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Abstract

:

The hair follicle (HF) growth cycle is a complex, multistep biological process, for which dysfunction affects hair-related diseases in humans and wool production in animals. In this study, a treatment combination of 10 ng/mL insulin-like growth factor-1 (IGF-1) and 20 ng/mL epidermal growth factor (EGF) significantly increased the elongation length of hair shafts for cultured HFs. The combined treatment of IGF-1 and EGF enhanced the proliferation of HFs and promoted HF growth and development in vitro. In vivo, the combined treatment of IGF-1 and EGF was subcutaneously injected into the dorsal skin in HF synchronized rabbits. The IGF-1 and EGF combination promoted the transition of the hair cycle from telogen to anagen and stimulated the growth of hair shafts. This IGF-1 and EGF combination maintained the structure of the HF and enhanced the cell proliferation of outer root sheaths and the dermal papilla within rabbit skin. The combined treatment of IGF-1 and EGF regulated HF-related genes, including LEF1, CCND1 and WNT2, suggesting that IGF-1 and EGF play a positive role in HF growth and development. Utilization of the combined IGF-1 and EGF treatment may assist with hair and wool production and HF related diseases in mammals.
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1. Introduction


The hair follicle (HF) is complex skin accessory organ, which has a unique structure and plays important roles in growth and development in mammals [1]. Under the regulation of endogenic and exogenous factors, HFs undergo a continuous and cycling process that consists of anagen (growing), catagen (involution), and telogen (resting) phases [2]. In order to better understand the molecular mechanisms that drive HF changes, HF-related cell lines and organ culture of isolated HFs have been utilized in vitro [3,4,5]. Furthermore, a number of animal models have been developed to examine the molecular regulation of HF by internal and external factors [6].



Many cell growth factors have been reported to be regulators of HF growth and development, including hepatocyte growth factor (HGF), keratinocyte growth factor (KGF), insulin-like growth factor-1 (IGF-1) and epidermal growth factor (EGF) [7,8,9,10]. Insulin-like growth factor 1 (IGF-1) is a key regulator of cell activity and biological processes [11,12]. Emerging evidence has demonstrated that IGF-1 affects the hair growth cycle, follicular proliferation and differentiation, and tissue remodeling [9]. IGF-1 promotes hair growth and plays an important role in the HF cycle and development in transgenic mice; with expression of IGF-1 correlated with androgenetic alopecia [13,14]. Furthermore, IGF-1 regulates the transition from anagen to catagen during the HF cycle [15].



Epidermal growth factor (EGF) also plays a critical role in the regulation of HF growth and development. In the outer root sheath (ORS), EGF and its receptor (EGFR) are downregulated in expression in HF growth [10]. EGF enhances cell proliferation of HF-derived mesenchymal stem cells through the EGFR/ERK and AKT signaling pathways [16]. In cultured, isolated human HFs, EGF stimulated elongation and maintained the growth of the HF [17]. EGF increased wool yields in Angora rabbits after subcutaneous injection and could induce regrowth of HFs [18].



In this study, we considered the role of IGF-1 and EGF in HF growth and development in Angora rabbits. A treatment combination of IGF-1 and EGF altered the growth of isolated HFs in culture and the cyclic regeneration of HFs in Angora rabbits. This growth factor combination also regulated the expression of HF growth and development related genes. These findings assist with an understanding of the biological functions of IGF-1 and EGF in HF growth and development and contribute to potential therapies for hair-related diseases in humans, and the improvement of wool production in animals.




2. Materials and Methods


2.1. Animals


HFs were isolated from male Angora rabbits. Thirty 7-month-old male Angora rabbits were used for the subcutaneous injection experiments. All rabbits were housed under the same conditions, including diet (feed pellet and grass), water and temperature. The experimental procedures in this study were approved by the Animal Care and Use Committee of Yangzhou University, China.



To determine the onset of the anagen phase and to estimate hair elongation for the Angora rabbits, the dorsal area of the experimental animals was removed by waxing and plucked. When HFs entered the anagen phase was determined by the appearance of light pink skin and by hair regrowth. The length of the hair shaft was measured and skin samples were collected. Samples were fixed in 4% formaldehyde, and paraffin sections were stained with hematoxylin–eosin (HE) for histological observations.




2.2. Hair Follicle Organ Culture


According to previous studies, the organ culture of whisker follicles is a more ideal model because of their superior size, prominent disposition, and rapid initiation of a new anagen phase compared to pelage follicles [19,20]. Organ culture was performed with whisker follicles isolated from Angora rabbits. Whisker pads were removed and whole whisker follicles were dissected under a stereo-microscope. Anagen whisker follicles were cultured in 24-well plates with Williams E Medium (Gibco, Paisley, Scotland, UK) in a humidified incubator at 37 °C and 5% CO2. The basal medium used was serum free. Whisker follicles were arranged into two groups: a treatment combination group (10 ng/mL IGF-1 and 20 ng/mL EGF) and a control group (not given any treatment). The culture medium was replaced with fresh medium every 2 days until day 6 post-treatment. The length of the hair shaft protruding from the HF was measured using a light microscope.




2.3. Hair Growth Model for Angora Rabbits


The 30 Angora rabbits were split into two groups: an IGF-1 and EGF treatment combination group and a vehicle-control group. For the treatment group, 2 ng IGF-1 and 4 ng EGF were dissolved in saline solution, then 200 μL of the mixed solution was subcutaneously injected into the dorsal skins of HF synchronized Angora rabbits. For the control group, 200 μL saline solution was subcutaneously injected into the dorsal skins of HF synchronized Angora rabbits. The solutions were injected each week until 21 days had elapsed. The growth and development of wools and skin and the onset of HFs were observed. Skin samples were collected at 0, 7, 14 and 21 days.




2.4. Immunofluorescence Staining


Rabbit skin tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Embedded blocks were sectioned at 5 μm, then the paraffin sections were dewaxed and immersed in xylene Ⅰ and Ⅱ, and then sequentially in 100%, 95%, 85% and 75% alcohol for 5 min, and finally rinsed in deionized water. Antigen retrieval was processed in sodium citrate buffer, with samples washed three times in phosphate buffered saline (PBS) for 5 min after cooling to room temperature. Samples were then blocked and incubated with proliferating cell nuclear antigen (PCNA) mouse monoclonal antibody overnight at 4 °C. PCNA was used as this protein plays a key role in cell cycle regulation, cell division and cell proliferation [21]. Sections were washed in PBS three times and incubated with a goat anti-mouse IgG secondary antibody. 4’, 6-diamidino-2-phenylindole (DAPI) was applied for nuclear staining. The slides were then washed three times with PBS, and coverslips were mounted onto slides with anti-fading buffer mounting medium. The morphology of HFs was observed by fluorescence microscopy (OLYMPUS).




2.5. Quantitative Real-Time Polymerase Chain Reaction


Total RNA was isolated from skin using the RNAsimple Total RNA Kit (Tiangen, Beijing, China) and cDNA was obtained using HiScript II Q Select RT SuperMix for quantitative polymerase chain reaction (qPCR; Vazyme, Nanjing, China). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using AceQ qPCR SYBR® Green Master Mix (Vazyme), according to the manufacturer’s instructions. Data were analyzed with QuantStudio® 5. Relative gene expression levels were calculated using the 2−ΔΔCt method [22] with gene expression normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The specific primer sequences used for the qRT-PCR are listed in Table 1.




2.6. Statistical Analysis


All statistical analyses were performed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA). Relative gene expression and hair shaft length were analyzed using a paired sample t-test. A minimum of three biological replicates were used for each analysis, and all error bars in the results represent the mean ± SD.





3. Results


3.1. The Treatment Combination of IGF-1 and EGF Promotes Hair Growth


Establishment of whisker follicles in organ culture was used to determine the influence of IGF-1 and EGF on hair growth. HFs maintained growing status during days 0 to 4, and there were still no changes in HF morphology after 4 days (Figure 1A,B). The treatment combination of IGF-1 and EGF significantly increased the elongation length of the hair shaft when compared with the control group at days 4 and 6 (Figure 1C). For the control group and combined treatment group, analysis of HE stains showed that there were no significant differences between the two groups. The structure of the HF was complete, the ORS was not atrophied, and the dermal papilla was clearly visible (Figure 2). Immunofluorescence analysis showed that PCNA was expressed at the bottom of the HF. The expression of PCNA was higher in the combined treatment than the control group, demonstrating that the treatment combination of IGF-1 and EGF enhanced the proliferative abilities of the HF and promoted HF growth in vitro (Figure 3).




3.2. IGF-1 and EGF Promoted Hair Growth in the Angora Rabbit


To examine the response to growth factors in vivo, a HF synchronized model of Angora rabbits was established for which IGF-1 and EGF were subcutaneously injected into dorsal skin. From an observation of hair growth, the onset of hair growth was established at day 8 for the treatment combination of IGF-1 and EGF. By comparison, the onset of hair growth for the control group was at day 12. The experimental period was for 28 days, and the onset of anagen for the treatment group was sooner than the control group, suggesting that IGF-1 and EGF promoted hair growth and played a positive role in the transition from telogen into anagen during the hair cycle (Figure 4).



Histological analysis showed that the structure of the HF began to recover at day 7, and that the HF for the treatment group was stronger than the control group. At day 14, the HF was completely into the anagen. The density and depth of the HF in the treatment group was higher than the control group. After 21 days of treatment, fur covered the entire dorsal skin, and there were no significant differences for the Angora rabbit between the control and treatment groups (Figure 5). The immunofluorescence of PCNA in rabbit skins showed higher expression in the treatment group than the control group. Furthermore, PCNA was highly expressed within the dermal papilla (DP) of the treatment group at day 14. At day 21, PCNA was highly expressed in the control group and treatment group. PCNA expression was localized to the DP in the control group, but PCNA was also highly expressed in the ORS and DP and with greater fluorescence observed for the treatment group (Figure 6).




3.3. IGF-1 and EGF Regulate Hair Follicle Development Related Genes in the Angora Rabbit


HF growth and development related genes were examined by qRT-PCR after treatment with the IGF-1 and EGF combination in HF synchronized rabbits. There were no differences between gene expression of the treatment and control groups at day 0. However, at day 7, mRNA expression of LEF1, WNT2, IGF-1 and EGF were increased in the treatment group. At day 14, LEF1, IGF-1, CCND1, WNT2 and EGF were significantly upregulated in the treatment group. At day 21 only the expression of the LEF1 and EGF genes were higher than the control group. Collectively, the results indicate that the combination treatment of IGF-1 and EGF played a positive role in the regulation of HF growth and development (Figure 7).





4. Discussion


IGF-1 and EGF play important roles in the growth and development of the HF. In previous studies, it has been shown that IGF-1 is involved in cell apoptosis and promotes cell proliferation, and this has been evidenced within the dermal papilla [23]. In the absence of IGF-1, the anagen will enter the catagen stage during HF growth [24]. Furthermore, it has been shown that a knockdown of the IGF-1 receptor in mice will decrease the quantity of HFs and produce abnormal morphology of the HF [25]. EGF can maintain the renewal and integrity of the epidermal layer and affect the migration of stromal cells upwards away from the DP, but not towards the hair shaft with elongation of the outer root sheath [17,26]. In this study, a treatment combination of IGF-1 and EGF promoted the growth of isolated rabbit HFs cultured in vitro and positively influenced proliferation of HFs, as evidenced by immunofluorescent staining. Hence, collectively, the combination of the two growth factors promoted HF growth and development.



To further explore the role of the treatment combination, IGF-1 and EGF were subcutaneously injected into the dorsal skins of HF synchronized Angora rabbits. Previous studies have reported that IGF-1 can act as an anti-apoptotic factor and inhibit cell apoptosis in the anagen, and EGF can promote cell proliferation and induce the anagen in the HF cycle, as well as promote hair shaft growth [10,16]. For the in vivo experiments, hair shafts were first observed at day 8, after a combined treatment of IGF-1 and EGF. This was earlier than the control group, in which they appeared at day 10. Indeed, throughout the entire experiment period, the growth rate of the hair shaft for the control group was slower than the treatment group. In addition, the combination of IGF-1 and EGF promoted cell proliferation within the HF.



The Wnt/β-catenin signaling pathway plays an important role in skin and HF development [27]. As a key factor, Wnt2 can regulate the morphogenesis and development of the HF [28,29]. LEF1 is a downstream factor in the Wnt/β-catenin signaling pathway, and is expressed in the inner and outer root sheath cells, hair matrix cells and dermal papilla [30]. LEF1 is also highly expressed in the anagen, and can promote hair growth and development [31]. CCND1 acts as an anti-apoptotic factor, regulating the cell cycle and playing an important role in HF morphogenesis and the hair cycle [32,33]. The application of IGF-1 and EGF to the Angora rabbits upregulated mRNA expression of WNT2 and LEF1 from days 7 to days 14 after subcutaneous injection. The gene expression level of CCND1 was upregulated 14 days after treatment. Collectively, these results suggest that the combined treatment of IGF-1 and EGF play a positive role on HF growth and regeneration in Angora rabbits.



In conclusion, a combined treatment of IGF-1 and EGF promoted cell proliferation and accelerated hair growth in cultured and isolated HFs. Likewise, in vivo, the combined treatment of IGF-1 and EGF promoted hair growth and regeneration, increased the density of the HF, and influenced the expression of HF growth and development related genes. This study provides an insight into the potential use of a combined growth factor therapy for promoting hair growth; be it in humans or to improve wool production in animals.
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Figure 1. The combined treatment of IGF-1 and EGF regulates hair follicle growth. (A1–A4) Images of whisker follicles for the control group at 0, 2, 4 and 6 days. (B1–B4) Images of whisker follicles for the combined treatment group at 0, 2, 4 and 6 days. (C) The combined treatment of IGF-1 and EGF increased the elongation length of hair shafts. For significance, ** p < 0.01. 
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Figure 2. Hematoxylin–eosin (HE) staining of isolated hair follicles (HFs). (A) Control group (B) Combined treatment group. The black arrow points to the outer root sheath, and the yellow arrow labels the dermal papilla. 
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Figure 3. Immunofluorescence analysis of isolated HFs. (A1–A3) Control group (B1–B3) Combined treatment group. DAPI (nuclear) staining (blue) is indicated by 1, 2 indicates proliferating cell nuclear antigen (PCNA) staining (red), and 3 indicates the merged image. 
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Figure 4. Morphological observation of rabbit skins. (A1–A4) Control group at 0, 7, 14 and 21 days. (B1–B4) Combined treatment group at 0, 7, 14 and 21 days. 
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Figure 5. HE staining of sequential skin samples. (A1–A3) Control group at 7, 14 and 21 days. (B1–B3) Combined treatment group at 7, 14 and 21 days. 
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Figure 6. Immunofluorescence analysis of sequential skin samples. (A1–A3) Control group at 7, 14 and 21 days. (B1–B3) Combined treatment group at 7, 14 and 21 days. Red indicates PCNA staining, blue indicates DAPI (nuclear) staining. 
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Figure 7. Examination of the influence of IGF-1 and EGF on HF development related genes at 0, 7, 14 and 21 days post-subcutaneous treatment. Histograms represent means ± SD of triplicate experiments. For significance, * p < 0.05, ** p < 0.01. 
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Table 1. Primer sequences used for quantitative real-time polymerase chain reaction (qRT-PCR).
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Gene

	
Sequence (5′-3′)






	
LEF1

	
Forward primer: CATCTCGGGTGGATTCAGG




	
Reverse primer: ATGAGGGATGCCAGTTGTG




	
WNT2

	
Forward primer: AGCCATCCAGGTCGTCATGAACCAG




	
Reverse primer: TGCACACACGACCTGCTGTACCC




	
FGF2

	
Forward primer: GTGTGTGCAAACCGTTACCTT




	
Reverse primer: TCGTTTCAGTGCCACATACCAG




	
CCND1

	
Forward primer: GAACGCTACCTTCCCCAGTGCTC




	
Reverse primer: CCTCACAGACCTCCAGCATCCAG




	
GAPDH

	
Forward primer: CACCAGGGCTGCTTTTAACTCT




	
Reverse primer: CTTCCCGTTCTCAGCCTTGACC




	
IGF-1

	
Forward primer: TTCAGAAGCAATGGGAAAAAT




	
Reverse primer: TAGAAGAGATGCGAGGAGGAC




	
EGF

	
Forward primer: GCACAACACAGATGGAAGCAG




	
Reverse primer: AGATACGGTCACCAAAAAGGG
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