicle formation, and hair 
follicle formation has been shown to be impaired in Shh-
defi cient mouse skin [13,14]. Shh binds to cell membrane 
receptors coded by two genes, Ptch1 and Ptch2, and information 
is transmitted to Gli family transcription factors (Gli1, 2, 3) that 
act downstream [15]. Eda A1 and EdaR are also able to activate 
NF-B, suggesting a link to downstream signal cascades 
including Traf6 [6,10,16]. Activation of the NF-B pathway 
therefore leads to Shh induction and HF formation, and 
activation of the NF-B pathway downstream of RAGE, which 
is closely related to diabetes, leads to hair growth. Despite this, 
hair loss symptoms are often observed in diabetes.

In this study, to easily and quickly determine the effects of 
CML accumulation in HF morphogenesis, we prepared an in 
vivo model by intradermally injecting CML, and analyzed in 
detail the effects on HF morphogenesis. The results revealed 
that CML weakened the formation of HF, thereby inhibiting 
hair shaft growth through a possible mechanism of inhibiting 
Sonic hedgehog (Shh) expression mediated by a receptor for 
advanced glycation end-products (RAGE) in a nuclear factor 
(NF)-B (NF-B)-independent manner.
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Materials and Methods

CML-BSA preparation

According to Takeuchi’s method, CML-BSA was prepared 
by incubating 50 mg/ml BSA (Sigma-Aldrich, St Louis, MO) 
with or without 50 mM glyoxylic acid and 150 mM sodium 
cyanoborohydride in 0.2 M phosphate buffer (pH 7.4) at 37°C for 
24 h, before being subjected to PD-10 column chromatography 
(GE Healthcare UK, Buckinghamshire, UK) and dialysis using 
Slide-A-Lyzer™ (Thermo Fisher Scientifi c Inc., Tokyo, Japan) 
against PBS to remove low molecular weight reactants [17]. 
Then, proteins were concentrated by using a fi ltration device 
(VIVASPIN 500, 10,000 MWCO PES; Sartorius, Germany). 
Protein concentrations were determined with BCA protein 
assay reagent using BSA as a standard. Prepared CML-BSA 
was detected by Western blot using anti-CML antibody (Abcam 
Co., Ltd., Tokyo, Japan) (S.1A, B). Unless otherwise indicated, 
all other reagents were obtained from Wako Pure Chemicals 
(Osaka, Japan) or Nacalai Tesque (Kyoto, Japan).

Cell cultures

Mouse fi broblastic cells were prepared from E15.5 mouse 
embryonic skin and cultured in Dulbecco’s Modifi ed Eagle 
Medium containing 10% fetal bovine serum (FBS) and 
antibiotics, as described previously [17]. Primary dermal papilla 
cells (DPCs) were prepared from the whiskers of 8-week-old 
female C57BL6N mice. Briefl y, DPCs were surgically isolated as 
hair bulb tissues from excised whiskers under the microscope, 
and were then cultured in Papilla Cell Growth Medium (Toyobo 
Co., Ltd., Osaka, Japan). DPCs were cultured for up to three 
passages (within 1 month), and were then plated onto 24-
well plates. After reaching confl uency, DPC monolayers were 
scratched across the center of the wells with yellow tips. 
Twenty-four hours after scratching, the degree of wound 
recovery was evaluated in images captured using EVOS fl . For 
cell proliferation/cytotoxicity assay, Cell Count Reagent SF 
(Nacalai Tesque, Kyoto, Japan) was used. Unless otherwise 
indicated, all other reagents were obtained from Wako Pure 
Chemicals (Osaka, Japan) or Nacalai Tesque.

Forced hair depilation assay

First, hairs were forcibly removed from the backs of 
female BL6 mice (8 to 12 weeks old, n = 6) using silicon resin 
(Cemedine Co., Ltd., Tokyo, Japan). The next day, 200 μl of BSA 
(1 mg/ml) or CML-BSA (1 mg/ml) was intradermally injected 
into the depilated dorsal skin in 10 spots to the left (BSA) and 
right (CML) of the spinal column using 27G×1/2” injection 
needles (NIPRO, Osaka, Japan) with India ink for marking 
the injection site. Mice were euthanized 2 days later, and the 
dorsal skin, after the skin muscle layer had been removed, was 
used as a sample specimen and for quantitative real-time PCR 
(qPCR). All animals were obtained from a commercial vendor 
(SLC Japan, Shizuoka, Japan) and housed in a semi-barrier 
animal room (light/dark cycle 12:12 h, free-feeding). The 
protocol used meets the guidelines of the Japanese Society for 
Pharmacology and was approved by the Committee for Ethical 
Use of Experimental Animals at Ritsumeikan University.

Histological analysis

Mouse dorsal skin tissue samples were fi xed in 10% 
formalin neutral buffer solution for 24 h, and were then 
embedded in paraffi n. A series of specimens (5 μm in thickness) 
were prepared and subjected to hematoxylin & eosin (HE) 
staining or immunohistochemical (IHC) studies, as described 
previously [18]. For F-IHC, the following antibodies were 
used: mouse anti-Sonic Hedgehog antibody (Abcam Co., Ltd., 
Tokyo, Japan), and Alexa Fluor 488 goat anti-mouse IgG (Life 
Technologies) as the secondary antibody with Fluore-KEEPER 
with 4’,6-diamidino-2-phenylindole (DAPI). Hair loss activity 
was analyzed using Epilat hair removal tape (Kracie, Tokyo, 
Japan), and visualized using a Leica stereoscopic microscope 
system (MZ10F/DFC7000T; Leica Microsystems, Wetzlar, 
Germany). Hair cuticles were analyzed using an electron 
microscope (Keyence VE-8800; Keyence Co., Osaka, Japan). For 
the detection of apoptosis, an In situ Apoptosis Detection Kit 
(Takara Bio Inc., Shiga, Japan) was used.

Adenovirus transfer

Bicistronic adenoviruses expressing EGFP, dominant-
negative-RAGE (DN-RAGE)-IRES-EGFP, or I-B-SR was used 
as described previously [19]. The primary culture of E15.5 
embryonic skin cells was infected with the EGFP-expressing 
adenoviruses at a multiplicity of infection (MOI) of 50 for 24 h. 
Expression levels of the introduced genes were monitored by 
qPCR or reporter assay.

qPCR

One microgram of total RNA was reverse-transcribed by 
ReverTra Ace® cDNA synthesis kit (TOYOBO, Osaka, Japan). 
Quantitative Real-time PCR (qPCR) was performed as described 
previously [20]. PCR products were normalized against 
housekeeping genes, and measurements between samples 
were compared by cycling threshold (Ct). Primer sequence used 
were as follows:

mGAPDH-F 5’-TGCACCACCAACTGCTTAG-3’ 

mGAPDH-R 5’-GGATGCAGGGATGATGTTC-3’ 

Shh-F 5’-GGAAAACACGGGAGCAGACC-3’

Shh-R 5’-CCACGGAGTTCTCTGCTTTC-3’

Gli-1-F 5’-GCTGTCGGAAGTCCTATT-3’

Gli-1-R 5’-ACTGGCATTGCTAAAGG-3’

Gli-2-F 5’-CTGACCCGCAACGCCTACT-3’

Gli-2-R 5’-CCGAATGCCGTCATCCAAG-3’

Gli-3-F 5’-AACCCTATTCTACCCTCCAAA-3’

Gli-3-R 5’-GCTGATAGTGCTGGTATTGCT-3’

Ptch-1-F 5’-AAAGAACTGCGGCAAGTTTTTG-3’

Ptch-1-R 5’-CTTCTCCTATCTTCTGACGGGT-3’

Ptch-2-F 5’-GGTCCTCCGCACCTCATATC-3’
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Ptch2-R 5’-GCGCAGTCTGAATCAACATC-3’

The non-regulated housekeeping gene served as an internal 
control and was used to normalize for differences in RNA input. 
All measurements were performed in quadruplicate.

Statistical analysis

Data are expressed as means ± standard error of the mean 
(SEM). Signifi cance was tested using the Student’s t-test or, 
where multiple comparisons were required, one-way analysis 
of variance (ANOVA). A P-value of less than 0.05 was considered 
to be signifi cant.

Results

Effects of CML injection on hair shaft growth and HF 
formation First, an intradermal injection model of locally 
accumulated CML was created to examine the presence or 
absence of hair growth defects (Figure 1A). After forcibly 
removing hairs and synchronizing the hair cycle to the telogen 
phase [21], synthetic CML-BSA (Figure S1) was intradermally 
injected. Twelve days after intradermal injection, hair growth 
defects were observed growing concentrically around the 
injection site, showing the effects of CML (Figure 1B). Upon 
observation of the hair shafts growing in the area of hair 
growth defects, there was morphological weakening (Figure 
1C,D) and clear thinning of the shaft diameter (Figure 1E).

Next, the effects on HF morphology were examined. Studies 
have shown a close relationship between hair shaft diameter 
and HF diameter [22,23]. The degree of follicular regeneration 
during the anagen phase is known to infl uence follicle size. A 
time-course histological analysis was performed to investigate 
the causes of hair growth defects and morphological 
weakening of the hair shaft. After forcibly removing hairs 
and synchronizing the hair cycle to the telogen phase, skin 
tissue samples were collected on the second day and fourth 
day after intradermal injections of CML-BSA, and the changes 
in HF structure were observed after hematoxylin-eosin (HE) 
staining. On the second day after hairs were forcibly removed, 
defects in HF down-growth were observed at the site of CML-
BSA injection (Figure 2A-D). On the fourth day after hairs were 
forcibly removed, a period of increased down-growth and 
aggregation at the hair bulb, the morphology of the hair bulb 
was weakened (Figure 2E,F) and miniaturization of the hair 
bulb diameter was observed (Figure 2G). This is thought to be 
an effect caused by delayed hair follicle formation. Meanwhile, 
TdT-mediated dUTP nick-end labeling (TUNEL) staining 
revealed that follicular miniaturization was not affected by 
apoptosis (Fig. 2H), suggesting that hair follicle growth is 
inhibited by the delay in hair follicle formation caused by CML. 

Shh lowering effect of CML in RAGE-mediated NF-kB-
independent pathway

To determine the cause of inhibition of cell aggregation 
in the bulb region, the effect of CML-BSA injection on Shh 
was examined. In Shh-knockout mice, which are known for 
mesenchymal cell-specifi c expression during hair germ 
formation at the embryonic stage, placode formation of 
primordial HF was observed, but further development was 
inhibited. This demonstrated that Shh is essential for hair 

Figure 1: Hair thinning effect of Nε-(carboxymethyl)lysine (CML) in vivo.
(A) Experimental procedures. (B) Silicone resin was applied to the backs of the 
C57BL6 mice and, after drying for 24 hours, the hairs were forcibly depilated. 
Subsequently, CML-BSA or BSA at a concentration of 1 mg/ml was intradermally 
injected into the depilated area at 10 sites. The mice were euthanized 2 or 4 days 
after the injections and the dorsal skin was removed to be used as the sample 
specimen. (C) Twelve days after the intradermal injection, hair shafts were 
collected with hair removal tape and examined under an electron microscope. (D) 
Hair shaft growth 12 days after intradermal injection. (E) CML reduced the hair 
shaft diameter. The hair shaft samples for the analysis were obtained from the 
area where BSA or CML was intradermally injected, marked and encircled with a 
red marker on a piece of clear tape. The thickness of the hair shafts attached to 
the tape within the encircled area was visualized using a stereoscopic microscope. 
Pictures inside the fi gure are representative images. Hair shaft diameter data 
represent the mean±SEM of 50 to 80 hair shafts collected per mouse. **Compared 
to the BSA reference, P<0.01.

Figure S1: Synthetic CML-BSA.
(A) BSA and CML-BSA stained with Coomassie brilliant blue. (B) The anti-CML 
immunoreactivity of CML-BSA. A total of 1 ng of BSA or CML-BSA was loaded onto a 
polyacrylamide gel for sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) to detect anti-CML antibodies.
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germ cell proliferation [24]. Skin tissue collected on the second 
day after hair loss was analyzed using qPCR, in an attempt to 
examine the effects on Shh to unravel the mechanism of CML 
affecting HF morphogenesis, which is continuously regenerated 
from the time of birth. The results showed that when CML-BSA 
was injected, Shh expression was signifi cantly inhibited in the 
skin tissue collected during down-growth in the early anagen 
phase. On the other hand, inhibition of gene expression was 
not observed in Ptch1, Ptch2, Gli1, Gli2, and Gli3 (Figure 3A). In 
addition, there was no Shh expression in the CML-BSA injected 
immunostained tissue collected from the bulb region on the 
second day after hair loss (Figure 3B).

The direct effect of CML-BSA on Shh was then examined 
using Shh from a primary culture of embryonic skin-
derived mixed epithelial-mesenchymal cells at E15.5, a stage 
corresponding to early HF formation. The results revealed 
that the addition of CML-BSA repressed Shh expression of 
E15.5 embryonic skin tissue-derived cells, and the inhibited 
expression was derepressed by dominant negative (DN)-
RAGE, suggesting that CML-BSA inhibition of Shh expression 
is mediated by RAGE (Figure 3C). It is known that there is 
crosstalk between RAGE and Toll-like receptor (TLR) [25] and 
studies have shown that Shh expression is modulated through 

NF-kB [26]. Next, we investigated whether inhibition of NF-
kB in IκB-SR stained cells derepressed the expression of Shh 
that had been repressed by the addition of CML-BSA. However, 
the expression was not derepressed (Figure 3D). These fi ndings 
suggested that Shh inhibition by CML-BSA occurs through a 
NF-kB-independent pathway mediated by RAGE.

Direct inhibitory effect of CML-BSA on DPC

As there seems to be a close correlation between the 
number of DPC and the diameter of the hair shaft, the direct 
effect of CML on DPC was examined. The results of a scratch 
assay using primary cultured mouse DPC suggested that there 
is a direct inhibitory effect of CML-BSA on the migration 
and proliferation of DPC as the recovery of DPC from scratch 
decreased in a concentration-dependent manner (Figure 4A-
E) with the addition of CML-BSA. Similarly, when scratch assay 
was performed on a primary culture of E15.5 mouse embryonic 
skin cells, recovery from scratch decreased after addition of 
CML-BSA. However, the declined recovery from scratch was 
derepressed with DN-RAGE (Figure 4F), demonstrating that 
the migratory and proliferative inhibition of CML-BSA of 
mesenchymal-like cells is mediated by RAGE. On the other 
hand, when NF-kB was repressed, the inhibited recovery from 

Figure 2: Miniaturization of the HF size and the inhibition of cell aggregation in the 
hair bulb region by CML.
(A,B) Two days after forced depilation, CML intradermal injection weakened HF 
during down-growth in the early anagen phase. The dorsal skin specimen 2 days 
after forced depilation was subjected to HE staining. (C,D) are images at high 
magnifi cation. (E,F) Four days after forced depilation, growth in the hair bulb 
region was observed when BSA was intradermally injected. However, with CML-
BSA, growth in the hair bulb region was inhibited. (G) The hair bulb diameter 4 days 
after forced depilation. The size of 10 HFs from each of the treatment samples 
(either BSA or CML-BSA) with an Auber’s line, which indicated the maximum 
diameter of the hair bulb, was measured and shown as mean±SEM. **P<0.01. 
(H, I) These are the results of the skin specimen on the second day after forced 
depilation, mounted in Fluore-KEEPER with DAPI and stained with TUNEL. These 
are representative images.

Figure 3: RAGE-mediated Shh expression was modulated by CML.
(A) CML negatively modulated Shh in vivo. The skin on the second day after 
depilation was marked with India ink, and sampling of the total RNA and 
analyzed with qPCR. The results are expressed as the mean of three independent 
experiments. The results showed no signifi cant difference in Gli and Ptch with 
the skin intradermally injected with CML-BSA or BSA. *Compared to the BSA 
reference, P<0.05. (B) The skin specimen on the second day after forced depilation 
was stained with DAPI and fl uorescent immunostaining of Shh was performed. 
Negative Shh expression was observed in the skin intradermally injected with 
CML-BSA. The picture is a representative image. (C,D) The primary culture of 
E15.5 embryonic skin cells was adjusted and cell lines for the various genes were 
created by overexpressing the target gene with adenoviruses at an MOI50 or 
more. Shh expression repressed by CML was derepressed in the DN-RAGE-IRES-
EGFP-infected cells (C). On the other hand, the I-κB-SR-infected cells (D) did not 
derepress Shh expression in the EGFP-infected cell line. The graph shows the 
mean±SEM of the data from three independent experiments. *P<0.05.
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scratch was not derepressed (Figure 4G). CML-BSA may reduce 
the migration and proliferation of mesenchymal cells in a 
RAGE-mediated NF-kB-independent manner. 

Discussion

Studies of forced expression of Dickkopf1 in the epidermis of 
transgenic mice have shown that Wnt signaling lies upstream 
and Shh, BMP4, Notch, FDF and the TNF family are downstream 
[27,28], in HF morphogenesis in the developmental process. 
These studies have demonstrated the important role of Shh 
signaling for complete HF formation after primordial HF 
formation. In the developmental process, the expression of Shh 
and Ptched receptors take place respectively in mesenchymal 
cells and primordial HF. As HF formation beyond the primordial 
HF is inhibited in Shh knock-out mouse, Shh must promote 
the proliferation of primordial HF in epithelial cells, serving 
an important function in HF formation beyond primordial 
HF [24]. The results of the present study revealed that CML 
injections caused thinning of the hair shaft and weakening of 
the HF, triggered by a decline in cell aggregation. Decreased 
Shh expression by CML triggered decreased proliferation of 
a group of follicular epithelial cells such as hair matrix cells 
involved in hair shaft formation and outer root sheath involved 

in follicular down-growth. In turn, this may have triggered 
HF weakening and thinning of the hair shaft by CML. On the 
other hand, when scratch tests were performed on DPC and 
primary cultures of E15.5 embryonic skin cells, a decrease in 
cell proliferation and migration was observed in mesenchymal 
cells in a RAGE-mediated NF-kB-independent manner. As 
described above, CML may be inhibiting HF morphogenesis 
by inhibiting the proliferation of epithelial and mesenchymal 
cells.

The mechanism for hair root regeneration may be different 
from that of the formation of HF in the embryonic stage and 
the regeneration cycle after birth. However, when fi broblasts, 
which are mesenchymal cells in the embryonic stage, begin 
to form dermal cell aggregates, genes different from the 
surrounding fi broblasts, Noggin and BMP4, are known to be 
expressed [29]. BMP4, in particular, induces epidermal cells 
to repress Shh expression. However, Shh is expressed in 
placode epidermal cells in contact with the dermal aggregates, 
as Noggin inhibits BMP4 expression [30]. In epidermal cells 
around the placode where Noggin from dermal aggregates 
is out of reach, Shh expression is inhibited by BMP4, and a 
cascade of organ-forming and organ-inhibiting reaction 
diffusion waves form regular HF on the skin [31]. In this study, 
CML directly repressed the proliferation and migration in DPC 
and embryonic skin cells in the scratch assay, and in vivo, 
CML injection repressed aggregation in the hair root region. 
Given that part of the HF expression process in the embryonic 
stage is known to be repeated after birth, we plan to examine 
which factors, such as Noggin, BMP4 and others that act in the 
developmental process, have an effect via decreased NF-kB-
independent expression of Shh.

Although glycation typically accumulates over a long 
period of feeding, in this study, we proposed a simple model 
that mimics aging through daily living by easily and quickly 
reconstructing an intradermal injection model. In this model, 
it is possible to investigate the effect of anti-glycation 
compounds, and it will be possible to develop compounds that 
bring about a therapeutic effect to patients treated with aging 
or anti-diabetic drugs containing the phenotype of hair loss. 
Hair generated from weak HF was readily prone to hair loss, 
and data to support the signs of aging were obtained.

At the same time, the mutual interaction between 
epithelial and mesenchymal cells, which are involved in HF 
morphogenesis, is a common system [32-34], observed in 
many organs of the human body such as the kidneys, teeth, 
tear glands and salivary glands, and we believe that this is a 
very good model for studying organ morphogenesis. Use of the 
model shown in this study may lead to a detailed understanding 
of hair follicle formation and enable verifi cation of the organ 
morphogenesis mechanisms that are affected by glycation 
factors.
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Figure 4: RAGE-mediated repressed mobility of mesenchymal cells by CML.
(A-G) CML-BSA repressed wound healing in DPC. The DPC culture was maintained 
at confl uency and after scratching, 40 μg/ml of BSA or CML-BSA was added in the 
culture media. Twenty-four hours after the addition, the distance between cells 
after scratching was measured and evaluated. (A-D) show representative pictures. 
(E) Compared to BSA, CML-BSA repressed wound healing in a concentration-
dependent manner. The graph shows the mean±SEM of the data from three 
independent experiments. **P<0.01 vs. BSA reference. (F,G) The infected E15.5 
mouse embryonic skin cells  were maintained at confl uency and after scratching, 
40 μg/ml of BSA or CML-BSA was added in the culture media. The inhibited wound 
healing was derepressed in the DN-RAGE-IRES-EGFP-infected cells (F). On the 
other hand, the I-κB-SR-infected cells (G) did not derepress the inhibited wound 
healing in the EGFP-infected cell line. The graph shows the mean±SEM of the data 
from three independent experiments. * P<0.05; **P<0.01.
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