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Abstract: Diabetes mellitus is frequently accompanied by chronic complications like delayed wound healing, which 
is consider to be attributed to the accumulation of advanced glycosylation end product (AGE). However, the impacts 
of AGE on epidermal stem cells (ESCs) are largely unknown. This study aims to address the influence and mecha-
nism of AGE on ESCs. ESCs isolated from rats were cultured in AGE-modified bovine serum albumin and transfected 
with small interfering RNA to knock down AGE-specific receptor (AGER). Expression of stem cell markers integrin 
β1 (ITGB1) and keratin 19 (KRT19), cell viability, apoptosis and reactive oxygen species (ROS) were examined. Wnt 
pathway-related factors Wnt family member 1 (WNT1), WNT3A, β-catenin, v-myc avian myelocytomatosis viral on-
cogene homolog (MYC), cyclin D1 (CCND1) and matrix metallopeptidase 7 (MMP7) were quantified. The interaction 
between forkhead box O1 (FOXO1) and β-catenin was assessed by co-immunoprecipitation. Results indicated that 
AGE down-regulated ITGB1 and KRT19 expression, suppressed ESC viability and promoted apoptosis, and ROS level 
(P < 0.01), implying decreased capacities of ESCs. AGE also promoted AGER and FOXO1, while AGER knockdown 
had the opposite effects. Moreover, AGER knockdown elevated the level of WNT1, WNT3A, MYC, CCND1 and MMP7 
that were suppressed by AGE (P < 0.01). Immunoprecipitation analysis showed that FOXO1 could compete with 
lymphoid enhancer binding factor 1 to interact with β-catenin, which might help to elucidate the mechanism of AGE 
repressing ESCs. This study helps to understand the mechanism of accumulated AGE in affecting ESC capacities, 
and provides potential therapeutic targets to meliorate diabetic wound healing.

Keywords: Diabetic wound healing, epidermal stem cell, advanced glycosylation end product, forkhead box O1, 
Wnt

Introduction

Diabetes mellitus is a kind of metabolic dis-
ease severely threatening the health of human 
beings. Statistically, there are nearly 3 hundred 
million diabetes mellitus patients worldwide, 
and the number is predicted to soar to 4.39 
hundred million in 2030 [1]. Diabetes mellitus 
has acquired deadly features partly due to its 
various complications, among which diabetic 
wound healing is quite typical. Diabetic wound 
healing can be delayed and impaired by numer-
ous physiological factors that are already dis-
covered, such as reduced production of growth 

factors [2], elevation of reactive oxygen species 
(ROS) [3] and dysregulation of matrix metallo-
peptidases (MMPs) [4]. Effective improvement 
of diabetic wound healing can obviously lower 
amputation rate, and intensive research has 
focused on the potential of auxiliary methods 
and pivotal factors [5, 6].

Advanced glycosylation end product (AGE) is 
produced by the Maillard reaction between pro-
teins and various saccharide derivatives. AGE 
plays causative roles in many degenerative dis-
eases including diabetic mellitus and related 
complications. Studies have suggested that 
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AGE is accumulated in some cell types of dia-
betic mellitus patients and participates in the 
pathogenesis of delayed diabetic wound heal-
ing by interfering with a number of components 
[7]. As the membrane receptor for AGE, AGE-
specific receptor (AGER) is also involved in the 
development and progression of many diseas-
es, whose depressor is a research hotspot for 
therapeutics [8, 9]. In diabetic patients, AGER 
is higher expressed in inflammatory cells of 
wound tissue, together with the increased ROS 
level in neutrophils [10]. These findings might 
provide ample evidences for the pivotal role of 
AGE and AGER in the mechanism of delayed 
diabetic wound healing.

Wnt pathway, including the canonical and non-
canonical ones, has been addressed in cell pro-
liferation and survival. Evidences have also 
been found the involvement of Wnt pathway, 
the canonical Wnt/β-catenin including down-
stream transcription factors T-cell factors 
(TCFs) and lymphoid enhancer binding factor 1 
(LEF1) particularly, in improving wound healing 
[11, 12]. For example, Wnt pathway provides 
signals for the epithelium to facilitate epithelial 
tissue patterning during wound repair [13]. 
Furthermore, it is the effector for other regula-
tors such as pigment epithelium-derived factor 
to influence wound healing in diabetic patients 
[14]. Thus Wnt pathway holds great potential to 
decipher the mechanism of diabetic wound 
healing.

Epidermal stem cells (ESCs) are the stem cells 
specifically existed in the skin tissue, which 
participate in skin development, wound repair 
and reconstruction. Studies have found 
impaired capacities of ESCs during diabetic 
wound healing [15, 16]. However, the causal 
relationship between AGE and the suppression 
in ESC capacities is unclear. Therefore, we per-
formed this study to uncover the effects and 
mechanisms of AGE-AGER in ESCs in order to 
elucidate how these factors influence diabetic 
wound healing. Rat ESCs were isolated and cul-
tured for AGE treatment and AGER knockdown, 
and then cell viability, apoptosis, expression of 
ESC markers and ROS level were compared. 
Expression of Wnt pathway factors and interac-
tion between proteins were also analyzed. 
These investigations will help to understand 
the mechanism of impaired diabetic wound 
healing and provided promising therapeutic tar-
gets to improve wound healing in diabetic 
patients.

Materials and methods

Animals and cells

This study was approved by a local ethics com-
mittee and conducted based on the instruc-
tions of our institute. Neonatal Sprague-Dawley 
rats of 1-3 d old (10 individuals, 6-8 g, HFK Bio-
Technology, Beijing, China) were sacrificed by 
neck dislocation. The skin of the back was sam-
pled and digested in 0.25% Dispase II (Roche 
Diagnosis, Mannheim, Germany) overnight at 
4°C. Then the dermis was peeled off and the 
epidermis was digested in 0.05% Trypsin 
(Gibco, Carlsbad, CA, USA) for 5 min at 37°C. 
Dulbecco’s modified eagle medium supple-
mented with 20% fetal bovine serum (FBS) was 
added to terminate the digestion. Single-cell 
suspension was seeded in culture plates pre-
coated with 100 mg/L collagen type IV (Equl, 
Shanghai, China) in phosphate-buffered saline 
(PBS) and incubated at 37°C for 20 min, after 
which the non-adhensive cells were discarded. 
The medium was replaced with keratinocyte 
serum-free medium (KSFM, Gibco). Cells were 
cultured in humid air with 5% CO2 at 37°C. The 
medium was changed every other day. The 
identification of ESCs was performed by anti-
bodies against integrin β1 (ab179471, Abcam, 
Cambridge, UK), keratin 19 (KRT19, ab191208) 
and KRT10 (ab76318) [17, 18] using flow cytom-
etry Attune Nxt (Invitrogen, Carlsbad, CA, USA). 
The percent of integrin β1- and KRT19-positive 
cells was over 85%, and that of KRT10-positive 
cells was less than 10%.

Cell treatment and transfection

According to previous research, 200 μg/mL 
AGE-modified bovine serum albumin (AGE-BSA, 
BioVision, Milpitas, CA, USA) was added to the 
cultured ESCs [19]. As a control, the same con-
centration of BSA (BioVision) was used. The cul-
tured ESCs were treated for 48 h before the 
following experiments. For cell viability assay, 
the cells were treated with AGE-BSA or BSA for 
72 h, during which they were sampled at preset 
time points.

The cells were transfected with small interfer-
ing RNA (siRNA) for Ager (si-AGER). The siRNAs 
and siRNA control (si-control) were synthesized 
by Genechem (Shanghai, China). Transfection 
was performed in 24-well plates when the con-
fluence reached about 80%. In each well, 5 
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Table 1. Primers used in qRT-PCR
Primer Targeted gene (GenBank Accession) Sequence (5’ to 3’) Produce size (bp)
Itgb1-Fw Itgb1 (NM_017022) GGGACACGGGTGAAAATCCT 152
Itgb1-Rv AGAGCCCCAAAGCTACCCTA
Krt19-Fw Krt19 (BC126075) CATGGCAGAGAAGAACCGGA 125
Krt19-Rv GGAGTTCCGTGACCTCAGTC
Ager-Fw Ager (NM_053336) GTCTCCTTCAGCTTCCGACC 117
Ager-Rv AGCATGGATCATGTGGGCTC
Foxo1-Fw Foxo1 (NM_001191846) CAGCCAGGCACCTCATAACA 143
Foxo1-Rv TCAAGCGGTTCATGGCAGAT
Wnt1-Fw Wnt1 (NM_001105714) CGTTGCTGTCCCTGTGGTAT 105
Wnt1-Rv CAGGTGTGGTGGTTAGGGAC
Wnt3a-Fw Wnt3a (NM_001107005) GACCTTGAGGCCACGTTACA 90
Wnt3a-Rv TTGGGCTCGCAGAAGTTAGG
Ctnnb1-Fw Ctnnb1 (NM_053357) ACTCCAGGAATGAAGGCGTG 109
Ctnnb1-Rv GAACTGGTCAGCTCAACCGA
Myc-Fw Myc (NM_012603) TGAAAAGAGCTCCTCGCGTT 139
Myc-Rv AAATAGGGCTGCACCGAGTC
Ccnd1-Fw Ccnd1 (NM_171992) TCAAGTGTGACCCGGACTG 138
Ccnd1-Rv GACCAGCTTCTTCCTCCACTT
Mmp7-Fw Mmp7 (NM_012864) CAAAGGACGACATTGCAGGC 94
Mmp7-Rv GAAGGGCGTTTGCTCATTCC
Gapdh-Fw Gapdh (NM_017008) TCCTGCACCACCAACTGCTTAG 102
Gapdh-Rv AGTGGCAGTGATGGCATGGACT

pmol si-AGER or si-control was added together 
with the Lipofactamine® RNAiMAX (Invitrogen). 
The plates were incubated at 37°C for 72 h, 
during which cells were sampled for the follow-
ing detection.

MTT assay

MTT assay was performed to detect viability of 
ESCs at 0, 1, 2 and 3 d post treatment or trans-
fection using MTT Cell Proliferation Assay Kit 
(ATCC, Manassas, VA, USA). MTT Reagent (10 
μL) was added to each well of 24-well plates 
and the plates were incubated for 4 h. Then 
100 μL Detergent Reagent was added and the 
plates were incubated in the dark until the pur-
ple precipitates were dissolved. The absor-
bance at 570 nm was detected by a microplate 
reader HBS-1096B (DeTie, Nanjing, China).

Cell apoptosis assay

Apoptotic cells were detected by flow cytometry 
after ESCs were stained by fluorescein isothio-
cyanate (FITC) and propidium iodide (PI) using 
Annexin V-FITC Apoptosis Detection Kit (Vazy- 

me, Nanjing, China). ESCs were collected after 
Trypsin treatment and centrifugation, and then 
washed twice in cold PBS. Cells were suspend-
ed in 100 μL Binding Buffer, after which 5 μL 
Annexin V-FITC and 5 μL PI Staining Solution 
were added. Then cells were incubated in the 
dark at room temperature for 10 min. Finally, 
400 μL Binding Buffer was added and the 
detection was immediately performed by flow 
cytometry. The percent of FITC-positive and 
PI-negative cells were calculated to assess 
apoptotic cells.

ROS assay

Cellular ROS level in epidermal stem cells were 
detected by Reactive Oxygen Species Assay Kit 
(Solarbio, Beijing, China) according to the man-
ufacturer’s instructions. In the 24-well plates, 
2,7-dichlorofluorescin diacetate (DCFH-DA) was 
added to a final concentration of 1 μM. The 
cells were incubated at 37°C for 30 min and 
washed twice in PBS. Fluorescence signals 
were detected by a fluorescence microscope 
DM500 (Leica Microsystems, Wetzlar, Ger- 
many) and quantified by software Qwin (Leica 
Microsystems).
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Immunoprecipitation

Immunoprecipitation was performed using 
Classic Magnetic IP/Co-IP Kit (Pierce, Carlsbad, 
CA, USA) to analyze the interaction between 
β-catenin and forkhead box O1 (FOXO1). ESCs 
were washed twice in PBS and lysed in IP Lysis 
Buffer on ice for 5 min. The protein lysate was 
collected by centrifugation. Protein A/G Mag- 
netic Beads (25 μL) were incubated with anti-β-
catenin antibody (ab22656) for 1 h at room 
temperature, and then added to the protein 

lysate and incubated overnight at 4°C. The 
beads were then collected and washed in IP 
Wash Buffer for 5 times. Proteins were dis-
solved in Elution Buffer and detected by 
Western blot.

qRT-PCR

Total RNA samples of the epidermal stem cells 
were extracted using Trizol (Invitrogen) and 
purified by RNA Cleanup Kit (Qiagen, Dusseldorf, 
Germany) based on the instructions of the 

Figure 1. Advanced glycosylation end product (AGE) inhibits capacities of epidermal stem cells (ESCs). Rat ESCs 
were isolated and cultured with AGE-modified bovine serum albumin (AGE-BSA) or BSA (as a control) treatment. 
Cells were detected by qRT-PCR, flow cytometry and reactive oxygen species (ROS) assay after 48 h of treatment. 
A. qRT-PCR shows that mRNA levels of ESC markers integrin β1 (Itgb1) and keratin 19 (Krt19) are suppressed by 
AGE-BSA treatment. B. Flow cytometry shows that the percent of apoptotic cells is increased by AGE-BSA treatment. 
C. MTT assay shows that the viability of ESCs is inhibited by AGE-BSA treatment when detected at 1, 2 and 3 d post 
treatment. D. ROS level is elevated by AGE-BSA treatment. **P < 0.01 and ***P < 0.001 compared to the BSA 
group.
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Figure 2. Advanced glycosylation end product (AGE) 
elevates expression of AGE-specific receptor (AGER) 
and forkhead box O1 (FOXO1) in epidermal stem 
cells (ESCs). Rat ESCs were isolated and cultured 
with AGE-modified bovine serum albumin (AGE-BSA) 
or BSA (as a control) treatment. Cells were detected 
by qRT-PCR and Western blot after 48 h of treat-
ment. A. qRT-PCR shows that mRNA levels of Ager 
and Foxo1 are elevated by AGE-BSA treatment. *P < 
0.05 and ***P < 0.001 compared to the BSA group. 
B. Western blot shows the expression of AGER and 
FOXO1 proteins are increased by AGE-BSA treat-
ment. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) is an internal reference. 

manufacturers. The complementary DNA (cD- 
NA) was synthesized using PrimeScript 1st 
Strand cDNA Synthesis Kit (Takara, Dalian, 
China) with 1 μg RNA from for each sample. 
qRT-PCR was performed on LightCycler 480 
(Roche, Basel, Switzerland) catalyzed by SYBR 
Green I Master (Roche), each sample contain-
ing 20 ng cDNA and the specific primers for tar-
geted genes (Table 1). Data were calculated by 
the 2-ΔΔCt method normalized with glyceralde-
hyde-3-phosphate dehydrogenase (Gapdh).

Western blot

Protein samples of ESCs were extracted by 
ProteoPrep Total Extraction Sample Kit (Sigma-
Aldrich, Shanghai, China) according to the man-
ufacturer’s instructions. The proteins (20 μg) of 
each sample were separated by sodium dodec-
yl sulfate polyacrylamide gel electrophoresis 
and transferred to polyvinylidene fluoride mem-
branes. The membranes were first blocked in 
5% skim milk (in PBS) for 2 h at room tempera-

ture and then incubated overnight at 4°C in the 
specific primary antibodies against GAPDH 
(ab8245, Abcam), which was used as an inter-
nal reference, AGER (ab3611), FOXO1 (ab- 
52857), Wnt family member 1 (WNT1, ab- 
85060), WNT3a (Sangon Biotech, Shanghai, 
China), β-catenin (ab32572), v-myc avian mye- 
locytomatosis viral oncogene homolog (MYC, 
ab32072), cyclin D1 (ab134175) and MMP7 
(ab189277). After being washed in PBS for 3 
times (5 min for each time), the membranes 
were incubated in secondary antibodies conju-
gated with horseradish peroxidase for 2 h at 
room temperature. Then the membranes were 
washed in PBS again and EasyBlot ECL Kit 
(Sangon Biotech) was used to develop signals, 
which were then analyzed by ImageJ 1.49 
(National Institutes of Health, Bethesda, MD, 
USA).

Statistical analysis

All the experiments were performed in tripli-
cate. Results were presented as mean ± stan-
dard error of mean. Data were analyzed by one-
way analysis of variance and Student’s t test in 
SPSS 20 (SPSS, Chicago, IL, USA). Differences 
between groups were considered statistically 
significant if P < 0.05.

Results

AGE inhibits capacities of ESCs and promotes 
FOXO1

We first detected the effects of AGE on ESCs 
from four indexes: ESC markers, cell viability, 
cell apoptosis and ROS level. qRT-PCR indi-
cates that the mRNA levels of two ESC markers 
integrin β1 (Itgb1) and Krt19 were obviously 
suppressed after 48 h of AGE-BSA treatment (P 
< 0.01, Figure 1A), which might imply the weak-
ened characteristics of ESCs. MTT assay 
showed that the cell viability was significantly 
suppressed after 1, 2 or 3 d of AGE-BSA treat-
ment (P < 0.01 or P < 0.001, Figure 1B). 
Meanwhile, the percent of apoptotic cells was 
markedly elevated by AGE-BSA (P < 0.01, Figure 
1C). The ROS level of ESCs was also elevated by 
AGE-BSA treatment (P < 0.01, Figure 1D). 
These results implied that accumulation of AGE 
might affect the capacities of ESCs.

Then we detected the expression change of 
AGER. qRT-PCR showed significant elevation in 
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Figure 3. Knockdown of advanced glycosylation end product-specific receptor (AGER) improves capacities of epi-
dermal stem cells (ESCs). Rat ESCs were isolated and cultured with AGE-modified bovine serum albumin (AGE-BSA) 
for 48 h, after which they were transfected with the specific small interfering RNA for Ager (si-AGER) or the control 
(si-control). Detection of AGER levels by qRT-PCR (A) and Western blot (B) at 48 h post transfection suggests the 
successful knockdown of AGER. Meanwhile, forkhead box O1 (FOXO1) is also suppressed. (C) qRT-PCR shows that 
mRNA levels of ESC markers integrin β1 (Itgb1) and keratin 19 (Krt19) are suppressed by AGER knockdown at 48 h 
post transfection. (D) MTT assay shows that cell viability is elevated by AGER knockdown when detected at 1, 2 and 
3 d post transfection. (E) Flow cytometry indicates that the percent of apoptotic cells is reduced by AGER knockdown 
at 48 h post transfection. (F) ROS level is suppressed by AGER knockdown at 48 h post transfection. *P < 0.05 and 
**P < 0.01 compared to the si-control group.

Ager mRNA after AGE-BSA treatment (P < 
0.001, Figure 2A), and western blot found simi-
lar expression patterns in its proteins (Figure 
2B). Intriguingly, FOXO1, a factor that has been 
reported up-regulated in diabetic mellitus [20], 
was also significantly promoted in both mRNA 
(P < 0.05) and protein levels. It might be conjec-
tured from these phenomena that AGER and 
FOXO1 might be involved in the functions of 
AGE in ESCs.

AGER knockdown elevates capacities of ESCs

In order to investigate the possible mechanism 
of AGE on ESCs and elucidate the function of 
AGER in the mechanism, we knocked down 
AGER in the cultured ESCs with AGE-BSA treat-
ment. After cell transfection, the Ager mRNA 
level was significantly suppressed (P < 0.01, 
Figure 3A), and its protein expression was also 
reduced (Figure 3B), suggesting the successful 

knockdown of AGER. Meanwhile, we discovered 
that AGER knockdown was accompanied by 
mRNA and protein down-regulation of FOXO1 (P 
< 0.01), implying that AGER knockdown affect-
ed the expression of FOXO1.

ESC markers, cell viability, cell apoptosis and 
ROS level were also assessed. Itgb1 and Krt19 
mRNA levels were elevated along with the 
knockdown of AGER (P < 0.05, Figure 3C). Cell 
viability detected at 1, 2 and 3 d post transfec-
tion were all significantly promoted by AGER 
knockdown (P < 0.05 or P < 0.01, Figure 3D), 
while cell apoptosis was suppressed by AGER 
knockdown (P < 0.01, Figure 3E). Moreover, si-
AGER could also reduce ROS level in ESCs (P < 
0.01, Figure 3F). Taken together, AGER knock-
down might generate opposite effects against 
AGE-BSA treatment, improving capacities of 
ESCs.
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Figure 5. Forkhead box O1 (FOXO1) competes with 
lymphoid enhancer binding factor 1 (LEF1) to inter-
act with β-catenin protein. Rat epidermal stem cells 
were isolated and cultured with AGE-modified bovine 
serum albumin (AGE-BSA) or BSA (as a control) treat-
ment for 48 h, after which they were transfected with 
the specific small interfering RNA for Ager (si-AGER) 
or the control (si-control). Immunoprecipitation was 
performed at 48 h post transfection with the antibod-
ies against β-catenin. Immunoprecipitation products 
were detected by Western blot with primary antibod-
ies against FOXO1 and LEF1.

Figure 4. Advanced glycosylation end product (AGE) 
treatment and knockdown of AGE-specific receptor 
(AGER) can regulate Wnt pathway. Rat epidermal 
stem cells were isolated and cultured with AGE-mod-
ified bovine serum albumin (AGE-BSA) or BSA (as a 
control) treatment for 48 h, after which they were 
transfected with the specific small interfering RNA 
for Ager (si-AGER) or the control (si-control). qRT-PCR 
and Western blot were performed at 48 h post trans-
fection. A. qRT-PCR shows that AGE and AGER regu-
late the mRNA level of Wnt pathway factors including 
Wnt family member 1 (Wnt1), Wnt family member 3a 
(Wnt3a), β-catenin (Ctnnb1), v-myc avian myelocy-
tomatosis viral oncogene homolog (Myc), cyclin D1 
(Ccnd1) and matrix metallopeptidase 7 (Mmp7). *P 
< 0.05 and **P < 0.01 compared to the BSA + si-
control group. ##P < 0.01 compared to the AGE-BSA 
+ si-AGER group. B. Western blot shows that AGE and 
AGER regulate the protein level of Wnt pathway fac-
tors. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) is an internal reference.

AGE affects Wnt pathway

Factors in Wnt pathway were also detected in 
the ESCs transfected with si-AGER. qRT-PCR 
showed that AGE-BSA treatment could signifi-
cantly down-regulate the mRNA level of Wnt1, 
Wnt3a, Myc, cyclin D1 (Ccnd1) and Mmp7 com-
pared to BSA treatment (P < 0.05 or P < 0.01, 
Figure 4A). However, transfection with si-AGER 
further elevated levels of these factors and 
β-catenin (Ctnnb1) compared to the cells only 

treated with AGE-BSA (P < 0.01). Western blot 
showed similar protein expression patterns of 
these factors (Figure 4B). Thus AGE might have 
suppressive effects on Wnt pathway, while kn- 
ockdown of AGER could reverse the effect of 
AGE.

In Figures 2 and 3, results showed that FOXO1 
was elevated or suppressed along with the 
AGE-induced AGER promotion or AGER knock-
down. Thus we speculated that FOXO1 was also 
involved in the regulation of Wnt pathway. Since 
β-catenin is a crucial junction which can be 
bind by lymphoid enhancer binding factor 1 
(LEF1) to activate Wnt pathway, we performed 
immunoprecipitation using antibodies against 
β-catenin to test whether FOXO1 could interact 
with β-catenin. Results showed that FOXO1 pro-
tein could be detected in the immunoprecipi-
tates of β-catenin (Figure 5), but its level was 
increased by AGE-BSA treatment, and then 
reduced by si-AGER. Simultaneously, it was the 
other way around that LEF1 protein level in the 
immunoprecipitates was reduced by AGE-BSA 
and then increased by si-AGER, implying that 
the interaction between β-catenin and LEF1 
might be taken away by FOXO1. Thus FOXO1 
competed with LEF1 to interact with β-catenin, 
by which it might participate in the regulation of 
Wnt pathway.

Discussion

Delayed diabetic wound healing has long been 
a thorny problem for diabetic patients. In this 
study, we detected the relationship between 
the accumulated AGE and the repressed ESCs 
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by treating rat ESCs with AGE-BSA to mimic AGE 
accumulation during diabetic mellitus. The 
treatment was found to suppress expression of 
ESC markers, inhibit viability, and promote 
apoptosis and ROS level, and meanwhile, the 
expression of AGER and FOXO1 was elevated. 
Further, knockdown of AGER by the siRNA had 
opposite effects to AGE. We also found that 
AGE treatment and AGER knockdown could 
regulate expression of Wnt pathway factors 
adversely, and that FOXO1 competed with LEF1 
to interact with β-catenin.

In the cultured rat ESCs, AGE-BSA treatment 
diminished expression of two ESC markers inte-
grin β1 and KRT19, suggesting the debilitated 
ESC features. The two markers have also been 
reported to regulate proliferation and apoptosis 
of skin cells. For example, knockdown of ITGB1 
in human keratinocyte stem cells could inhibit 
cell proliferation and induce differentiation 
[21], and overexpression of KRT19 is observed 
in skin cancer [22]. Consistently in this study, 
the suppressed integrin β1 and KRT19 levels 
by AGE-BSA were accompanied by reduced ESC 
viability and increased cell apoptosis and ROS 
levels. These findings were in accordance with 
existed reports in mesenchymal stem cells, 
endothelial progenitor cells, where AGE ele-
vates cell apoptosis and induces production  
of ROS [23-25]. Thus these results implied  
that AGE accumulation represses capacities of 
ESCs during diabetic mellitus, which may delay 
wound healing.

When detecting the mRNA and protein level of 
AGER and FOXO1, we found that both factors 
were induced by the exposure to AGE. Previous 
studies in osteoblastic cell lines also observed 
induced AGER expression by AGE treatment 
[26]. As to FOXO1, it can be elevated by AGE 
and is associated with aggravated apoptosis of 
fibroblasts and retinal pericytes, possibly via 
p38 and JNK/MAPK [27, 28]. Further AGER 
knockdown in rat ESCs caused elevation in 
integrin β1, KRT19 and cell viability, as well as 
the decrease in apoptotic cell percent and ROS 
level, which were opposite to AGE-BSA treat-
ment and similar results have been reported 
[29, 30]. Meanwhile, knockdown of AGER led to 
the inhibition of FOXO1, which is a factor sup-
pressing proliferation and inducing apoptosis 
upon oxidative stress in some cell types [31, 

32]. From this point of view, the AGE-AGER-
FOXO1 axis may be active for the repression of 
ESC capacities during diabetic wound healing.

The canonical Wnt pathway is crucial for sus-
taining cell survival and growth, thus providing 
promising targets for many diseases [33, 34]. 
Moreover, it can be modulated by ROS and con-
stitute a crosstalk during important biological 
processes [35]. In this study, we explored 
changes in this pathway, hoping to find possible 
mechanisms of AGE in ESCs. As expected, 
WNT1, WNT3A and β-catenin in Wnt pathway 
and the downstream factors MYC, cyclin D1 
and MMP7 were all regulated by AGE-BSA treat-
ment or AGER knockdown, implying that the 
regulation of Wnt pathway by AGE-AGER may 
play significant roles in modulating capacities 
of ESCs. Similar results show that overexpres-
sion of AGER inhibits Wnt pathway and reduces 
expression of Wnt targets MYC and cyclin D1 to 
suppress osteoblast proliferation [36], raising 
the possibility that Wnt pathway is a vital 
responder of AGE-AGER to modulate ESCs.

In the regulation of Wnt pathway factors, signifi-
cant mRNA level changes were detected in 
Myc, Ccnd1 and Mmp7, all of which are targets 
for the transcription factor β-catenin [37-39], 
thus we suspected that the transcriptional 
activity of β-catenin was regulated. We ana-
lyzed the immunoprecipitation of FOXO1, which 
is also a transcription factor, by β-catenin, and 
found that when FOXO1 was up-regulated by 
AGE-BSA treatment, β-catenin immunoprecipi-
tated more FOXO1 and less LEF1 than the BSA 
control, while the inverse phenomenon was 
observed when AGER was knocked down. Since 
LEF1 is an important regulator of β-catenin 
activity by directly interacting with β-catenin 
[40, 41], it is tempting to deduce that FOXO1 
may compete with LEF1 to interact with 
β-catenin, thus reducing the LEF1-mediated 
transportation of β-catenin to the nucleus. The 
blocked β-catenin activity may further lead to 
the suppressed transcription of its targets Myc, 
Ccnd1 and Mmp7. Hence the AGE-AGER-FOXO1 
axis may suppress Wnt pathway and targets of 
β-catenin, which is a potential mechanism to 
explain the suppressed ESC capacities during 
diabetic wound healing.

It was intriguing that the mRNA and protein 
changes of β-catenin by AGE-BSA treatment 
were not significant, while changes in WNT1 
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and WNT3A were remarkable. Furthermore, si-
AGER was able to induce significant changes in 
β-catenin levels. One possible reason is that 
AGE may cause multiple alterations other than 
AGER elevation and impose a comprehensive 
effect on β-catenin, which needs to be verified 
by further research. With more details about 
AGE mechanism revealed, the AGE-AGER-
FOXO1-Wnt axis will be of great importance to 
improve the capacities of ESCs and meliorate 
diabetic wound healing.

To sum up, accumulation of AGE and its induced 
AGER-FOXO1 suppress Wnt pathway in ESCs, 
which may contribute to the repression in ESC 
capacities and delayed diabetic wound healing. 
This potential mechanism will offer promising 
therapeutic targets for promoting diabetic 
wound healing.
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