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Abstract

Regenerative medicine is a multidisciplinary field that combines engineering and life

science principles to promote regeneration, potentially restoring the physiological

condition in diseased tissues. Specifically, the developments of complex grafts

enhance the intrinsic regenerative capacity of the host by altering its environment.

Autologous micrografts obtained through Rigenera® micrografting technology are

able to promote derma and bone regeneration. Androgenetic alopecia (AGA) leads to

a progressive thinning of scalp hair affecting 60–70% of the adult population

worldwide. Pharmacological treatment offers moderate results and hair transplanta-

tion represents the only permanent treatment option. The aim of this study was to

demonstrate the role of dermis micrografting in the treatment of AGA by clinical and

histological evaluations after 4, 6, and 12 months. Hair growth and density were

improved at all indicated times. Those outcomes were also confirmed by the

TrichoScan® analysis, reporting an increase of total hair count and density with an

increase and reduction of anagen and telogen phases, respectively. Scalp dermoscopic

analysis showed an improvement of hair density and histological analysis indicated a

clear amelioration of the scalp, development of hair follicles, and a beginning of

cuticle formation. Collectively, those results suggest a possible use of the micrografts

as a novel therapeutic option in the management of AGA.
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1 | INTRODUCTION

Androgenetic alopecia (AGA) is characterized by the presence of several

nonfunctional but still‐alive hair follicles, referred to as “miniaturized

follicles” and their amount is directly related with the severity of the

disease (Yazdabadi, Magee, Harrison, & Sinclair, 2008). Clinically, AGA is

a hereditary androgen‐dependent condition, characterized by a

progressive thinning of scalp hair, followed by a defined pattern that

affects 60–70% of the adult population worldwide up to 40% of women

and 50% of men by the age of 50 (Varothai & Bergfeld, 2014). The

pharmacological treatment of AGA constitutes a multibillion‐dollar
industry frequently offering only moderate results. Such treatments also

require the chronic application to achieve the continued benefit, with

the risk of developing adverse side effects (Santos, Avci, & Hamblin,

2015) and strongly decreasing patient compliance. For this reason, hair

transplantation represents the only current successful permanent

treatment option, even if it requires a fairly invasive surgical procedure

(Jain & De‐Eknamkul, 2014; Levy & Emer, 2013). Actually, hair

transplantation can be performed by two principal techniques, follicular

unit transplant and follicular unit extraction, both are widely described

in the literature (Jiménez‐Acosta & Ponce‐Rodríguez, 2017; Saxena*Rafael G. Ruiz and Jose M. C. Rosell contributed equally to this study.
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& Savant, 2017). Another approach widely used is the injection of

autologous platelet‐rich plasma (PRP), which is able to reduce swelling

and pain while increasing hair density (Ferneini, Beauvais, Castiglione, &

Ferneini, 2017; Li et al., 2012).

The Rigenera® technology is an innovative clinical approach to

obtain in one surgical time autologous micrografts able to promote

derma and bone regeneration. This technology allows the mechanical

disaggregation of small tissue samples previously harvested from the

patient. Lastly, the device preforms also a selective filtration,

collecting only the cells and tissue particles smaller than 80 μm. At

the end of the procedure, which lasts only 2min, the micrografts are

collected from the reservoir located at the bottom of the Rigenera

device. The regenerative role of micrografts was also reported in

several in vitro studies, and more important, displayed high positivity

to mesenchymal stem cells markers such as CD73, CD90, and

CD105. Therefore, the obtained autologous micrografts were

identified as progenitor‐cell‐enriched micrografts (Monti et al.,

2017; Trovato et al., 2015). In the past, a preliminary study on three

patients that underwent hair transplantation reported that the

autologous micrografts obtained by Rigenera® were able to promote

continuous hair growth even 2 months after the procedure with a

shortening of the dormant phase of the follicle and faster healing of

the microwounds. The authors postulate that the micrograft induced

a strong and selective regenerative effect on the scalp of the patients

(Zanzottera, Lavezzari, Trovato, Icardi, & Graziano, 2014). Based on

these evidence, the aim of this study was to demonstrate the efficacy

and safety of the progenitor‐cell‐enriched micrograft in the manage-

ment of AGA. The clinical evaluations were performed after 4, 6, and

12 months from the micrografts application. Lastly, we have also

performed histological and dermoscopic evaluation after 6 and 9

months from treatment highlighting the biological effect of the

micrografts in a patient affected by AGA.

2 | SUBJECTS AND METHODS

2.1 | Subjects

AGA diagnoses were established based on a detailed medical history

(i.e., screening for drugs linked to hair loss), clinical examination, and

trichoscopic features (i.e., >20% variability in hair diameter between

affected and unaffected areas). Subjects were clinically diagnosed with

AGA upon presentation of an increase in miniaturized terminal hair

and/or a reduced number of hair after physical examination and

phototrichograms, along with negative hair pull tests. A total of 100

patients were treated according to the criteria defined before. Exclusion

criteria were allergy to lidocaine, healing issues, chronic drug treatment,

oncologic processes, and the execution of hair loss treatment between 3

months prior and 3 months after the date of applying treatment (except

taking vitamin supplements and applying topical lotions or shampoos).

This study protocol is in accordance with the Declaration of

Helsinki and the European regulations. All the patients provided

written informed consent before participating in the study.

2.2 | Micrografts collection

The micrografts were prepared using the innovative medical device

Rigeneracons (CE certified class I; Human Brain Wave, Turin, Italy). A

3mm punch biopsy was used to extract 3 scalp tissues samples

(Figure 1a) disaggregated by Rigeneracons adding 1.5 ml of sterile

physiologic solution to the device (Figure 1b,c). The rotation of

F IGURE 1 Procedure to collect autologous micrografts. (a), Punch biopsy to extract scalp tissue. (b, c) The strips of scalp tissue are placed
into the Rigeneracons medical device adding 1.5 ml of sterile physiologic solution. (d) Collection of micrografts suspension by syringe without

needle. (e) Infiltration of micrografts into the scalp of the patients
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Rigeneracons at 80 RPM by using the Rigenera machine for 2min

allows us to obtain the micrografts that were collected (Figure 1d)

and directly infiltrated into the scalp of the patients as a

mesotherapy (Figure 1e).

2.3 | TrichoScan® test

TrichoScan® (Teachscreen Software; Fotofinder, Bad Birnbach,

Germany) is a computer‐assisted dermoscopy with dedicated soft-

ware to diagnose the hair loss and to measure its severity.

Miniaturization is a pivotal requisite for establishing the AGA

diagnosis. We randomly performed this test on 10 patients, as

previously described (Riedel‐Baima & Riedel, 2009). Briefly, an area

of approximately 1 cm2 on the parietal scalp was clipped with

approximately 1 mm length. After 48 hr, a hair dye over that area was

applied rinsing it 20min later with a diluted alcoholic solution.

Afterward, a microscopic image at ×20 was taken and analysis with

TrichoScan® of the area was performed.

2.4 | Clinical evaluations

All the patients were evaluated at time 0 before the treatment, and

after 4, 6, or 12 months from treatment and the effects of autologous

micrografts on hair growth were assessed with the help of global

photography, physician’s and patient’s global assessment scale.

2.5 | Histological evaluation of biopsies

Scalp biopsies were collected before and after 6 or 9 months from

micrografts treatment, using a 4‐mm punch probe from volunteer

subjects. The biopsies were taken from the occipital region of the

scalp, immediately fixed in 10% formalin and embedded in paraffin

block to be cut and mounted onto microscope slides for analysis

(Hashimoto et al., 2000). Biopsies were sectioned with ordinary

microtome into 5‐μm sections both vertically (parallel to the long axis

of hair follicle) and transversely (perpendicular to the long axis of

follicle and parallel to epidermis down toward subcutis). Histological

sections were mounted on a glass slide sequentially and stained by

Mallory’s trichrome staining, as previously described, to visualize the

collagen of connective tissue (highlighted by a blue coloration;

Heidari et al., 2016). In addition, follicles were characterized as

anagen, catagen, and telogen.

F IGURE 2 Three different representative cases of male patients
before and after 4 months from micrografts application

F IGURE 3 Three different representative cases of two male and

one female patients before and after 6 months from micrografts
application
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3 | RESULTS

The clinical evaluations of the use of the micrografts in the treatment

of AGA were performed after 4, 6, and 12 months from micrografts

application reporting significant improvement of hair growth and

density at all indicated times (Figures 2–4). The visual results are

confirmed by TrichoScan® analysis as reported in Table 1 (repre-

sentative for a large number of patients) where it can be observed an

increase of total hair count and hair density accomplished by an

increase and reduction of anagen and telogen phases, respectively,

after the micrografts application. The mean increase in total hair

density was of 30% ± 3.0% already after 2 months of treatment

compared with baseline values for the treated area. In addition, scalp

dermoscopic analysis also showed an improvement of hair density

after both 4 and 6 months from treatment (Figure 5).

Histological evaluations were performed by Mallory’s trichrome

staining on scalp biopsies at baseline and after 6 and 9 months from

micrografts application. Figure 6 is representative of a large number of

scalp biopsies. In the upper panels at baseline, the morphological

appearance of the scalp is characterized by few hair follicles,

lymphocytes infiltration, and prevalence of adipose tissue (Figure 6a,b).

After 6 months of micrografts application, the number of hair follicles is

higher with the beginning of cuticle formation and dermal papilla in

proliferation (Figure 6c,d). In this case, it is possible to visualize a

significant improvement in the anagen III phase with respect to baseline.

In the lower panels, we reported the results after 9 months from the

micrografts application. At baseline, we can observe an irregular derma,

characterized by thin thickness, thin dermal papilla, indicating a lacking

cellular proliferation. In addition, few hair follicles in the anagen III phase

were observed (Figure 6e,f). After 9 months, we reported a well‐
organized derma, more regular, structured collagen fiber, and hair

follicles in Anagen IV/Mesanagen phase. We also observed thick dermal

papilla and signs of cellular proliferation (Figure 6g,h).

4 | DISCUSSION

The hair growth cycle is composed of three stages, anagen, catagen,

and telogen. The AGA is a pathological condition characterized by an

unbalance between the anagen and telogen phases with a reduction

and increase of these phases, respectively. For this reason, a

therapeutic approach able to stimulate hair follicles growth is

commonly suggested. Many hair growths promoting therapies, such

as minoxidil, PRP, and topical steroids were already identified (Chueh

et al., 2013). Currently, minoxidil and finasteride are the only Food and

Drug Administration (FDA) approved drugs; low‐level laser light

therapy is the only FDA‐cleared device for the treatment of AGA and a

F IGURE 4 Two different representative cases of two male
patients before and after 12 months from micrografts application

TABLE 1 Representative evaluation of hair growth by Trhicoscan®

assay (A) before and (B) after 2 months of treatment

A

Trichogram

Area (cm2) 0.72

Total hair count 11.0

Hair density (1/cm2) 15.2

Anagen hairs (%) 72.7

Telogen hairs (%) 27.3

Hair length median (mm) 0.69

Density vellus hairs (1/cm2) 2.1

Density terminal hairs (1/cm2) 13.2

Count vellus 1.5

Count terminal 9.5

Ratio vellus hairs (%) 13.6

Ratio terminal hairs (%) 86.4

B

Trichogram

Area (cm2) 0.72

Total hair count 35.0

Hair density (1/cm2) 48.5

Anagen hairs (%) 78.3

Telogen hairs (%) 21.7

Hair length median (mm) 0.65

Density vellus hairs (1/cm2) 10.4

Density terminal hairs (1/cm2) 38.1

Count vellus 7.5

Count terminal 27.5

Ratio vellus hairs (%) 21.4

Ratio terminal hairs (%) 78.6
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recent published meta‐analysis confirms the efficacy of these

treatments with respect to placebo (Adil & Godwin, 2017). In addition

to pharmacological treatment, there is a growing interest in alternative

treatment strategy such as the use of growth factors or stem cells

(Giordano, Romeo, & Lankinen, 2017; Park et al., 2010; Yoo et al.,

2010). However, the use of stem cells is complex from the regulatory

prospective and often not permitted. The use of the Rigenera devices

allowed physicians and researchers to disaggregate the patient’s own

tissue, collecting progenitor‐cell‐enriched micrograft. Progenitors are a

population of cells, resident in many tissues in the body, addressed to

the regeneration, when possible, of the same tissue after injuries. Such

cells express some of the stem cells’ markers; however, differently

from stem cells, progenitor cells are often unipotent and with limited

capabilities of self‐renewal (Seaberg & van der Kooy, 2003).

In this study, we have reported the effect of autologous

micrografts on hair follicles restoration showing an improvement

of hair growth and density after treatment, as demonstrated by

photographs and TrichoScan® analysis. In accordance to theseF IGURE 5 Scalp dermoscopic analysis performed by TrichoScan®

before and after 4 and 6 months from micrografts application

F IGURE 6 (a, b, e, and f) Histological

evaluation of the occipital region of the
scalp at baseline and after (c and d) 6 (g
and h) and 9 months from micrografts

application. The biopsies sections were
stained by Mallory’s trichrome. The symbol
* indicates the presence of lymphocytes
infiltration in the hair follicle.

Magnification ×4, scale bar = 25 µm;
magnification ×20, scale bar = 50 µm
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data, a recent published study showed an increase of hair density

after 6 months from treatment with human follicular cells isolated

by the Rigenera® device without the need of culture conditions

(Gentile, Scioli, Bielli, Orlandi, & Cervelli, 2017). In the same study,

the authors also reported a good percentage of hair follicle

CD44+cells, from the dermal papilla, and hair follicle epithelial

CD200+cell, from the bulge suggesting their role in the hair follicle

growth.

To confirm the effectiveness of autologous micrografts, other

recent studies reported an increase of hair thickness together with a

reduction of hair loss and a good patient’s level of satisfaction after

micrografts application. Furthermore, the treatment was well

tolerated concerning pain without side effects (Álvarez, Valenzuela,

& Tuffet, 2017; Álvarez, Valenzuela, & Tuffet, 2018).

In addition, the regenerative potential of the micrografts and the

clinical efficacy have been already shown for bone regeneration

(Brunelli et al., 2013; Rodriguez et al., 2017), in the treatment of

ulcers (De Francesco et al., 2017; Miranda, Farina, & Farina, 2018;

Trovato, Failla, Serantoni, & Palumbo, 2016), wound dehiscences

(Baglioni, Trovato, Marcarelli, Frenello, & Bocchiotti, 2016; Marcar-

elli, Trovato, Novarese, Riccio, & Graziano, 2017), pathological scars

(Svolacchia, De Francesco, Trovato, Graziano, & Ferraro, 2016), and

lastly for cartilage and cardiac regeneration (Ceccarelli et al., 2017;

Lampinen, Nummi, Nieminen, Harjula, & Kankuri, 2017; Gentile,

Scioli, Bielli, Orlandi, & Cervelli, 2016).

Histological analysis performed in this study is suggestive for the

role of micrografts in the development of new hair follicles (beginning

of cuticle formation, increase of hair follicles, and decrease in adipose

tissue). Based on the regenerative properties of micrografts, we can

suppose two probable mechanisms for this effect. The first is the

ability of micrografts to stimulate the quiescent hair follicular units

reverting the miniaturization process typical of AGA and the second

is the ability to induce the development of new hair follicles.

Nevertheless, further and focused in vitro studies are needed to

assess and confirm these suggestions. After the micrografts applica-

tion, it was reported an improvement in hair restoration accom-

plished by a positive patient’s subjective assessment. Taken together,

these results are promising for major use of micrografts in the

treatment of AGA, even if controlled and randomized clinical trials,

with a larger sample, control, and placebo groups are necessary to

confirm these effects.
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Introduction

Eighty percent of Caucasian men experience some 
degree of androgenetic alopecia (AGA) before age 70 (1). 
Current legitimate treatments for AGA include finasteride, 

minoxidil, and hair transplantation (2). The role of platelet 

rich plasma has been demonstrated in recent reports (3,4).

In AGA, the follicle miniaturization is accompanied by 

a decrease of anagen, with an increase in the percentage 
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of resting (telogen) hair follicles containing microscopic 
hairs in bald scalp (5). In addition to these intrinsic changes 
to the hair follicle, infiltrating lymphocytes and mast cells 
have been identified around the miniaturizing follicle (6), 
especially in the area of the stem cell-rich bulge area (7). In 
balding scalp, the number of hair follicle stem cells (HFSCs) 
remains intact, whereas the number of more actively 
proliferating progenitor cells markedly decreases (8). This 
suggests that balding scalp either lacks an activator or has 
an inhibitor of hair follicle growth.

Here, we used HFSCs, obtained by mechanical 
centrifugation of scalp’s punch biopsy, to improve the hair 
density in 11 patients (38 to 61 years old) affected by AGA.

The study protocol complied with the Declaration of 
Helsinki, the European regulations and all patients provided 
written informed consent before participating in the study.

Current regulations

In order to understand the sense of the current European 
regulations it is necessary to differentiate between “minimal 
manipulation” and advanced cell therapy performed by 
“extensive manipulation, which involves complex techniques 
of bioprocessing of therapeutic cells.

Reference is made to the Regulation n.1394/2007 of 
the European Parliament (EC) and of the Council 13 
November 2007 on medicines for advanced therapies, 
where the definition of ‘bioprocess engineering products’ is 
given. Here it is specifically said that this definition excludes 
those products that contain, or are made exclusively of, 
cells and non-vital human or animal tissues and that do not 
have pharmacological, immunological or metabolic action. 
Included among the advanced therapy pharmaceutical 
products are those used for gene and somatic cell therapy 
[Directive 2001/83/(EC), European Community, Annex I]. 
Cells and tissues are to be considered products of bioprocess 
engineering if they undergo ‘considerable manipulation’.

The same regulation defines the difference between 
extensive and minimum manipulation, and lists, which are 
considered relevant, or not.

Manipulations that are not considered “bioprocess 
engineering” are: cutting, grinding, shaping, sterilization, 
centrifugation, soaking in antibiotic or antimicrobial 
solutions, sterilization, irradiation, separation, concentration 
or purification, filtration, lyophilisation, freezing, 
cryopreservation and nitrification.

The extensive manipulation of cells and tissues is a process 
that may lead to cell activation and/or a stimulation of cell 

proliferation and these are also considered “extensively 
manipulated” cells that, although not specifically activated or 
stimulated to proliferate, are associated with biomaterials.

All cells that have undergone a manipulation of their 
genes are considered to be “extensively manipulated”.

According to reflection paper on classification of 
advanced therapy medicinal products draft agreed, 20 
June 2014 EMA/CAT/600280/2010 Rev 1, Committe for 
Advanced Therapies (CAT), Line 10 “The same essential 
function for a cell population means that the cells when removed 
from their original environment in the human body are used 
to maintain the original function in the same anatomical 
or histological environment”, the authors resume that 
autologous use in one step surgery, minimal manipulation, 
monofunctional use “used for the same essential function in 
the recipient as in the donor”, manipulation with devices in 
aseptic conditions, are conditions that do not require Good 
Manufacturing Practices (GMP) rules for processing, Good 
Clinical Practices (GCP) for the clinical application and 
Ethical Committee approval.

Methods

Patients

This study enrolled male patients who displayed AGA in stage 
3–5 as determined by the Norwood-Hamilton classification 
scale. Additional exclusion factors were set based on systemic 
and local criteria. Specifically, systemic criteria for exclusion 
included evidence of sepsis, immunosuppression and cancer, 
as well as use of pharmacological therapeutics targeting 
AGA (i.e., finasteride, dutasteride, or antiandrogens) in the 
previous 12 months. Localized exclusion criteria included use 
of topical treatments for AGA (i.e., minoxidil, prostaglandin 
analogs, retinoids, or corticosteroids) in the previous  
12 months and withdrawal of informed consent.

AGA diagnoses were established on the basis of a detailed 
medical history (i.e., screening for drugs linked to hair loss), 
clinical examination, and trichoscopic features (i.e., >20% 
variability in hair diameter between affected and unaffected 
areas). Patients were clinically diagnosed with AGA upon 
presentation of an increase in miniaturized terminal hair 
and/or a reduced number of hairs on physical examination 
and phototrichograms, along with negative hair pull tests. 
Laboratory tests were performed to exclude alternative 
causes of hair loss, such as poor nutrition, anemia, 
thyroid dysfunction, and syphilis. Urinalysis was used 
to detect levels of 17-idrocorticosteroid, 17-ketosteroid, 
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A

C
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D

Figure 1 Rigenera procedure phase 1 (punch biopsy and cutting of scale tissues). (A) Rigenera Securdrill Device; (B) Rigeneracons kit; (C) 
the extraction of the scalp tissues during punch biopsy; (D) the authors cut the scalp tissues into the strips (2 mm × 2 mm).

dehydroepiandrosterone, free cortisol, pregnanetriol, and 
testosterone in all participants. Finally, circulating levels of 
cortisol, dihydrotestosterone, DHEA, D4-androstenedione, 
17-hydroxyprogesterone, 3-α-diol glucuronide, prolactin, 
and gonadotropins were measured on all participants.

Human autologous hair follicle suspension procedure and 
preparation

Autologous suspension of HFSCs for immediate clinical 
use were prepared using an innovative medical device 
called Rigeneracons (CE certified class I, HBW srl; Turin, 
Italy) (Figure 1A,B). After the extraction of the scalp 
tissues during punch biopsy (Figure 1C), the authors cut 
the scalp tissues into the strips (2 mm × 2 mm) (Figure 1D) 
eliminating the excess adipose tissue. The strips were gently 
collected and disaggregated under sterile conditions (vertical 
laminar flow hood) by Rigeneracons (Figure 2A,B) in  
1.2 mL of physiologic solution [NaCl 0,9% (mE/mL: Na+ 
0.154; Cl− 0.154); mOsm/L 308, pH 4.5–7.0] (Figure 2C). 
After 60 seconds of centrifugation at 80 RPM per minute  

(Figure 2D), the cell suspension was collected from the 
system (Figure 3A,B) and mechanically infiltrated into 
the scalp of the patients affected by AGA (Figure 3C,D).  
In addition, the cell suspension obtained was cultured 
and subsequent ly  character ized by  cytospin  and 
immunocytochemistry to identify the HFSCs.

The aim was to disaggregate a small piece of scalp tissue 
and opportunely select a cell population with a size of 50 μm.

Human autologous hair follicle suspension protocol and 
injection

For each patient, the scalp affected by hair loss was divided 
into four areas (frontal, parietal, vertex, and occipital); local 
anesthesia was not injected in the treated areas. Interfollicular 
HFSCs injections (0.2 mL·cm2) were administered to select 
areas of the scalp at a depth of 5 mm using an Ultim gun 
(Anti-Aging Medical Systems, Montrodat, France) equipped 
with a 30-gauge (Figure 3D), 1 mL Luer lock syringe in two 
sessions spaced 60 days apart.

In patients with hair loss localized to the frontal 
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and parietal regions, HFSCs injections were delivered 
exclusively to the frontal scalp while placebo injections (i.e., 
physiological saline) were injected in the parietal regions. 
Likewise, for patients with hair loss limited to the parietal 
and vertex regions, HFSCs was injected in the parietal 
region, and placebo was injected in the vertex region of 
the scalp. Equivalent numbers of autologous HFSCs and 
placebo injections were made.

Assessment of hair growth and clinical evaluation

All patients were evaluated in four stages: T0, beginning 
of study (Figure 4A); T1 in 3 weeks (Figure 4B); T2, in 9 
weeks (Figure 4C); T3, in 16weeks and T4 in 23 weeks 
after the last treatment (Figure 4D). The hair growth 
evaluated after the last treatment was compared by 
photography with the baseline evaluation made before 
treatments and between the HFSCs treatment area and 
the control area, which received placebo injections. 
Photographs of the areas of a sample scalp treated with 

HFSCs are shown in Figures 3C,5A. The effects of HFSCs 
and placebo treatments on hair growth were assessed in 
all patients with the help of global photography (Figure 
5B), physician’s and patient’s global assessment scale. In 
all patients, two translational areas of hair loss, one at 
the border of the treatment half and a second along the 
border of the placebo half, were demarcated with a semi-
permanent tattoo.

Cytospin and immunocytochemistry procedures

Eleven samples of HFSCs suspension were analyzed in the 
Anatomic Pathology Institute of Tor Vergata University. 
Scalp tissue suspensions, fixed with 4% paraformaldehyde, 
were characterized for mesenchymal and epithelial 
stem cells markers, such as CD44 (9) and CD200 (10), 
respectively. After cell adhesion on a glass slide by 
cytospin, immunocytochemistry was performed with 
specific primary antibodies (CD44 sc-9960, 1:10; CD200 
ab203887, 1:100).

A

C

B

D

Figure 2 Rigenera procedure phase 2 (positioning of scalp tissue in Rigeneracons and centrifugation). (A) The strips collected into 
Rigeneracons; (B) detail of Rigeneracons containing one strip; (C) the addition of 1.2 mL of physiologic solution; (D) centrifugation at 80 
RPM with Rigenera Securdrill device for 60 seconds.
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Results

The primary outcomes were microscopic identification and 
counting of HFSCs. The secondary outcomes were clinical 
preliminary results and safety and feasibility in HFSCs-
treated scalp.

Microscopic identification and counting of HFSCs

Each scalp tissue suspension contained about 3,728.5±664.5 
cells. The percentage of hair follicle-derived mesenchymal 
stem cells CD44+ [from dermal papilla (DP)] was about 
5%+0.7% (Figure 6A) whereas the percentage of hair follicle 
epithelial stem cells CD200+ (from the bulge) was about 
2.6%+0.3% (Figure 6B). Positive cells were counted in the 
total area under a light microscope at 400× magnification 
(Eclipse E600, Nikon, Japan) and microphotographs captured 
by DXM1200F Digital camera (Nikon) using ACT-1 software 
(Nikon). The remaining cells were mainly represented 
by S100+ dermal fibroblasts (>85%) and epidermal cells 
(epithelial cells and melanocytes <10%) recognizable by their 

characteristic morphological aspects (data not shown).

Clinical results

In total, 23 weeks after the last treatment with HFSCs 
mean hair count and hair density increases (Figure 4D) 
over baseline values (Figure 4A). In particular, a 29%±5% 
increase in hair density for the treated area and less than 
a 1% increase in hair density for the placebo area. At the 
baseline, no statistical differences in hair count or hair 
density existed between the HFSCs treatment area and 
control area of the scalp.

In this preliminary report, we showed the clinical effect 
of the injection of scalp tissue suspension. However, we 
hypothesize that stem cells can improve the formation of 
new follicles, but this hypothesis must be demonstrated in a 
following study.

Discussion

The reconstitution of a fully organized and functional hair 

A

C

B

D

Figure 3 Rigenera procedure phase 3 (cell suspension contained in Rigeneracons and infiltration). (A) The cell suspension obtained by the 
system contained in Rigeneracons; (B) harvesting of cell suspension; (C) the selected area of the scalp treated; (D) mechanical and controlled 
infiltration performed by Ultim Gun.
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Figure 4 A smoker 45-year-old male patient affected by androgenetic alopecia classified AGA 3 according to Nordwood-Hamilton scale. (A) 
Preoperative situation at T0 of the scalp with hair loss localized to the parietal, temporal and frontal areas; (B) postoperative situation of the 
scalp at T1 after 3 weeks from the last treatment; (C) postoperative situation of the scalp at T2, after 9 weeks; (D) postoperative situation of 
the scalp at T4 after 23 weeks later the last treatment with increase of hair density.

Figure 5 Detail of temporal right area of male patient affected by androgenetic alopecia classified AGA 3 according to Nordwood-Hamilton 
scale. (A) Preoperative situation at T0 of the scalp with hair loss localized to the right temporal and frontal area identified by blue lines; (B) 
postoperative situation of the scalp in the same area at T4 after 23 weeks later the last treatment with increase of hair density.

A B
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Figure 6 Immunophenotypic characterization of hair follicle stem cells in human scalp tissue suspension. Immmunocytochemistry for 
CD44 and CD200 stem cell markers. (A) hair follicle-derived mesenchymal stem cells; (B) hair follicle epithelial stem cells. Original 
magnification 400×.

A B

follicle from dissociated cells propagated under defined 
tissue culture conditions is a challenge still pending in tissue 
engineering (11).

It is then of great interest to find different strategies 
aiming to regenerate or neogenerate the hair follicle under 
conditions proper of an adult individual. Based upon current 
knowledge on the epithelial and dermal cells and their 
interactions during the embryonic hair generation and adult 
hair cycling, many researchers have tried to obtain mature 
hair follicles using different strategies and approaches 
depending on the causes of hair loss (11).

In this preliminary study, the authors have developed a 
new method to isolate human adult stem cells by mechanical 
centrifugation of punch biopsy from human hair follicles 
without culture condition, and they reported for the first 
time, up to our knowledge, the counting of these cells and 
the preliminary results obtained by the human follicle stem 
cells injections in the scalp of patients affected by AGA, 
improving hair density.

In particular, the authors reported the percentage of 
hair follicle-derived mesenchymal stem cells CD44+, from 
DP, and the percentage of hair follicle epithelial stem cells 
CD200+, from the bulge.

The authors, now, feel the necessity discuss as follow, 
current advances in the different experimental strategies 
to regenerate or neogenerate hair follicles, with emphasis 
on those involving neogenesis of hair follicles in adult 
individuals using isolated cells and tissue engineering. 
Most of these experiments were performed using rodent 
cells, particularly from embryonic or newborn origin. 

However, no successful strategy to generate human hair 
follicles from adult cells has yet been reported. Perhaps 
the most important challenge is to provide three-
dimensional culture conditions mimicking the structure 
of living tissue. Improving culture conditions that allow 
the expansion of specific cells while protecting their 
inductive properties, as well as methods for selecting 
populations of epithelial stem cells, should give us the 
necessary tools to overcome the difficulties that constrain 
human hair follicle neogenesis (11).

These cells appear to be located in the bulge area of 
human hair follicles. Hair follicles are known to contain 
a well-characterized niche for adult stem cells: the bulge, 
which contains epithelial and melanocytic stem cells (12). 
Stem cells in the hair bulge, a clearly demarcated structure 
within the lower permanent portion of hair follicles, 
can generate the interfollicular epidermis, hair follicle 
structures, and sebaceous glands (7,13). The bulge epithelial 
stem cells can also reconstitute in an artificial in vivo system 
to a new hair follicle (14,15).

The study published by Yu et al. (12) showed for the 
first time that human hair follicles also contain a stem cell 
population that can be differentiated into neuron, smooth 
muscle cell, and melanocyte lineages in induction medium. 
In addition, their data demonstrate that Oct4-positive cells 
are present in human skin, and most of them are located 
in the hair follicles in vivo. Oct4 belongs to the family 
of POU-domain transcription factors that are normally 
expressed in pluripotent cells of the developing embryo and 
mediate pluripotency (16).
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It is possible that these Oct4-positive cells in the hair 
follicles are related to these pluripotent stem cells that can 
perceivably give rise to follicular melanoblasts, Merkel cells, 
and other cells. These stem cells might generate diverse 
cell types during tissue renewal or repair in response to 
environmental cues.

More research is warranted to further characterize these 
stem cells in the hair follicles. The hair bulge is a stem cell 
niche, which can be highlighted by K15 staining. Again, 
Yu et al. (12) demonstrated that most of the Oct4-positive 
cells in human skin are located in the areas highlighted by 
K15 staining in vivo, suggesting that these stem cells are 
located in the bulge area, an area that provides a unique 
differentiation-restricted environment for adult stem cells. 
In conclusion, their data indicate that human hair follicles 
contain multipotent stem cells other than epithelial and 
melanocytic stem cells, and these cells are located in the 
bulge area. These cells show promising plasticity in ex vivo 
and in vitro conditions, making them potential candidates 
for cell engineering and cell replacement therapies.

Human scalp tissues are easily accessible, and the fact 
that hair spheres can be generated from autologous adult 
tissue makes it an attractive source for individualized cell-
based therapies.

Each mature hair follicle is a regenerating system, 
which physiologically undergoes cycles of growth (anagen), 
regression (catagen), and rest (telogen) numerous times 
in adult life (17). In catagen, HFSCs are maintained in 
the bulge. Then, the resting follicle re-enters anagen 
(regeneration) when proper molecular signals are provided. 
During late telogen to early anagen transition, signals from 
the DP stimulate the hair germ and quiescent bulge stem 
cells to become activated (18). Many paracrine factors are 
involved in this crosstalk at different hair cycle stages and 
some signaling pathways have been implicated (19-21). 
In anagen, stem cells in the bulge give rise to hair germs, 
then the transient amplifying cells in the matrix of the new 
follicle proliferate rapidly to form a new hair filament (22).

However, the cell dynamics in this process is less clear 
than in the physiological renewal and further studies are 
required to understand this process.

When the cellular niches are completely lost, it is 
necessary to generate a completely new hair follicle in a 
process called hair follicle neogenesis.

Based on the knowledge on the epithelial and dermal 
cells, and their interactions, during the embryonic hair 
generation and adult hair cycling, different experimental 

approaches have been designed to regenerate hair follicles 
or generate new ones by the neogenesis process. These 
hair regeneration and neogenesis attempts can be classified 
into four categories: (I) reversion of pathological intra- 
and/or extra-follicular environment, for instance AGA; 
(II) regeneration of complete hair follicles from the 
recombination of hair follicle parts; (III) neogenesis of hair 
follicles from isolated cells; and (IV) neogenesis of hair 
follicles by tissue engineering.

Regeneration of hair follicles was also observed in 
humans (23) when dermal sheath tissue was used, which 
was sufficient to regenerate also the DP structure. After 
implantation, the whisker DP was capable of inducing hair 
follicle regeneration retaining the information to determine 
hair fiber type and follicle size (24).

Grafting of dermal-inductive tissue was limited by the 
fact that it was not possible to generate more hair follicles 
than the obtained from the donor tissues. To overcome this 
limitation different approaches and experimental models 
using freshly or cultured isolated cells from both dermal 
and dermal/epidermal origin were tested. Most of them 
involved neonatal and embryonic murine cells.

In recent study published in 2015 by Balañá et al. (11) 
the authors prepared in a laboratory a dermal-epidermal 
skin substitute by seeding an acellular dermal matrix with 
cultured hair follicle epithelial stem cells and dermal 
papillar cells (DPCs), both obtained from adult human 
scalp. These constructs were grafted into a full-thickness 
wound generated on nude mice skin. In fourteen days, 
histological structures reminiscent of many different stages 
of embryonic hair follicle development were observed in the 
grafted area. These structures showed concentric cellular 
layers of human origin, and expressed k6hf, a keratin 
present in epithelial cells of the companion layer. Although 
the presence of fully mature hair follicles was not observed, 
these results showed that both epithelial and dermal 
cultured cells from adult human scalp in a dermal scaffold 
were able to produce in vivo structures that recapitulate 
embryonic hair development.

The analysis of all these studies could lead to the 
conclusion that hair follicle neogenesis using human 
epithelial and dermal cells is a very difficult task that could 
requires special culture conditions, somehow recreating 
the normal or embryonic skin environment, and the use of 
embryonic or neonatal cells.

Really, in more of 50 years, great progress was reported, 
starting from early 60s, to arrive now to april 2017, in 
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which, contrary to what appeared to emerge from previous 
studies, we have reported the last clinical advancement in 
the possibility to use human follicle stem cells obtained by 
mechanical centrifugation, respecting the European rules, 
without culture or use of enzymes, for AGA treatment.

Conclusions

Our preliminary data suggest that the injection of HFSCs 
preparations has a positive therapeutic effect on male 
androgenic alopecia without major side effects. Therefore, 
the authors recommend future study and clinical trials 
incorporate more data about the use of HFSCs.
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Abstract: Platelet rich plasma (PRP) and Micrografts containing human follicle mesenchymal stem
cells (HF-MSCs) were tried as a potential treatment for androgenetic alopecia (AGA). However, little
to no work has yet to be seen wherein the bio-molecular pathway of HF-MSCs or PRP treatments were
analyzed. The aims of this work are to report the clinical effectiveness of HF-MSCs and platelet-rich
plasma evaluating and reviewing the most updated information related to the bio-molecular pathway.
Twenty-one patients were treated with HF-MSCs injections and 57 patients were treated with A-PRP.
The Wnt pathway and Platelet derived-growth factors effects were analyzed. 23 weeks after the last
treatment with mean hair thickness increments (29 ± 5.0%) over baseline values for the targeted area.
12 weeks after the last injection with A-PRP mean hair count and hair density (31 ± 2%) increases
significantly over baseline values. The increment of Wnt signaling in Dermal Papilla Cells evidently
is one of the principal factors that enhances hair growth. Signaling from mesenchymal stem cells and
platelet derived growth factors positively influences hair growth through cellular proliferation to
prolong the anagen phase (FGF-7), inducing cell growth (ERK activation), stimulating hair follicle
development (β-catenin), and suppressing apoptotic cues (Bcl-2 release and Akt activation).

Keywords: micrografts; HF-MSCs; human follicle mesenchymal stem cells; PRP; platelet rich plasma;
hair loss; hair-regrowth; PRP hair; stem cells hair
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1. Introduction

A clinical need exists for the development of biotechnologies to improve the hair re-growth in
androgenetic alopecia (AGA).

AGA is a dynamic and chronic hair loss disorder, affecting 80% of white men and 40% of women
before age 70, in which lymphocytes and mast cells have been seen around the miniaturizing follicle
detailed in the stem cell-rich lump zone [1–4]. Miniaturization of the follicles is characterized by a
diminishment of anagen phase, with an improvement in the amount of resting hair follicles, telogen,
containing microscopic hairs in a hairless scalp [5–7]

Current treatments affirmed for AGA include drugs as Finasteride, topical lotions such as
Minoxidil, and surgery as hair transplantation [2]. In hair loss scalp, hair follicle stem cell numbers stay
unaltered, though the number of more actively proliferating progenitor cells particularly diminishes [8].

In this way, the aim of hair-tissue engineering (HTE) must be the development of new
autologous-technologies to involve hair re-growth by in vitro and ex vivo culture or by in vivo
regeneration and bio-stimulation. Autologous stem cells have been of great interest for application in
hair-regrowth. Some early efforts in the field focused on isolating primary cells from a biopsy of the
tissue of interest and growing the cells ex vivo for subsequent introduction back into the patient.

In the last year (2017), the authors reported the results of a medical device called Rigeneracons®

(CE certified Class I, Human Brain Wave, Turin, Italy) to provide autologous micro-grafts enriched
of human follicle mesenchymal stem cells (HF-MSCs) immediately available to be used in patients
affected by AGA. The micrografts were obtained by the disaggregation of a 2 mm punch biopsy with
the selection of a cell population with a diameter of 50 microns. High cell viability was reported.
However, a major limitation encountered in this area has been the difficulty in expanding cells to
sufficient numbers for human use, the necessity to perform this expansion in Good Manufacturing
Practices (GMP) laboratories, and the viability of the expanded cells [9].

For this reason, the clinical use of HF-MSCs to improve hair re-growth has not been
adequately considered.

In addition, the use of autologous platelets derived growth factors can represent valid support
in hair-tissue regeneration (HTR) for their capacity to promote cell proliferation, differentiation
and neo-angiogenesis, favoring the wound healing process [10–12]. In fact, platelet-rich plasma
(PRP) contains at least six major growth factors, including basic fibroblast growth factor (bFGF),
platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), epidermal growth
factor (EGF), transforming growth factor-β (TGF-β), and insulin-like growth factor-1 (IGF-1) released
after platelet activation [11]. Each one of these major growth factors is involved in a specific
bio-molecular activity.

The authors intended to clear up the clinical and bio-molecular impacts of HF-MSCs and PRP scalp
infusion in people affected by AGA describing the bio-molecular pathway suggested in hair-regrowth.
Information reviewed and reported exhibit the clinical efficacy and histological safety of the PRP and
HF-MSCs treatments.

In this work, in particular, the recent advances of hair-tissue engineering using HF-MSCs, PRP,
and new biotechnologies, were discussed reporting the most innovative results achieved, and the
possible drawbacks or risks associated with the clinical translation of these technologies.

The examination convention agreed to the Declaration of Helsinki, the European and Italian rules.
All patients gave written informed consent before partaking in the investigation.

2. Experimental Section

2.1. Rules and EMA/CAT Recommendations

This retrospective observational case-series study was conducted following the principles outlined
in the Declaration of Helsinki and internationally consented ethics in clinical research [13]. A quality
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assessment was carried out based on the Strengthening the Reporting of Observational studies in
Epidemiology (STROBE) checklist [14].

The protocol was conducted in strict adherence to the European Rules represented by Regulation
n.1394/2007 of the European Parliament (EC) and by the Reflection Paper on characterization of
cutting edge treatment medicinal products draft concurred, 20 June 2014 EMA/CAT/600280/2010 Rev 1,
Committee for Advanced treatments (CAT), in which the autologous use in one step surgery, minimal
manipulation, omofunctional utilization "utilized for an indistinguishable fundamental capacity in
the beneficiary as in the donor", manipulation with gadgets in aseptic conditions, are conditions that
do not require Good Manufacturing Practices (GMP) rules for processing, Good Clinical Practices
(GCP) for the clinical application and the Ethical Committee endorsement. PRP preparation must be
performed respecting in Italy “Decree of the Blood, 2 November 2015”, dispositions related to quality
and safety parameters of blood and emocomponents. All patients gave written informed consent.

The study protocol, object of a research contract (D.R. 1467/2017) and an university master’s
degree called “Regenerative surgery and medicine in wound care management”, was approved with
Rectoral Degree (D.R. n. 1794/2018) of 19 September 2018 and the Ethics on Research Committee of the
School of Medicine, “Tor Vergata” University, Rome, Italy, with registration number #0031036/2018.

All patients received detailed oral and written information about the study, including the risks,
benefits and alternative therapies, and signed an informed consent form before any study procedures.

2.2. Bio-Molecular Pathway of Stem Cells and Growth Factors that Improve Hair Re-Growth

• HGF and HGF activator (secreted by DPC): Improve proliferation of follicular epithelial cells;
• EGF: Improves migration and growth of follicle ORS cells by activation of Wnt/β-catenin signaling;
• b-FGF: Improves the development of hairs’ follicles;
• IL-6: Involved in WIHN through STAT3 activation;
• VEGF: Improves peri-follicular angiogenesis;
• TGF-β: Stimulates the signaling pathways that regulate hair cycle;
• IGF-1: Improves survival, migration, and proliferation of hair follicle cells;
• IGFBP-1 to -6: Regulates IGF-1 effects and its interaction with extracellular matrix proteins at the

hair follicle level;
• BMP: Maintains DPC phenotype (crucial for stimulation of hair follicle stem cell);
• BMPR1a: Maintains the proper identity of DPCs (essential for specific DPC function);
• M-CSF: Involved in wound-induced hair re-growth;
• M-CSFR: Involved in wound-induced hair re-growth;
• PDGF and PDGFR-β/-α64: Up-regulate the genes involved in hair follicle differentiation.

Induction and regulation of anagen. PDGF and its receptors are essential for follicular development;
• Wnt3a: Involved in hair follicle development through β-catenin signaling;
• PGE2: Stimulates anagen in hair follicles;
• PGF2α: and analogs improve the transition from telogen to anagen;
• BIO (GSK-3 inhibitor);
• PGE2 or inhibition of PGD2 or PGD2 receptor D2/ GPR4477: Improve follicle regeneration;
• Iron and l-lysine (Under investigation)

2.3. Clinical Study Overview and Patients

Two works (HF-MSCs and A-PRP) were conducted and reviewed by the authors. This investigation
enlisted 78 patients, 56 males who showed AGA in stage II–V as controlled by the Norwood–Hamilton
classification scale and 22 females with AGA in stage I–II as dictated by the Ludwig classification
scale. Twenty-one patients were treated with HF-MSCs injections and 57 patients were treated
with A-PRP. Fundamental and local prohibition criteria were considered. Fundamental expulsion



Biomedicines 2019, 7, 27 4 of 16

criteria included immunosuppression and cancer, sepsis, and also the utilization of pharmacological
therapeutics targeting on AGA (finasteride, similar drugs, and/or antiandrogens) in the earlier year.
Localized expulsion criteria included the utilization of topical medicines for AGA in the earlier year.
Low-level led therapy (LLLT) was proposed by the authors 15 days after each treatment to stimulate
hair regrowth during the HF-MSCs and PRP treatment and every 3 weeks after the treatment until
6months post-treatment (Figure 1). The histological outcomes for patients treated with HF-MSCs and
PRP were published by the authors. The Wnt pathway and platelet-derived-growth factors effects
were analyzed and reviewed. AGA diagnoses were established on parameters reported in the previous
works [3,4,15–17].
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(Figure 3B,C) in 1.2 mL of saline (NaCl 0.9%) (Figure 3A) through centrifugation at 80 rpm (Figure 
3D) with the aim to select cells with a size of 50 μm; third step: collecting the micrograft’s suspension 
from the system and mechanically infiltration, using 1 mL syringes into the selected area of the 
patient’s scalp affected by AGA. Samples of micrograft’s solutions obtained were previous cultured 
and subsequently characterized by cytospin and immunocytochemistry to identify the Human 
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containing HF-MSCs and human hair follicle epithelial stem cells (HF-ESCs). 

Figure 1. A non-smoker 58-year-old male patient classified androgenetic alopecia (AGA) 3V according
to Norwood–Hamilton Scale. During Low level led therapy treatment performed by Geno-Led.

2.3.1. Preparation of Autologous Micro-Grafts Suspension

Autologous micro-grafts of HF-MSCs for human application were prepared using Rigeneracons
(Medical Device with CE certified Class I, product by HBW Srl; Turin, Italy) (Figure 2A) in different
steps. First step: harvesting of the scalp with punch biopsy (Figure 2B) and cutting the scalp tissues
into the strips (2 × 2 mm) (Figure 2C,D); second step: collecting and disaggregation of the strips
under sterile conditions (vertical laminar flow hood) performed by Rigeneracons (Figure 3B,C) in
1.2 mL of saline (NaCl 0.9%) (Figure 3A) through centrifugation at 80 rpm (Figure 3D) with the
aim to select cells with a size of 50 µm; third step: collecting the micrograft’s suspension from the
system and mechanically infiltration, using 1 mL syringes into the selected area of the patient’s scalp
affected by AGA. Samples of micrograft’s solutions obtained were previous cultured and subsequently
characterized by cytospin and immunocytochemistry to identify the Human Follicle Stem Cells (HFSCs)
(data published). The authors considered HFSCs the cellular population containing HF-MSCs and
human hair follicle epithelial stem cells (HF-ESCs).
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Figure 3. Rigenera procedure phase 2 (positioning of scalp tissue in Rigeneracons and fragmentation
by centrifugation). (A) The addition of 1.2 mL of physiologic solution into Rigeneracons kit; (B) the
strips collected into Rigeneracons; (C) Deatil of Rigeneracons containing one strip indicated by arrow;
(D) centrifugation at 80 rpm with Rigenera Securdrill device for 60 s.
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2.3.2. A-PRP Preparation and Delivery

Autologous blood (17.7 mL) was harvested using the i-Stem Kit PRP Preparation System
(Figure 4A,B) (i-Stem, Biostems, Co., LTD., Seoul, South Korea 138-843, Medical Device, CE and
Food and Drug Administration (FDA)) under the approval of the transfusional service. Sodium citrate
(ACD) as an anticoagulant, was added (2.2 mL).

After the first spin (centrifugation at 3000 rpm for 6 min) (Figure 4C), the authors removed the
Platelet-Poor Plasma PPP portion (1 mL) and RBC (Red blood cells) (2 mL) and re-centrifuged for
the second time (3000 rpm for 3 min) and at the end of the procedure, 15 mL of A-PRP was obtained
(Figure 4D–F). Microscopic platelet counts were performed on the A-PRP collected from all participants.Biomedicines 2019, 7, 27 7 of 17 
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Figure 4. i-Stem platelet rich plasma (PRP) procedure. (A) Kit i-Stem; (B) The blood collected in i-Stem
Kit underwent at centrifugation; (C) The PRP and PPP suspension obtained by the system after the first
centrifugation; (D) The PRP and PPP after the second centrifugation.; (E) selection of PRP; (F) PRP
concentration in the middle side of kit.

2.3.3. Mechanical and Controlled Injection (MCI) of Autologous Suspension and Study Design

In the patients treated with PRP or with HF-MSCs, the scalp was separated into six regions
(as previous published). The interfollicular infusions, (0.2 mL × cm2) were realized to targeted regions
at a depth of 5 mm, with MCI procedure [17] utilizing an Ultim gun (Anti-Aging Medical Systems,
Montrodat, France) outfitted with a 1 mL Luer lock syringe with needle 30-gauge, in two sessions
spaced two months apart (relatively to HF-MSCs) and in three session spaced 30 days average using
10 mL Luer-look syringe (relatively to PRP).

Suspension infusions were conveyed to the frontal area while placebo infusions (i.e., saline NaCl
0.9%) were infused in the parietal areas in patients with hair loss confined to the frontal-parietal
areas. In like manner, for hair loss restricted to the parietal-vertex regions, the suspension was infused
in the parietal area, and saline was infused in the vertex area. Equivalent quantities of autologous
micrograft’s suspension and placebo infusions were made.
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2.3.4. Evaluation of Hair Re-Growth

Assessment of hair growth was assessed in five phases: T0, before the first infusion
(Figures 5A and 6A); T1 in 3 weeks; T2, in 9 weeks; T3, in 12 weeks (Figure 5B); T4, in 16 weeks, T5 in
23 weeks (Figure 6B), after the last treatment. The hair re-growth assessed after the last treatment
was contrasted by picture and the baseline assessment made before medications and between the
micrografts and/or PRP treatment region and the manipulation region, which got placebo infusions.
The second infusion was performed following two months in the case of HF-MSCs injection. On the
other hand, in the case of PRP treatment, the last infusion was the third and each injection was
performed each 30 days average.

Photos of the area treated with a suspension of PRP are shown in Figure 5A,B. Photos of the area
treated with a suspension of micro-grafts are shown in Figure 6A,B. The impacts of micrografts’ and
PRP’s suspension and placebo medications on hair re-growth were evaluated in all patients with the
assistance of worldwide picture, doctor’s and patient’s worldwide evaluation scale.

In all patients, two translational regions of hair loss, one at the fringe of the treatment half and a
moment along the outskirt of the placebo half, were demarcated with a semi-permanent tattoo.

2.3.5. Statistical Analysis

Values as the mean in addition to baseline mistake were examined by means of Student’s t-test,
and contrasts considered statistically noteworthy were p < 0.05.

3. Results

3.1. PRP Clinical Results

As beforehand detailed [4,17], 12 weeks later the treatment with A-PRP mean hair count increases
significantly over baseline values. In particular, the values obtained, reflect a 31 ± 2% increase in
hair density for the treatment group and less than a 1% increase in hair density for the placebo
group. Moreover, both the hair count and hair density parameters represent statistically significant
improvements in hair growth for the A-PRP treated scalp (Figure 5B) over the placebo-treated
control group.
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Figure 5. A non-smoker 34-year-old male patient classified AGA 2 according to Norwood–Hamilton
Scale. (A) Timing T0 (before the treatment) with hair loss localized to the vertex, parietal, temporal, and
frontal areas; (B) Timing T3 after 12 weeks later the last third treatment with increase of hair density
in the right parietal area treated with three autologous platelet-rich plasma not activated (A-PRP)
injections versus left parietal area treated with placebo.
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As reported in our previous work [3,4] both patient populations treated with A-PRP
(autologous-PRP not activated) and AA-PRP (autologous activated-PRP) respectively, showed an
improvement in the number of follicular bulge cells and follicles, epidermal thickening, improved
vascularization, and a higher number of Ki67+ basal keratinocytes in PRP-treated scalp tissue compared
with placebo.

Indeed, histological examination of A-PRP and AA-PRP treated scalp from our previous work [3,4]
provides such clinical evidence.

Hair re-growth at the clinical level showed a similarly positive response to treatment with A-PRP,
with patients manifesting significant improvements in hair count and total hair density in the targeted
area over the control area (treated with Placebo). Differences between 12 weeks follow-up counts and
baseline count for these hair growth parameters were higher in the A-PRP treatment population in this
study than in the AA-PRP treatment population in the previous trial performed by the authors [3].
In particular, 3 months hair density measurements for patients treated with A-PRP and AA-PRP
were 65 ± 5 and 28 ± 4 hairs/cm2, respectively (Tables 1 and 2). The results obtained constitute a
31 ± 2% increase in hair density when A-PRP treatment is performed versus 19 ± 3% increase in hair
density when AA-PRP treatment is performed, with a statistically significant difference in hair growth
(p = 0.0029) (Tables 1 and 2). The increase of hair growth parameters for A-PRP over AA-PRP may
reflect the greater efficiency of in vivo thrombin to activate platelets and the body to distribute the
contents of activated platelets compared with in vitro calcium activation and injection. Moreover,
delivery of A-PRP may enable the production of thromboxane A2 (TXA2) by the platelets once they
are activated in vivo, which would activate additional platelets and amplify platelet aggregation [18].

3.2. Micrografts Clinical Results

12 weeks later the treatment with micro-grafts, mean hair density was increased significantly over
baseline values. In particular, the values obtained, reflect a 30 ± 5.0% increase in hair density for the
treatment group and less than a 1% increase in hair density for the placebo. Hair Density measurement
for area treated with micro-grafts 12 weeks after the last treatment was 39 ± 5 hairs/cm2 (Table 1).

As beforehand detailed [15], 23 weeks later the last treatment with micrografts containing HFSCs
mean hair density increments (29 ± 5.0%) over baseline values for the treated region and less than a
1% increment in hair density for the placebo region (Figure 6B). At the baseline, no statistical contrasts
in hair tally or hair thickness existed between the micrografts treatment region and manipulation
region of the scalp.
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In the preparatory investigation [15], the authors have built up another strategy to disengage
human grown-up stem cells by minimal manipulation based on centrifugation of strips of human hair
follicles without expansion or culture. They reported the counting of these cells and the preparatory
outcomes acquired by the human follicle stem cells infusions in the scalp of patients affected by AGA,
enhancing hair thickness.

Specifically, in the past work, the authors detailed the amount (in term of percentage) of CD44+ cells
(hair follicle-derived mesenchymal stem cells), from dermal papilla, and the percentage of CD200+ cells
(hair follicle epithelial-stem cells), from the bulge, gotten via programmed centrifugation of 11 punch
tests [15].

The authors revealed, the microscopic assessment performed by cytospin, immunocytochemistry,
histological examination got by Hematoxylin-Eosin-stained and clinical assessment, feeling the need
to talk about as follow, current advances in the distinctive methodologies to improve regeneration of
hair follicles, with accentuation on those including neogenesis of hair follicles in grown-up people
utilizing isolated cells and biotechnologies.

Table 1. Study design and clinical results obtained using Micrografts containing HFSCs and autologous
platelet-rich plasma not activated (A-PRP).

Platelet-Rich Plasma Micrografts

Injections performed in three session spaced 30 days Injections performed in two sessions spaced 60 days

Mechanical and controlled injection Mechanical and controlled injection

Addition of low-level led therapy (LLLT) 15 days after each
treatment and every 3 weeks after the third treatment until 6 months

post-treatment

Addition of low-level led therapy (LLLT) 15 days after each
treatment and every 3 weeks after the second treatment

until 6 months post-treatment

Hair density measurements for A-PRP (not activated-PRP) 12 weeks
later the last treatment: 65 ± 5 hairs/cm2

Hair density measurements for Micrografts 12 weeks later
the last treatment: 39 ± 5 hairs/cm2

Hair density improvement for A-PRP (not activated-PRP) 12 weeks,
later the last treatment, compared with placebo area: 31 ± 2%

Hair density improvement for Micrografts, 12 weeks later
the last treatment compared with placebo area: 30 ± 5.0%

Hair density improvement for A-PRP (not activated-PRP) 23 weeks,
later the last treatment, compared with placebo area: 28 ± 2%

Hair density improvement for Micrografts, 23 weeks later
the last treatment compared with placebo area: 29 ± 5.0%

Table 2. Clinical results obtained using A-PRP versus AA-PRP.

A-PRP (Not Activated) AA-PRP (Activated)

Hair density measurements for A-PRP, 12 weeks later the
last treatment: 65 ± 5 hairs/cm2

Hair density measurements for AA-PRP, 12 weeks later the
last treatment: 28 ± 4 hair cm2

Hair density improvement for A-PRP 12 weeks, later the
last treatment, compared with placebo area: 31 ± 2%

Hair density improvement for AA-PRP 12 weeks, later the
last treatment, compared with placebo area: 19 ± 3%

Hair density improvement for A-PRP 23 weeks, later the
last treatment, compared with placebo area: 28 ± 2%

Hair density improvement for A-PRP 23 weeks, later the
last treatment, compared with placebo area: 15 ± 3%

4. Discussion

It is of extraordinary enthusiasm to discover distinctive methods planning to improve regeneration
of the hair follicle under conditions appropriate of a grown-up person. In light of the current knowledge
on the epithelial and dermal cells and their associations amid the embryonic hair generation and
grown-up hair cycling, numerous researchers have endeavored to acquire mature hair follicles utilizing
distinctive methods and methodologies relying upon the reasons for AGA [19–21].

Investigations were performed utilizing rat cells, especially from embryonic or infant origin.
Notwithstanding, no successful methodology to generate human hair follicles from grown-up cells
has yet been accounted for. Maybe the most critical challenge is to give three-dimensional culture
conditions mirroring the structure of living tissue. Enhancing culture conditions that permit the
extension of particular cells while securing their inductive properties, and additionally, the strategies
for choosing populaces of epithelial stem cells should give us the fundamental tools to overcome the
challenges that constrain human hair follicle neogenesis [21].
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These cells give off an impression of being situated in the lump region of human hair follicles.
Hair follicles are known to contain a well-characterized niche for grown-up stem cells: the lump,

which contains epithelial and melanocytic stem cells [22]. Stem cells in the hair lump, an obviously
differentiated structure inside the lower permanent portion of hair follicles, can generate the
interfollicular epidermis, hair follicle structures, and sebaceous glands [7,23]. The lump epithelial stem
cells can likewise reconstitute in a simulated in vivo framework to a new hair follicle [24,25].

Yu et al. [22] demonstrated that follicles of human hairs contain a stem cell populace that can
be separated into the smooth muscle cell, neuron and melanocyte heredities in induction medium.
Their information demonstrates that Oct4+ cells are available in the skin of a human, and the majority
of them are situated in the hair follicles in vivo. Oct4 has a place with the family of POU-domain
transcription factors that are regularly communicated in pluripotent cells of the developing embryo and
mediate pluripotency [26]. Subsequently, follicles of human hair contain multipotent stem cells other
than epithelial and melanocytic stem cells, and these cells are situated in the lump region. These cells
indicate promising plasticity in ex vivo and in vitro conditions, making them potential candidates for
cell engineering and cell substitution treatments.

Each mature hair follicle is a regenerating framework, which physiologically experiences cycles of
growth (anagen), relapse (catagen), and rest (telogen) various times in grown-up’s life [27]. In catagen,
hair follicle stem cells are kept up in the lump. At that point, the resting follicle re-enters anagen
(regeneration) when legitimate molecular signals are given. Amid late telogen to early anagen change,
signals from the Dermal Papilla (DP) stimulate the hair germ and quiescent lump stem cells to wind up
activated [28]. Numerous paracrine factors are engaged with this crosstalk at various hair cycle stages
and some signaling pathways have been implicated [29–31]. In anagen, stem cells in the lump offer
ascent to hair germs, at that point the transient increasing cells in the grid of the new follicle proliferate
quickly to frame another hair filament [32]. As a matter of fact, the authors feel the need to better know
which stage is critical to act.

Regeneration of hair follicles was likewise seen in people [33] when dermal sheath tissue was
utilized, which was adequate to regenerate additionally the DP structure. After implantation, the
whisker DP was equipped for promoting hair follicle regeneration holding the data to decide hair fiber
type and follicle size [34].

In an examination reported by Balañá ME et al. [21] the authors prepared in a research facility
a dermal-epidermal skin substitute by seeding an a-cellular dermal grid with cultured hair follicle
epithelial stem cells and dermal papilla cells (DPCs), both gotten from the grown-up human scalp.
These constructs were grafted into a full-thickness wound produced on bare mice skin. In fourteen days,
histological structures reminiscent of a wide range of phases of embryonic hair follicle improvement
were seen in the grafted region. These structures demonstrated concentric cellular layers of human
origin and expressed k6hf, keratin present in epithelial cells of the companion layer. Despite the fact
that the presence of completely mature hair follicles was not observed, these outcomes demonstrated
that both epithelial and dermal cultured cells from the grown-up human scalp in a dermal scaffold
could create in vivo structures that reiterate embryonic hair improvement.

In a recent report published in 2017 by Kalabusheva et al [35], the authors combined postnatal
human DPCs and skin epidermal keratinocytes (KCs) in a hanging drop culture to build up a simulated
hair follicle germ. The technique depends on DP cell hair-inciting properties and KC self-association.
They assessed two protocols of total collecting. Blended HF germ-like structures showed the initiation
of epithelial-mesenchymal collaboration, including WNT pathway enactment and expression of
follicular markers. They examined the impact of conceivable DP cell niche components including
dissolvable components and extracellular matrix (ECM) molecules during the time spent on the
organoid assembling and growth. Their outcomes showed that soluble components had little effect on
HF germ generation and Ki67+ cell score inside the organoids despite the fact that BMP6 and VD3
kept up effectively the DP character in the monolayer culture. Aggrecan, biglycan, fibronectin, and
hyaluronic acid (HA) significantly stimulated cell proliferation in DP cell monolayer culture with no
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impact on DP cell character. A large portion of ECM compounds restricted the growth of cell totals
while HA advanced the formation of bigger organoids.

Talavera-Adame et al [36], revealed in a recent study the bio-molecular pathway involved in a
cellular treatment. Specifically, it has been additionally demonstrated that Wnt/β-catenin signaling is
fundamental for the growth and upkeep of DPCs [37,38]. The increment of Wnt signaling in DPCs
evidently is one of the principal factors that enhance hair re-growth [37].

In particular, in a study published by Pirastu N. et al [39], androgen receptor signaling, is
implicated by seven genes at six loci. Three main groups were found: genes linked to Wnt signaling
(RSPO2; LGR4; WNT10A; WNT3; DKK2; SOX13; TWIST2; TWIST1; IQGAP1; and PRKD1), genes
involved in apoptosis (DFFA; BCL2; IRF4; TOP1; and MAPT) and a third more heterogeneous group
including the androgen’s receptor and TGF-β pathways (RUNX3; RUNX2; ALPL; PTHLH; RUNX1;
AR; SRD5A2; PDGFA; PAX3; and FGF5). Although many different pathways have been implicated
in the development of androgenetic alopecia, their results suggest that in addition to the androgen
receptor pathway, for which they confirm a prominent function, the Wnt and apoptosis pathways
play a fundamental role. Androgenetic Alopecia is characterized by a shorter growth (anagen), which
has been associated with increased apoptosis of the hair follicle cells. This result suggests the anagen
phase becomes shorter because of differences in the genes regulating apoptosis. The Wnt pathway
has been implicated in the transition from the telogen (resting) to the anagen (growth), and also
in the determination of the fate of the stem cells in the hair bulge, which are both dysregulated in
balding tissue. Finally, baldness risk loci in the WNT ligand biogenesis and trafficking and Class B/2
(Secretin family receptors) pathways were also associated with height, despite none of the individual
loci in these pathways being significant: this suggests a “pathway-wide” effect. Therefore, baldness
shows pathway-specific genetic correlations, which provide a potential biological basis to observed
epidemiological correlations. Pathway-specific genetic correlations hold promise in disentangling the
shared biological pathways underpinning complex diseases [39].

Another fascinating field is the likelihood to utilize the fat graft and stromal vascular fraction
cells (SVFs) in hair re-growth. SVFs is a heterogeneous group of non-cultured cells that can be
dependably removed from fat by utilizing computerized frameworks, in light of centrifugation,
filtration and purification of fat tissue or utilizing enzymatic absorption (not proposed by EMA-CAT
recommendations). These cells work to a great extent by paracrine systems to help adipocyte viability.
Festa et al [40] detailed that adipocyte ancestry cells bolster the stem cell niche and help drive the
complex hair growth cycle. This follicular regenerative approach is fascinating and raises the likelihood
that one can drive or reestablish the hair cycle in male and female hair loss by stimulating the niche
with autologous fat improved with SVF.

Along these lines, Perez-Meza D et al. [41], detailed the safety, tolerability, and quantitative, in
patients affected by hereditary alopecia treated with sub-cutaneous scalp infusion of advanced fat
tissue. An increment of 31 hairs/cm2 was recorded in patients experiencing treatment of fat blended
with SVF; one subject who had fat alone reported a mean increment of 14 hairs/cm2, proposing that
while fat alone may represent an approach for early hairlessness, the addition of SVF may improve
this reaction [41]. The discoveries propose that scalp stem cell-enriched fat grafting may represent
a promising elective way to deal with treating hair loss in people. Fukuoka et al. [42] inspected the
impacts of fat-derived stem cell-conditioned medium infusion in a group of 22 patients affected by
AGA. Patients got treatment each 3 to 5 weeks for a total of 6 sessions. The mean increment in the hair
count was 29 ± 4.1 in men and 15.6 ± 4.2 in women. No noteworthy distinction was seen amongst men
and ladies.

The examination of the investigations reviewed could prompt the conclusion that hair follicle
neogenesis utilizing human epithelial and dermal cells is an extremely cumbersome assignment that
could require unique culture conditions, some way or another reproducing the ordinary or embryonic
skin condition, and the utilization of embryonic or neonatal cells.
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In the other hand, the number of papers published on PRP is considerable, but the results are
often contradictory. The authors thinking that It is not correct to speak of PRP in general, but it is better
to identify different types of PRP preparations depending on their cell content and fibrin architecture.
On this way it is possible to identify:

1. Leukocyte-poor PRP (LP-PRP) or Pure Platelet-Rich Plasma (P-PRP). Suspension without
leukocytes and with a low-density fibrin network after activation;

2. PRP and Leukocyte (L-PRP). Suspensions with leukocytes and a low densities fibrin network
after activation (the largest number of commercial kit);

3. Leukocyte- poor platelet-rich fibrin (LP-PRF) or pure platelet-rich fibrin (P-PRF). Suspensions
without leukocytes and a high-density fibrin network.

4. Leukocytes and platelet rich fibrin (L-PRF) or second generations PRP products are preparations
with leukocytes and a high-density fibrin network.

As reported, there are too many protocols for preparation of PRP depending on the different time
and RPM used, the number of platelets, the availability of growth factors and chemokines. There is
also a wide biological (between patients) and temporal (day to day) variation [43]. So, it is difficult to
assess which kit for PRP preparation is better and which is worse [44].

Different PRP products might be more or less appropriate to treat different types of tissues and
pathologies. The clinical efficacy of PRP remains under debate, and a standardized protocol has not
yet been established [45]. So, physicians should select proper PRP preparations after considering their
bio-molecular characteristics and patient indications [46].

Recently, the use of low-level led therapy (LLLT) has been suggested as a treatment for AGA and
to improve hair re-growth. LLLT was proposed by the authors 15 days after each treatment to stimulate
hair regrowth during the HF-MSCs and PRP treatment and every 3 weeks after the treatment until
6 months post-treatment. Eleven studies were reviewed by Afifi et al. [47]. 9 studies assessing hair
count/hair density found statistically significant improvements in both males and females following
LLLT treatment. Additionally, hair thickness and tensile strength significantly improved in 2 studies.
Patient satisfaction was reported in 5 works.

Autologous platelet-rich plasma (A-PRP), is also now associated with improved surgical outcomes
and lower recurrence rates when incorporated in the treatment protocol for the gingival recession and
keloid therapies, respectively [48,49].

In dermatological use, differences were found when PRP therapies were performed with the
delivery of activated autologous PRP (AA-PRP) in place of non-activated A-PRP. When A-PRP is used
with autologous thrombin to yield AA-PRP, it is possible to observe the healing of chronic wounds and
shortened recovery times for deep burns [50,51]. Likewise, laser resurfacing of acne outcomes affords
qualitatively better results with fewer side effects when performed in conjunction with either topical or
intradermal application of calcium-activated PRP [52]. These results, probably, may be attributed to
the release and concentration of alpha-granule proteins, including growth factors and cytokines, that
stimulate cellular differentiation and proliferation, angiogenesis, and vascular modeling [53].

In the treatment of hair loss, topical use of AA-PRP to harvested follicles prior to implantation has
already been shown to increase their survival rate by 15% [54].

Moreover, patients treated with calcium gluconate-activated PRP exhibit increased hair density
three months post-surgery with terminal hair density (diameter > 40 µm) increasing by 19% during
that time [16].

These findings were confirmed in a study following AGA patients treated with calcium-activated
PRP over the course of one year [55]. Twelve weeks later the last injection of PRP, hair density peaked
with a 19% increase over baseline measurements; at the one-year mark, hair density fell to 7% above
baseline measurements but this value still constituted a significant increase in hair density compared
to the baseline values [55].

The growth factors (GFs) obtained by the degranulation of the alpha-granules have been shown
to stimulate hair re-growth. In detail, insulin-like growth factor-1 (IGF-1) stimulates proliferation of
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cycling Ki67+ basal keratinocytes [56,57], while transforming growth factor β1 (TGF-β1) protects the
proliferative potential of basal keratinocytes by inhibiting cell growth and terminal differentiation [58,59].
Platelet-derived growth factor AA (PDGF-AA) increase the hair inductive activity of DPCs when applied
in combination with fibroblast growth factor 2 (FGF-2) [60,61]. Vascular endothelial growth factor
(VEGF) stimulates angiogenesis, and PDGF-BB is a potent chemo-attractant for wound macrophages
and fibroblasts and stimulates these cells to release endogenous growth factors, including TGF-β1, that
promote new collagen synthesis [62].

DPCs harvested from human scalp have shown increased proliferation, increased Bcl-2 and
FGF-7 levels, activated ERK and Akt proteins, and up-regulation of β-catenin when cultured in an
activated PRP-supplemented growth medium [63]. Since each of these factors positively influences
hair re-growth through cellular proliferation to prolong the anagen phase (FGF-7) [28], inducing cell
growth (ERK activation) [64], stimulating hair follicle development (β-catenin) [65], and suppressing
apoptotic cues (Bcl-2 release and Akt activation) [66,67]. Human scalp affected by AGA injected
with PRP should display marked increases in cellular activity. Indeed, histological examination of
A-PRP and AA-PRP treated scalp from our previous works [3,17,18] provides such clinical evidence.
In both patient populations, the authors observed improvement in the number of follicular bulge cells
and follicles, epidermal thickening, improved vascularization, and a higher number of Ki67+ basal
keratinocytes in PRP-treated scalp tissue compared with placebo.

5. Conclusions

Our information obviously highlights the constructive effects of Micrografts-HF-MSCs and/or
PRP infusions on AGA. Micrografts-HF-MSCs and PRP may fill in an effective and a safe procedure
alternative to AGA; PRP and/or HF-MSCs represent a promising therapy for AGA. The increment of
Wnt signaling in DPCs evidently is the important factor that enhances hair re-growth. DPCs have
shown increased Bcl-2 and FGF-7 levels, activated ERK and Akt proteins, and upregulation of β-catenin
when cultured in an activated PRP-supplemented growth medium.
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Short-Term Efficacy of Autologous Cellular 
Micrografts in Male and Female Androgenetic 
Alopecia: A Retrospective Cohort Study

Shadi Zari
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Medicine, University of Jeddah, Jeddah, 
Saudi Arabia 

Purpose: Autologous cellular micrografts (ACM) is a novel treatment method in hair loss, 
and few data are available regarding its efficacy. The present study was carried out to assess 
the short-term clinical efficacy of a single application of ACM in the treatment of male and 
female androgenetic alopecia (AGA).
Materials and Methods: This was a single-center retrospective study involving 140 
consecutive adults with confirmed AGA, who received a single session of ACM (Regenera 
Activa®). Efficacy was evaluated 1–6 months after treatment, by analyzing the change of 
trichometry parameters, which were assessed using TrichoScan digital image analysis.
Results: Depending on the scalp region, there was increase in mean hair density by 4.5–7.12 
hair/cm2, average hair thickness by 0.96–1.88 μm, % thick hair by 1.74–3.26%, and mean 
number of follicular units by 1.30–2.77, resulting in an increase of cumulative hair thickness 
by 0.48–0.56 unit. Additionally, the frontal region showed a significant decrease in % thin 
hair (−1.81%, p = 0.037) and yellow dots (−1.93 N/cm2, p = 0.003). A favorable response 
was observed in 66.4% of the participants in the frontal region. Further, a gender-specific 
effect of treatment was observed.
Conclusion: ACM is a promising treatment in AGA with a short-term favorable response 
observed in up to approximately two-thirds of patients.
Keywords: androgenetic alopecia, pattern hair loss, autologous cellular micrografts, 
efficacy, regrowth

Introduction
Androgenetic alopecia (AGA) or pattern hair loss (PHL) is the most common cause 
of hair loss. It affects approximately 50% of men and women by the age of 50, and 
its prevalence increases with advancing age.1,2 As the name implies, AGA has 
a clear genetic predisposition mediating an excessive response to androgens.3

The treatments for AGA are limited. Topical minoxidil is the only FDA- 
approved treatment in females, and topical minoxidil and oral finasteride 1 mg 
are the only FDA-approved treatments in males. Minoxidil efficacy is limited, and 
studies suggest that only one-third of the patients experience a cosmetic benefit or 
moderate terminal hair regrowth after 1 year of use.4–7 Scalp irritation, increased 
seborrhea, erythema and hypertrichosis are commonly reported after topical minox
idil use.8–10 Oral finasteride 1 mg is FDA-approved for male but not female AGA, 
due to its teratogenicity. Decreased libido, erectile dysfunction and ejaculatory 
problems have been reported in around 3–5% of men using finasteride.11–13 In 
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addition, both minoxidil and finasteride require a long- 
term commitment by the patient on a daily basis, most 
likely for an individual’s life.

Furthermore, in the advanced stages of PHL, the above 
treatments are less effective and hair transplantation would 
be the only option for some of these patients. Hair transplan
tation also comes with limitations. Many balding males have 
a limited donor supply, which is not sufficient to cover the 
bald area. Also, many females with PHL have a weak donor 
area and are not candidates for hair transplantation.14–16

The previous observations highlight the importance of 
finding effective new treatments, which ensure better 
patient compliance and have limited side effects. Since 
AGA is characterized by defects in and loss of hair pro
genitor cells, while hair follicle stem cells (HFSCs) remain 
viable,17 transplantation of multipotent stem cells has 
become a well-accepted treatment option. Autologous cel
lular micrografts (ACM) is a method that obtains autolo
gous mature stem cells from scalp biopsies of a patient 
using a preparation system for mechanical disintegration 
and filtering of solid tissues.

The advocated mechanisms of action of ACM in AGA 
include the enhancement of hair follicle regeneration by 
transplantation of mature multipotent stem cells, besides 
the reactivation of existing stem cells and progenitor cells 
of miniaturized follicles, by restoring hair growth signal
ing via the injection of growth factors.17,18 Yet, these 
mechanisms have not been established. On the other 
hand, given the novelty of the treatment method, further 
data is needed to establish the clinical efficacy in AGA. 
Yet, the few published reports provide promising results, 
showing an increase in hair density and thickness in a high 
percentage of patients.22,37,38 However, these studies com
prise limitations that impede the generalizability of the 
findings, notably due to limited sample size.

In this paper, we report the short-term clinical efficacy 
of a single application of ACM in the treatment of male 
and female AGA. We also proposed a pixel-based method 
to portray the treatment efficacy and cosmetic benefit in 
hair loss, in a standardized visual fashion.

Materials and Methods
Design and Setting
A retrospective cohort study was carried out at the 
author’s dermatology clinic in Jeddah, Saudi Arabia, 
from September 2019 to August 2020.

Population
The study involved 18–65-year-old consecutive males and 
females with clinically diagnosed and dermoscopy- 
confirmed AGA, who received a single session of ACM 
(Regenera Activa®). Only females classified Sinclair 2–4 
and males classified Hamilton-Norwood 2–4 were 
included. Patients using any other topical or systemic 
medication for hair loss during the 6 months prior to 
inclusion or during the study period were excluded, as 
well as those using medical devices such as low-level 
laser therapy (LLT) or procedures such as platelet-rich 
plasma (PRP) or micro-needling for hair loss during the 
same periods. Other exclusion criteria included: cancer 
within 2 years; pregnancy or breastfeeding; immunosup
pression; hemoglobin below 12 mg/dL; presence of other 
causes of alopecia such as alopecia areata, scarring alope
cia or inflammatory scalp disorders; history of hair trans
plantation; history of scalp tumors; and/or the presence of 
trichotillomania.

Procedure
Baseline Assessment
As part of our routine practice, patients undergo 
a structured clinical evaluation to collect demographic 
and relevant clinical data, followed by dermoscopy to 
confirm the diagnosis, and global scalp photography fol
lowing a standardized method and technical settings. 
Standardized phototrichograms are conducted on all scalps 
using video-epiluminescence microscopy (FotoFinder 
Systems, Inc., Columbia, CA, USA) in conjunction with 
TrichoScan digital image analysis (TrichoScan, Tricolog 
GmbH, Freiburg, Germany). Trichoscan is a computer- 
assisted dermoscopy with dedicated software to diagnose 
the hair loss and to measure its severity.

Autologous Cellular Micrografts (ACM) Procedure
Under local anesthesia, using anesthesia techniques 
which were previously described by the author,22 

a 2.5 mm punch biopsy was used to extract 3 scalp 
tissue specimens from the patient’s occiput behind the 
ear, using Rigeneracons medical device (CE certified 
class I; Human Brain Wave, Turin, Italy). The collected 
specimens are placed in Rigeneracons by adding 1.5 mL 
of sterile physiologic solution to the device. The device 
then generates a cellular suspension by rotation of 
Rigeneracons at 80 RPM for 2 minutes. Subsequently, 
the obtained suspension is diluted with an additional 
3 mL sterile physiologic solution. The solution was 
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then injected subdermally into the balding areas of the 
scalp using a 1mL syringe with a 30-gauge needle; 
0.1 mL was injected per point spaced approximately 
1 cm apart.

Follow Up and Outcomes
After the intervention, patients were followed up by 
clinic visits and phone calls for any adverse effects or 
further concern. The short-term post-treatment assess
ment including trichometry with TrichoScan digital 
image analysis was scheduled 1 to 6 months after the 
intervention, as per the patient’s convenience. 
Trichometry parameters were divided into positive and 
negative parameters. Positive parameters correspond to 
parameters whose increase corresponds to favorable 
evolution (hair growth) and include hair density (N/ 
cm2), average hair shaft thickness (AHST, 
μm), percent thick hair (%), cumulative hair thickness 
(CHT), and number of follicular units (%). Negative 
parameters correspond to parameters whose decrease 
corresponds to favorable evolution (hair growth) and 
include percent thin hair (%), yellow dots (N/cm2), and 
trichoscopy-derived Sinclair scale (TDSS), which 
describes the hair midline density calculated from CHT 
density measured in trichoscopy.23

Ethical Considerations
The study was approved by the institutional review board 
of King Abdulaziz University Hospital in Jeddah 
(Reference No 235–21). Waiver of consent has been 
obtained because of the retrospective nature of the study. 
The confidentiality of the patients’ data has been protected 
and identifiable data of patients have been removed in 
compliance with the Declaration of Helsinki. The baseline 
assessments, ACM procedure and follow-up methods 
described above are part of the routine practice in the 
dermatology clinic, and were not specifically designed 
for the present study.

Statistical Methods
Data was managed using Microsoft Excel (version 2017, 
Microsoft) and statistical analysis was performed with the 
SPSS version 21.0 for Windows (SPSS Inc., Chicago, IL, 
USA). For all trichometry parameters, absolute and 
adjusted relative changes were calculated for each partici
pant as follows:

Absolute change parameter unitð Þ¼ x1� x0 

Adjusted relative change %ð Þ¼ 100� x1� x0ð Þ=X0 

Where,
x1 � x0: pre- to post-intervention change of the para

meter value in the given patient,
X0: baseline population mean of the parameter.
Paired t-test was used to analyze the absolute changes in 

the total study population and in males and females sepa
rately. The correlation between pre- and post-intervention 
values was analyzed using Pearson’s correlation.

To visually portray the cosmetic effect of the treatment 
in the study population, we calculated the area coverage 
index (ACI) as an estimate of the scalp area, in cm2, that 
would be completely covered by 1 cm-long hair, with 
respect of the hair density and thickness. By assuming 
a one-μm hair thickness, a 1-cm-long hair would visually 
cover an area of 1cm × 10−4 cm = 10−4 cm2. Thus, by 
considering the hair density (average number of hairs 
by cm2) and thickness (AHST), the ACI was calculated 
using the following formula: 
ACI (cm2hair/cm2scalp) = HD (hair density,N/cm2) 
*AHST(μm)* 10-4

Afterwards, a graphical representation was made by gen
erating a 30 × 30 (900-pixel resolution) grid, correspond
ing to 9cm2 of the scalp (covered by 9*ACI), comprising 
filled and blank 1mm2 square pixels that correspond to the 
covered and uncovered scalp areas, respectively. The num
ber of filled pixels is proportional to ACI and is calculated 
as N = resolution*ACI. Filled pixels are dispersed over the 
grid using a random generator. The ACI definition, calcu
lation formula and pixel transformation method are illu
strated in Figure 1.

For each parameter and scalp region, the percentage of 
participants who had favorable outcome (defined as the 
desired change occurring within the given parameter) was 
calculated along with the respective mean absolute change 
and mean adjusted relative change.

A p value of <0.05 was considered to reject the null 
hypothesis.

Results
Baseline Demographic and Clinical 
Characteristics
A total 140 patients were included, 113 (80.7%) of them 
were female, and mean (SD) age was 32.1 (10.1) years. The 
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Figure 1 Area coverage index (ACI) definition, calculation formula and pixel transformation method. The figure describes the method proposed by the author to portray 
the visual aspect of the scalp as a function of the hair density and average hair thickness, by the (A) unit definition, (B) calculation and (C) pixel transformation of an area 
coverage index (ACI).
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distribution of males according to Hamilton–Norwood clas
sification showed Class II (48.1%), Class III (18.5%) and 
Class III Vertex (33.3%). The distribution of females accord
ing to Sinclair classification showed Grade 2 (32.7%), Grade 
3 (56.6%), and Grade 4 or 5 (10.7%). The median follow-up 
time was 94 days (range = 39–197 days).

Efficacy of Autologous Cellular 
Micrografts in the Total Population
Absolute Change
There was increase in all positive parameters including 
hair density (+4.5 to 7.12 hair/cm2), AHST (+0.96 to 
1.88 μm), % thick hair (+1.74 to 3.26%), CHT (+0.48 to 

0.56 unit), and number of follicular units (+1.30 to 2.77), 
depending on the scalp region, and the improvements were 
more remarkable in frontal region where all these changes 
were statistically significant (p < 0.05). Additionally, nega
tive parameters decreased, notably in frontal region in % 
thin hair (−1.81%, p = 0.037) and yellow dots (−1.93 N/ 
cm2, p = 0.003). In the majority of parameters, pre- and 
post-intervention values were moderately to strongly cor
related (R = 0.539–0.807) (Table 1).

Adjusted Relative Change
Depending on scalp region, there was relative increase in 
hair density (up to 4.1%), AHST (up to +3.6%), % thick 
hair (up to +6.0%), CHT (up to +6.7%), and number of 

Table 1 Pre- and Post-Intervention Trichometry Findings by Scalp Region (Intrasubject Analysis)

Parameter (Unit) Scalp Region Baseline Outcome R Mean Absolute Changea p-value

Mean SD Mean SD

Positive parameters

Hair density (N/cm2) Frontal 176.87 42.86 182.36 42.49 0.807 5.49 0.015*
Temporal 134.01 30.48 138.51 29.29 0.752 4.50 0.013*
Occipital 175.50 38.11 182.62 39.33 0.694 7.12 0.006*

Average hair shaft thickness (μm) Frontal 48.49 8.14 50.12 9.19 0.740 1.64 0.003*
Temporal 52.86 9.08 54.74 9.28 0.753 1.88 0.001*

Occipital 55.58 9.08 56.54 8.93 0.703 0.96 0.102

% thick hair Frontal 45.71 16.02 48.11 16.98 0.754 2.40 0.016*
Temporal 54.31 16.18 57.57 15.91 0.715 3.26 0.002*
Occipital 59.11 16.31 60.85 15.75 0.734 1.74 0.081

Cumulative hair thickness Frontal 8.50 2.21 9.06 2.63 0.784 0.56 <0.001*
Temporal 7.05 1.87 7.52 1.76 0.799 0.48 <0.001*

Occipital 9.65 2.07 10.16 2.12 0.717 0.51 <0.001*

No. follicular unit (%) Frontal 82.67 12.08 84.31 11.48 0.658 1.64 0.048*
Temporal 65.17 11.47 66.47 10.98 0.660 1.30 0.099
Occipital 72.29 12.65 75.06 12.35 0.386 2.77 0.019*

Negative parametersb

% thin hair Frontal 23.74 11.84 21.93 11.73 0.629 −1.81 0.037*
Temporal 20.19 11.31 18.87 10.78 0.569 −1.31 0.132

Occipital 14.04 8.71 13.82 8.34 0.547 −0.21 0.755

Yellow dots (N/cm2) Frontal 5.35 8.87 3.42 5.47 0.539 −1.93 0.003*
Temporal 2.50 4.89 1.43 2.90 0.488 −1.07 0.004*

Occipital 1.69 3.11 1.41 3.01 0.377 −0.29 0.325

Derived Sinclair grade Frontal 2.78 0.70 2.62 0.46 0.571 −0.16 0.002*
Temporal 3.04 0.44 2.93 0.39 0.786 −0.11 <0.001*

Occipital 2.49 0.37 2.41 0.36 0.724 −0.09 <0.001*

Notes: Test used: Paired t-test. *Statistically significant result (p < 0.05). a Positive results indicate increase, while negative ones indicate decrease in the given parameter. b 

Favorable outcome is indicated by decrease in negative parameters. 
Abbreviation: R, Pearson’s correlation coefficient.
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follicular units (up to +3.8%), with relative decrease in % 
thin hair (down to −7.6%), as adjusted to the population’s 
baseline. Besides, a substantial relative decrease in yellow 
dot density was observed, notably in frontal (−36.0%) and 
temporal (−42.9%) regions. This was associated with 
decline in TDSS (Figure 2).

ACI and the Cosmetic Effect
The mean hair-covered scalp area in the total population 
increased in all three scalp regions including frontal (from 
0.85 to 0.91 cm2 hair/cm2 scalp), temporal (0.70 to 
0.75 cm2 hair/cm2 scalp) and occipital (0.96 to 1.02 cm2 

hair/cm2 scalp), and all results were statistically significant 
(p < 0.001). Results were depicted in a randomly gener
ated 900-pixel grid representing 9cm2 of the scalp 
(Figure 3).

Effect Size in Favorable Responders
Two-thirds of patients (63.6–66.4%) had a favorable 
change in CHT, with a mean absolute change 1.2–1.4 
unit depending on the scalp region. Further, more than 
50% had favorable change in the other parameters, except 
yellow dots that decreased in up to 43.6% of the partici
pants depending on the scalp region (Table 2).

Efficacy by Gender
In Females
The mean CHT increased by 0.52 to 0.57 units, associated 
with a significant increase in both AHST (+1.41 to 
2.17μm) and % thick hair (+2.64% to 4.16%) in all 3 
scalp regions. Increase in hair density was not statistically 
significant in the frontal region. Further, all negative para
meters decreased, but statistical significance was not con
sistent throughout scalp regions (Table 3). The pre and 
post treatment scalp photographs of a sample female 
patient are depicted in Figure 4-Patient 1.

In Males
The frontal region showed a statistically significant 
increase in mean CHT (+0.66 units, p = 0.045) associated 
with a remarkable increase in mean hair density (+11.2 
hair/cm2, p = 0.031) in reference to baseline (Table 3). The 
pre and post ACM scalp photographs of a sample male 
patient are depicted in Figure 4-Patient 2.

Discussion
Summary of Findings
The present study provides the largest series of AGA 
patients treated with ACM to date. Pre- to post- 

intervention assessment showed favorable changes in all 
positive and negative trichometry parameters, including 
growth of an average 5–7 new hairs per cm2 of scalp and 
an increase in the average hair thickness by 1.6–1.9μm, 
which is reflected by an increase in the percentage of thick 
hairs and proportional decrease in the percentage of thin 
hairs. Additionally, there was considerable reduction of 
yellow dots by 1–2 per cm2 of scalp combined with 
increase in the percentage of follicular units by up to 
3%. All these changes resulted in the enhancement of the 
CHT by an average 0.5–0.6 units, representing 5–6 mm2 

increment in hair coverage index per cm2 of scalp, which 
induced a significant cosmetic effect as demonstrated by 
the visual model developed by the author in this study. 
Such favorable outcomes were observed in up to two- 
thirds of patients, depending on the parameter, and the 
magnitude of changes among positive responders was 
more remarkable, notably in the frontal region. These 
findings are very encouraging and indicate multiple effects 
of ACM in improving the hair of AGA patients in the 
short term.

Pathophysiological Basis of ACM 
Mechanisms of Action
Mature HFSCs, located in the hair follicle bulge, are 
multipotent cells that play a key role in the regeneration 
of hair follicles and other scalp skin structures. They have 
the ability to self-regenerate between the telogen and ana
gen phases of the hair cycle; or migrate down the hair 
matrix and become progenitor cells, forming the internal 
hair follicles and hair stem. The activation of bulge- 
located stem cells is controlled by the surrounding micro
environment “niche” including their daughter cells, as well 
as by dermal papilla cells (DPCs) signaling pathways, 
notably the Wnt/β-catenin pathway which is crucial for 
entry into the anagen phase. DPCs further contribute in 
regulating hair growth by secreting hair growth- 
stimulating factors such as insulin-like growth factor 1 
(IGF-1), basic fibroblast growth factor, and vascular 
endothelial growth factor, which respectively have an 
autocrine effect on the dermal papilla itself and paracrine 
effect on hair follicle epithelial cells.19,24–30

The most supported pathophysiological mechanism of 
AGA involves a suppressive effect of systemic or locally 
produced (by balding DPCs) dihydrotesterone on follicular 
keratinocyte growth, which leads to catagen. This effect is 
mediated by the upregulation of transforming growth 
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Figure 2 Change in key indicators of hair growth, by scalp region, in male and female androgenic alopecia after treatment with autologous cellular micrografts (ACM). 
Pictures depict: 1) relative pre- to post-intervention change (in percent, left panels) of the 5 positive (green bars) and 2 negative (Orange bars) parameters as adjusted by the 
respective baseline population mean, that is, bar heights represent the percentage of change in the given parameter by reference to the baseline population mean; 2) mean 
derived Sinclair grade (right panels) in baseline versus after treatment with ACM. Panels correspond to findings in different scalp regions including frontal (A), temporal (B), 
and occipital (C) regions.
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factor beta (TGF-β) and Wnt antagonist DKK-1 produc
tion by DPCs. These alterations result in a number of 
pathohistological anomalies including impaired HFSC dif
ferentiation, oxidative stress and perifollicular fibrosis and 
inflammation, which altogether lead to the chronic hair 
miniaturization resulting in smaller dermal papillae and 
a reduction in CD200+ progenitor cells.31–37 On the other 
hand, although progenitor cells are damaged in AGA, the 
HFSCs remain preserved, which explains the reversibility 
of the condition. These observations constitute the founda
tion for ACM, which consist of the transplantation of 
mature multipotent stem cells in the balding areas, thereby 
enabling hair follicle regeneration.17 Besides unaffected 

areas of the scalp, ACM may use multipotent stem cells 
originating from adipose tissue.38 Another plausible 
mechanism of action of ACM is the reactivation of already 
existing stem cells and progenitor cells of miniaturized 
follicles, by reinstating the hair growth signaling via the 
injection of growth factors.18

Reports on Efficacy of ACM in AGA
The few available reports on ACM efficacy are encoura
ging. In a small placebo-controlled trial (N = 11), the use 
of ACM showed ~29% relative increase in hair density in 
treated scalp areas, approximately 6 months after 
treatment.19 Another study including 17 patients showed 

Figure 3 Short-term hair growth in male and female androgenic alopecia after treatment with autologous cellular micrografts (ACM). Pictures depict pre- to post- 
intervention change in area coverage index (ACI) in the frontal (A), temporal (B), and occipital (C) regions. Each grid represents 9cm2 (3×3cm) of scalp area; where gray 
cells represent the scalp area covered by hair, white cells represent the scalp areas not covered by hair, and dark gray cells represent highly dense areas indicating ACI > 
1cm2.

https://doi.org/10.2147/CCID.S334807                                                                                                                                                                                                                                 

DovePress                                                                                                                    

Clinical, Cosmetic and Investigational Dermatology 2021:14 1732

Zari                                                                                                                                                                    Dovepress

Powered by TCPDF (www.tcpdf.org)

C
lin

ic
al

, C
os

m
et

ic
 a

nd
 In

ve
st

ig
at

io
na

l D
er

m
at

ol
og

y 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

50
.6

0.
53

.2
39

 o
n 

19
-N

ov
-2

02
1

F
or

 p
er

so
na

l u
se

 o
nl

y.

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


patient-perceived increase in hair thickness (12/17 
patients) and reduction in hair fall (8/17), while the 
remaining cases observed no change for either 
parameter.20 More recently, Ruiz et al studied the efficacy 
of ACM at 4, 6 and 12 months, among 100 AGA and 
showed significant increase in hair density (+33.3/cm2) 
and percentage of thick hair (+5.6%) at 2 months.21

Efficacy of ACM by Gender
Findings from the present study suggest a gender-specific 
effect of ACM in AGA. The most remarkable effect in 
males was the increase in hair density, while in females it 
was the promotion of hair thickness and reduction of the 
number of yellow dots. Interestingly, the two patterns 

resulted in a comparable improvement of CHT across 
genders. Additionally, although the occipital area was not 
treated in any of the study patients, women experienced 
significant improvement in all hair growth indicators in the 
occipital region with a single ACM session, which could 
have an implication in improving the donor area in 
females requiring a hair transplantation.

Pixel-Based Representation of Cosmetic 
Effect
The author proposes the use of a pixel-based graphical 
method to portray the cosmetic effects of treatments in hair 
loss in a standardized fashion. This method provides an 
intuitive visualization of the change in scalp area coverage 

Table 2 Change in Hair Growth Indicators Among Favorable Responders

Parameter (Unit) Scalp Region Favorable Response 
Rate, n (%)

Mean Absolute Change 
(Unit)a

Adj. Mean Relative 
Change (%)a

Positive parameters

Hair density (N/cm2) Frontal 85 (60.7) 21.8 12.3
Temporal 86 (61.4) 17.6 13.1

Occipital 79 (56.4) 26.7 15.2

Average hair shaft thickness (μm) Frontal 76 (54.3) 6.2 12.8
Temporal 79 (56.4) 6.2 11.7

Occipital 76 (54.3) 5.6 10.1

% thick hair Frontal 78 (55.7) 10.6 23.2
Temporal 85 (60.7) 10.7 19.7

Occipital 74 (52.9) 10.0 16.9

Cumulative hair thickness Frontal 93 (66.4) 1.4 16.4
Temporal 90 (64.3) 1.2 16.3

Occipital 89 (63.6) 1.4 14.6

No. follicular unit (%) Frontal 69 (49.3) 9.3 11.2
Temporal 79 (56.4) 7.6 11.7

Occipital 73 (52.1) 12.0 16.6

Negative parametersb

% thin hair Frontal 75 (53.6) −8.8 −37.1
Temporal 77 (55.0) −8.4 −41.6
Occipital 62 (44.3) −7.0 −49.9

Yellow dots (N/cm2) Frontal 61 (43.6) −7.1 −132.7
Temporal 49 (35.0) −4.8 −192.0

Occipital 41 (29.3) −3.5 −207.1

Derived Sinclair grade Frontal 83 (59.3) −0.4 −14.4

Temporal 80 (57.1) −0.3 −9.9
Occipital 75 (53.6) −0.3 −12.0

Notes: aPositive results indicate increase, while negative ones indicate decrease in the given parameter. bFavorable outcome is indicated by decrease in negative parameters.
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after treatment. It can be used in all types of hair loss and 
treatments (transplantation, topical treatments, etc.) and can 
have interesting clinical and research applications.

Limitations
The external validity of the present study may be limited by 
the retrospective and noncontrolled design. Further, the pre
sent design does not demonstrate the final clinical improve
ment due to the short-term endpoint of the study outcomes. 
A longer follow-up study will be needed in the future.

Conclusion
Two-thirds of patients with AGA would respond favorably to 
a single treatment session with ACM in the first 6 months 
following treatment. The pre- to post-ACM trichometry ana
lysis showed significant improvement in hair regrowth, hair 
thickening, promotion of follicular units and reduction of 
yellow dots; all combined, these effects result in an increase 
in the hair area coverage index, representing a noticeable 
cosmetic change. There is a probable gender-specific effect 
of ACM in AGA that should be further studied.

Table 3 Hair Growth Indicators by Gender and Scalp Region in Male and Female Androgenic Alopecia After Treatment with 
Autologous Cellular Micrografts (ACM)

Parameter (Unit) Scalp Region Female (N = 113) Male (N = 27)

Mean Absolute Changea p-value Mean Absolute Changea p-value

Positive parameters

Hair density (N/cm2) Frontal +4.12 0.103 +11.22 0.031*
Temporal +5.75 0.003* −0.74 0.869

Occipital +6.43 0.017* +10.00 0.192

Average hair shaft thickness (μm) Frontal +1.84 0.002* +0.78 0.549
Temporal +2.17 001* +0.67 0.570

Occipital +1.41 0.028* −0.89 0.549

% thick hair Frontal +2.84 0.005* +0.56 0.850
Temporal +4.16 0.001* −0.52 0.754

Occipital +2.64 0.016* −2.04 0.398

Cumulative hair thickness Frontal +0.53 0.001* +0.66 0.045*
Temporal +0.57 <0.001* +0.06 0.817

Occipital +0.52 <0.001* +0.45 0.244

No. follicular unit (%) Frontal +1.21 0.189 +3.44 0.080
Temporal +1.81 0.039* −0.81 0.661

Occipital +3.35 0.010* +0.33 0.907

Negative parametersb

% thin hair Frontal −2.16 0.030* −0.33 0.849
Temporal −1.81 0.079 +0.74 0.605

Occipital −0.73 0.339 +1.96 0.208

Yellow dots (N/cm2) Frontal −2.15 0.006* −1.00 0.159
Temporal −1.20 0.007* −0.52 0.283
Occipital −0.17 0.618 −0.78 0.146

Derived Sinclair grade Frontal −0.16 0.007* −0.13 0.037*
Temporal −0.14 <0.001* −0.01 0.778

Occipital −0.09 <0.001* −0.06 0.269

Notes: Test used: paired t-test. aPositive results indicate increase, while negative ones indicate decrease in the given parameter. bFavorable outcome is indicated by decrease 
in negative parameters. *Statistically significant result (p < 0.05).
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Abstract 
Different studies show the need of immature adipose cell to induce the proliferation of bulge stem 
cells in order to kick off the anagen phase of hair cycle. Furthermore, the adipose derived stem cell, 
adipose progenitors, and growth factors secreted by mature adipocytes can help the wound heal- 
ing and the vascular neogenesis. Nowadays, it is not known any protocol of tissue regeneration 
applied to hair transplantation, especially if aimed to the reconstruction of the main vascular 
network for the engraftment of transplanted hair and the healing process. The aim of the work is 
to investigate how the application of autologous cellular suspension obtained by Rigenera system, 
mechanical fragmentation procedure which allows to obtain a physiological saline solution con- 
sisting of a heterogeneous pool of cells rich in adipose derived mesenchymalstem cells and growth 
factors, helps the wound healing and engraftment of the transplanted hair. During hair restoration 
surgery, the adipose tissue recovered from the discard of follicular slicing, was processed using the 
Rigenera system. The obtained cell suspension was applied in the area of hair transplantation, in- 
creasing the natural background of adipocyte lineage and raising the amount of growth factors. In 
addition, the cellular suspension was applied to the suture on the occipital region. The cell popula- 
tion was characterized by FACS. The monthly evaluation of hair transplantation follow-up with pho- 
tos and the patient’s impressions demonstrates that there is a faster healing of the micro-wound and 
a continuous growth of the transplanted hair even two months after the procedure, with a shorten- 
ing of the dormant phase. In conclusion, this new approach aims to integrate regenerative medicine 
and hair restoration surgery in order to improve the outcome for the patient. It would be wonderful 
to continue this research to elaborate on the molecular cause behind this satisfying clinical. 
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1. Background 
The field of hair transplantations has made countless step forward and now it is possible to obtain results not even 
imagine thirsty years ago. 

In the last ten years, we have witnessed the rise of regenerative medicine applied at many surgical disciplines 
aiming to increase the results and reduce the pain of patients. Nowadays, except for Platelet Rich Plasma (PRP), it 
is not known any protocol of tissue regeneration applied to hair transplantation, especially if aimed to the recon- 
struction of the main vascular network for the engraftment of transplanted hair and the healing process. 

A number of researches underline the existence of cells in the adult body capable of repairing and regenerating 
damaged tissues. 

Adipose tissue is a multifunctional organ that contains various cellular types, such as mature adipocytes and the 
stromal vascular fractions (SVF), which consists of endothelial cells, pericytes, fibroblasts, pre-adipocytes and 
mesenchymal stem cells, called Adipose Derived Stem Cells (ADSC) (Figure 1). These pluripotent cells with 
their secretome mediate different skin regenerative effects, such as wound healing, antioxidant protection and 
antiwrinkling [1]. Autologous ADSC have been applied for several regenerative treatments such as widespread 
traumatic calvarial bone defects [2], breast augmentations [3], fistulas in patients with Crohn’s disease [4] and for 
wound healing in treatment of chronic ulcers [2].  

Festa [5] shows the need for immature adipocytes to promote the proliferation of bulge stem cells. Sumikawa [6] 
shows the potential of leptine and adipokine as an inducer of anagen phase. Furthermore, growth factors stimulate 
hair growth in both ex vivo and in vivo animal model [7] [8]. 

It is clear that the adipocyte lineage is critical to tissue regeneration and hair growth. 

2. Aim 
The aim of this work is to evaluate how a pool of cells consisting of ADSC, pericytes, endoteliocytes, preadi- 
pocytes and their secretome can improve the hair transplantation outcome, helping wound healing and follicular 
units’ engraftment. 

3. Methods 
3.1. Subjects 
Three patients, subjected to hair restoration surgery with the application of adipose derived stem cells and 
growth factors, were monitored after 5 days, 2 weeks and 1 month. The selection of the patients was casual and 
based on their availability. 

3.2. Cellular Suspension Obtainment 
During hair restoration surgery, a strip of scalp form the occipital region is cut and sliced to isolate the follicular 
units. Below the dermis there are hypodermis and adipose tissue that had been discarded in the past. These tissues 
were processed using Rigenera system. 

Rigenera device is a safe standardized sample preparation system, for the automated mechanical disaggregation 
of cells population. This mechanical fragmentation, allows extracting from tissue only smallest cells that repre- 
sents the progenitor cells responsible of the tissue formation. In addition, this system is able to cut, without crash, 
the single extracellular matrix constituents, which play an important role in reducing inflammatory process and so 
help the healing of tissue. Figure 2 states all steps to obtain a cell suspension. 

4. FACS 
FACS analysis was performed to evaluate the quantity and quality of cell suspension from two different patients. 
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Figure 1. Adipose tissue and photo of ADCS by optical microscope.                                               
 

 
Figure 2. Rigenera System: 1) Hypo-derma and adipose tissue from the occipital region; 2) Rigenera system: a piece of 
tissue +1 ml of saline solution was inserted in Rigeneracons (CE/EC disposable medical devices containing a stainless steel 
grid with 100 hexagonal holes of 50 µ each surrounded by six micro blades) and mechanically fragmented with Rigenera for 
3 min. The cells passed through the grid into the liquid suspension; 3) Cell suspension was collected with a syringe. The 
disaggregation and filtration results in a physiological saline solution consisting of heterogeneous pool of cells and growth 
factors; 4) Cell suspension was injected subcutaneously; and 5) Dropped on the micro incisions made for the engraftments of 
hair. The suspension was applied before and after the hair insertion. (For some patients the suspension was applied also on 
the donor area wound)                                                                                    
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The gating was made for CD146 and CD34, typical of adipose derived mesenchymal stem cells. The cells were 
also observed at optical microscope. 

5. Results 
5.1. Cell Suspension Analysis 
The cellular vitality is 93% for the 1st patients and 74% for the 2nd. This represents a good result especially after 
mechanical fragmentation. 

Both gating for CD146 and CD34 shows that the cellular suspension obtained by Rigenera is a heterogeneous 
pool of cells composed by erythrocytes, epithelial cells, ADSC and 90% of living cells, which correspond to im- 
mature adipocytes and ADSC at the first differentiation stage (Figure 3). 

The cells are in the active phase of the cell cycle; lots of them are doubling and splitting, showing that Rigenera 
sorting allows the collection of young and active cells, discarding the quiescent and old cells at the end of their 
functional utility (Figure 4). 
 

 
Figure 3. FACS made on a pool of cells obtained from the mechanical fragmentation of the hypodermic and adipose tissue 
from the occipital region of two patients. 1) Vitality of cells; 2) Gating for CD146 and CD34 in order to underline the pre- 
sence of Adipose Derived mesenchymal Stem Cells (ADSC).                                                     
 

 
Figure 4. Photos of cellular suspension of the two patients by optical microscope.    
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5.2. Patient’s Follow-Up 
Only two weeks after transplantation the healing of micro wounds was complete. Hair continued growing, greatly 
improving the patient’s mood and self-confidence. Also the wound on the donor area was perfectly healed 
(Figure 5). 

Five days after hair restoration surgery, the patient reported a perfect recovery, without any swelling and 
edema. The small scabs were clean and dry, ready to fall (Figure 6). 

One month after surgery, a maintenance of transplanted hair and a perfect healing of micro wounds are visible 
(Figure 7). 

5.3. Patient’s Impressions 
For all the patients the pain was very mild and for one of them was completely absent. 

They also reported a reduction of post operatory edema and swelling. The perception of pain was established by 
VAS (Visual Analogic Scale) (Figure 8). 

6. Discussion 
Rigenera system gives the possibility to extract from tissue only the smallest cells that represent the progenitors 
responsible for the tissue formation. It allows to cut, without crash, the single extracellular matrix constituents, 
which are important in reducing the inflammatory process and so to help the healing of tissue. Furthermore, it 
crashes mature adipocytes freeing up many growth factors. In this way it is possible to maintain a sort of “cellular- 
niche” in which every cell and growth factor plays its role in tissue regeneration. 
 

 
(a)                                 (b)                                  (c) 

Figure 5. Patient 1. (a) Immediately after the hair restoration surgery; (b) and (c) two weeks after.                        
 

 
(a)                   (b) 

Figure 6. Patient 2. (a) Immediately after the hair restoration surgery; (b) 
Five days after.                                                    



F. Zanzottera et al. 
 

 
273 

 
(a)                   (b) 

Figure 7. Patient 3. (a) Immediately after the hair restoration surgery; (b) one 
month after.                                                      

 

 
Figure 8. Visual analogic scale. The VAS shows the pain suffered by the 
patients: From 0 to 2 the pain was VERY MILD, from 2 to 4 MILD, from 4 
to 6 MEDIUM, from 6 to 8 STRONG, from 8 to 10 VERY STRONG.        

 
Applying these cells in the area of hair transplantation increases the natural background of adipocyte lineage, 

which is already present in the bulge and dermal papilla region. It raises the amount of growth factors easing the 
healing process and helping hair growth and engraftment of transplanted hair. It would be wonderful to continue 
this research to elaborate on the molecular cause behind these satisfying clinical results and to carry out a bigger 
and more complete clinical trial. 
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INTRODUCTION 

Alopecia is defined as any type of pathological 

hair loss anywhere on the skin surface.
(1)

 It is a 
generalized problem concerning a large sector 

of the population, both men and women, 

especially when located on the scalp. The wide 
range of products and treatments against hair 

issues reflects their high demand and the 

incidence of this problem.
(1)

 Alopecia can be 

classified in two main groups: scarring alopecia 

and non-scarring alopecia (Table I). The main 

difference is that in non-scarring alopecia, hair 

follicles are not destroyed, whereas scarring 

alopecia
(2)

 involves their destruction. The most 
frequent type is androgenetic alopecia (AGA), 

also known as ―common baldness‖. It occurs 

when the hormone 5-α-dihydrotestosterone (5-
α-DHT) acts on predisposed hair follicles of the 

scalp, gradually miniaturizing them until they 

disappear.
(3)

  

Table1. Classification of Alopecia. 

Scarring Non-Scarring 

Infectious Androgenetic (AGA) 

Physical-chemical agents Areata 

Neoplasias Traumatic 

Dermatosis Drugs 

Hereditary diseases Systemic diseases 

 Hereditary syndromes 

  

The most common treatment options for AGA 

are described in Table II. Topical 2% and 5% 

Minoxidil is a useful treatment both for men and 

women.
(4)

 However, results obtained are not 

always successful. This is due to: i) inefficacy of 

the drug; ii) occurrence of side effects, like 

pruritus, desquamation or headache; iii) failure 

to continue performing the treatment; and iv) 

withdrawal from the treatment due to patients 

discomfort, who complain about their hair 

looking greasy or dirty after application. 

Finasteride and, more recently, Dutasteride have 

been approved to treat male pattern AGA.
(2)

 

Orally administered at 1 mg per day, these drugs 

act by inhibiting the 5-α-reductase enzyme type 

2 in the case of Finasteride, or as inhibitors of 5-

α-reductase enzymes types 1 and 2 for 

Dutasteride. Thus, they block the conversion of 

free testosterone to 5-α-DHT, reducing its direct 

action on hair follicles.
(3)

 The need of a daily 

schedule for a long time causes high rejection 

from the patients, who often withdraw from the 

treatment. Women have an alternative, which is 

also orally administered: antiandrogens, like 

spironolactone and cyproterone acetate.
(3)

 

However, due to their interrelation with other 
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hormones and changes in hormonal balance that 

women suffer throughout their lives, it is not 

possible to prescribe standardized doses or a 

simple action protocol. 

On the other hand, there are other different 

treatments. Platelet rich plasma (PRP), for 

instance, involves a high economic cost for the 

patient, provides different results and lacks 

standardized doses.
(4)

 With capillary surgery, 

hair follicle transplants are performed using the 

FUE (Follicular Unit Extraction) or FUSS 

(Follicular Unit Strip Surgery) techniques, and 

as long as they are properly indicated and 

carried out, they yield excellent results in male 

patients. In female pattern AGA (FAGA), hair 

transplant is not usually a good therapeutic 

option.  

Table2. Classification of medical treatments for alopecia. 

Topical Oral Drugs Injectable Drugs Fototherapy Surgery 

Minoxidil Finasteride Cortisone Laser FUE 

Antimycotics Dutasteride PRP LED FUSS 

 Corticosteroids    

 Antiandrogens     

     

Apart from known medical treatments, there are 

other possibilities with less solid scientific 

foundation, but that nonetheless are highly 

accepted by the population: oral or injectable 

multivitamin supplements, shampoos, lotions, 

masks, homeopathy and phytotherapy, among 

others. Very few of these help to stop hair loss 

or are really effective to treat alopecia.
(3)

 

Results obtained with regenerative medicine 

procedures for the treatment of complex 

injuries,
(5)

 regeneration of soft tissues
(6)

 and 

bone regeneration,
(7)

 have attracted a lot of 

interest in their application for several 

pathologies or hair conditions.  

The goal of this paper is to objectively evaluate 

a very small number of patients with AGA to 

assess changes occurring on the scalp, hair bulbs 

and hairs after applying an autologous 

suspension obtained using the Rigenera® 

system. 

METHODS 

The treatment consists of the mechanical 

disintegration of a sample of tissue obtained by 

a skin punch and subsequent filtration (50 

microns) to be intradermally administered in the 

affected area according to technical 

specifications (Regenera® Protocol, Rigenera® 

System, Human Brain Wave SRL, Turin).  

For this descriptive study, 3 patient volunteers 

were consecutively and randomly recruited. The 

defined inclusion criteria were: males over 18 

years old diagnosed with male pattern AGA. 

Exclusion criteria included: allergy to lidocaine, 

healing issues, scarring alopecia, chronic drug 

treatment, oncologic processes and having 

performed any hair loss treatment —topical, oral 

or injectable— between 3 months prior and 3 

months after the date of applying treatment —

except taking vitamin supplements and applying 

topical lotions or shampoos.  

The suspension was applied on the scalp using 

mesotherapy, and the variables assessed were:  

 Hair thickness: Measured with a micrometer 

(MDC-1‖MX Mitutoyo® model, Mitutoyo 

Corporation
TM

)  

 Hair Loss Test: At control visits, 30 days 

after treatment, involving counting hairs over 

a white towel after combing it forward for 60 

seconds 

 Biopsy
(9-13)

 for immunohistochemical stains: 

Ki-67 for the identification of cells found in 

the proliferative phase of the cell cycle, 

CD34 for the location of the vascular 

endothelium and Vimentin
(11)

 for the location 

of an intermediate filament indicating an 

increase in fibroblasts and perifollicular 

collagen. 

Follicular units and biopsies were taken from 

the upper parietal region of the scalp.  

RESULTS 

Three male patients were treated with the 

Rigenera® system. According to the scale of 

Hamilton, two had alopecia type III, and one 

had alopecia type IV. The results of the 

micrometer measurements are summarized in 

Table 3. 
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Table3. Measurements with micrometer. 

Patient 1 Hair 1 (Mm) Total 

(Proximal - Intermediate – 

Distal) 

Hair 2 (Mm) Total 

(Proximal - Intermediate – 

Distal) 

Hair 3 (Mm) Total 

(Proximal - Intermediate 

– Distal) 

Baseline 0.186 

(0.058 - 0.074 - 0.054) 

0.152 

(0.054 - 0.050 - 0.048) 

0.15 

(0.052 - 0.051 - 0.047) 

1 Month 0.185 

(0.065 - 0.065 - 0.055) 

0.187 

(0.064 - 0.072 - 0.051) 

0.179 

(0.063 - 0.062 - 0.054) 

 

Patient2 Hair 1 (Mm) Total 

(Proximal - Intermediate – 

Distal) 

Hair 2 (Mm) Total 

(Proximal - Intermediate – 

Distal) 

Hair 3 (Mm) Total 

(Proximal - Intermediate – 

Distal) 

Baseline 0.183 

(0.062 - 0.062 - 0.059) 

0.181 

(0.060 - 0.060 - 0.061) 

0.184 

(0.062 - 0.060 - 0.062) 

1 Month 0.206 

(0.072 - 0.068 - 0.066) 

0.161 

(0.056 - 0.053 - 0.052) 

0.218 

(0.075 - 0.072 - 0.071) 
 

Patient 3 Hair 1 (Mm) Total 

(Proximal - Intermediate – 

Distal) 

Hair 2 (Mm) Total 

(Proximal - Intermediate – 

Distal) 

Hair 3 (Mm) Total 

(Proximal - Intermediate – 

Distal) 

Baseline 0.176 

(0.056 - 0.064 - 0.056) 

0.152 

(0.056 - 0.050 - 0.046) 

0.165 

(0.058 - 0.056 - 0.051) 

1 Month 0.157 

(0.051 - 0.056 - 0.050) 

0.169 

(0.057 - 0.057 - 0.055) 

0.197 

(0.070 - 0.067 - 0.060) 

    

In the first patient, measurements show a 

difference of +0.063 mm, which means a 
12.90% increase in hair thickness. In the second 

patient, the difference is +0.037 mm, which 

means a 6.75% increase in hair thickness. And 

in the third patient, measurements show a 

difference of +0.03 mm, which means a 6.08% 
increase in hair thickness. 

Hair Loss Test results are summarized in Table 

4. 

Table4. Hair Loss Test. 
 

Patient Hair Loss Before Treatment 

(No. of Hairs) 

Hair Loss After Treatment 

(No. of Hairs) 

Difference (%) 

1 23 14 39.13 

2 19 13 31.57 

3 17 5 70.58 

    

The histological study with hematoxylin-eosin 

showed a slight increase in the epidermis 

thickness, an increase in the amount of 
perifollicular collagen fibers and an increase in 

the amount of existing vessels in the follicle 

bulb. Using immunohistochemical techniques, 
(11)

 the following differences between both 

groups were observed: an increase in cell 

mitotic activity with Ki-67 staining, an increase 

in the amount of perifollicular vascular 
structures (CD34 staining), an increase in the 

amount of collagen fibers and fibroblasts in the 

dermis (vimentin). 

DISCUSSION 

An increase in the mean of hair thickness, 

together with reduction of its loss, have been 
objectified; on the other hand, 

immunohistological findings are encouraging. 

Usually, a reduced amount of Ki-67 

immunoreactive cells is observed during 
involution of hair follicles. This denotes a 

suppression of hair growth and reflects the 

atrophy of the hair follicle. Cases treated with 
the Rigenera® system, however, showed an 

increase in mitotic activity, suggesting higher 

metabolic activity consistent with the hair 

growth phase. Likewise, CD34 and Vimentin 
stains were also quantitatively greater during 

post treatment, reflecting an increase in 

perifollicular vascularization, as well as an 
increase in fibroblastic activity in the adjacent 

area to the hair bulb. 

Methodologically speaking, this small number 
of cases provides conclusions that are extremely 
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interesting, but with a very limited scope. The 

sample size, lack of a control group, and short 
duration of the observation period determine 

how to interpret the results obtained. 

In conclusion, given the results, using the 
Rigenera® system seems to be a promising 

option to treat and slow down the evolution of 

AGA. However, controlled, randomized, longer 
clinical trials, with a larger sample, control and 

placebo groups and quantifiable methods are 

necessary to irrefutably corroborate these 

findings. 
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ABSTRACT

Androgenetic alopecia has become a more common condition in society, affecting both genders. It is a disorder of multifactorial origin, with therapeutic options both 
in the rise and under development. Known options include the procedures of regenerative medicine with promising results. This paper assesses clinical and 
histological changes in patients with AGA after applying an autologous cellular suspension obtained using the Rigenera® system. After applying treatment, an 
increase in the mean of hair thickness, together with reduction of its loss, have been objectified; the level of satisfaction described by patients is worth noting. Based on 
the results, the improvement of AGA obtained with the Rigenera system is objective; these results need to be completed with data from future studies after using this 
promising technique.

KEYWORDS: Alopecia. Regenerative medicine, AGA, Rigenera.

1. INTRODUCTION:
Both male and female androgenetic alopecia (AGA), also known as common 
baldness, is the most frequent condition in our society. It is estimated to have 
affected 80% of Caucasian males and approximately 42% of women in the 90s. 
[1,2] Both genders share its causes, which are mainly genetic inheritance, hor-
mones and aging of the hair follicle.

Hair follicles are complex structures that go through different biological stages: 
from an active growth stage (anagen phase) and an intermediate remodeling 
stage (catagen phase), to a quiescent stage (telogen phase). [2] The pathogenesis 
of androgenetic alopecia is characterized by a shortening of the anagen phase 
and an increase in the amount of hair follicles that remain in the telogen phase. 
Since the anagen phase determines hair's length, the new hair in AGA is shorter, 
gradually miniaturizing hair follicles until they disappear. [3,4] In male pattern 
AGA, a receding front line is observed, mainly of triangular shape, followed by 
thinning at the vertex area. [5] The so-called female pattern is characterized by 
diffuse thinning of the central-parietal region and preservation of hair front line. 
[1]

AGA is a disorder of multifactorial origin, in which genetics plays an important 
role. In males, it is an androgen-dependent feature since the terminal follicle 
becomes susceptible to Dihydrotestosterone (DHT), shortening the anagen 
phase; whereas in women, the associated hormonal mechanisms are less evident. 
[2] 

Hair density loss needs follow-up and continued treatment. In this sense, thera-
peutic options —prescribed or natural —promoting hair growth have recently 
experienced a great rise, and hair regeneration has become one of the main goals 
of developing therapies. [5]

The purpose of this paper is to objectively assess changes in the scalp, hair bulbs 
and hair in a number of patients with AGA, after applying an autologous cellular 
suspension obtained using the Rigenera® system. The treatment involves the 
administration of intradermal injections in the affected area of one single appli-
cation of an autologous cellular suspension obtained using the Rigenera® sys-
tem (Human Brain Wave SRL, Turin, distributed in Spain by the Regenera 
Activa company) from an autologous skin graft. 

2. MATERIALS AND METHODS:
The treatment consists of the mechanical disintegration of a sample of tissue 
obtained by a skin punch and subsequent filtration (50 microns) to be 
intradermally administered in the affected area according to technical specifica-
tions (Regenera® Protocol, Rigenera® System, Human Brain Wave SRL, 
Turin). 

For this descriptive study, 17 patient volunteers were consecutively and ran-
domly recruited. The defined inclusion criteria were: males and females over 18 
years old diagnosed with AGA. Of the 17 patients that were treated with the 
Rigenera® system, nine were males aged between 24 and 54. According to the 
scale of Hamilton, they all showed the following male pattern: three had type III, 
two had type IV, three had type V, and one had type VI. Of the 17 patients treated, 
eight were women aged between 21 and 58, with female pattern androgenetic alo-
pecia. According to the Ludwig scale, they were classified as follows: two had 
type III, and six reported hair loss, although without a diagnose of AGA.

Exclusion criteria included: allergy to lidocaine, healing issues, scarring alope-
cia, chronic drug treatment, oncologic processes and having performed any hair 
loss treatment topical, oral or injectable between 3 months prior and 3 months 
after the date of applying treatment except taking vitamin supplements and 
applying topical lotions or shampoos. The application was made on the scalp 
using mesotherapy. In males, the treatment was applied in areas 2, 3, 4, 5 and 6, 
while in females, it was applied in all ten areas (fig. 1).

Control visits were conducted prior to treatment and 30 days after its application. 
Eight pictures per session were taken for analysis in a photographic studio. These 
were assessed by a doctor specialized in hair medicine, who was not part of the 
study. The variables assessed were:

1. Evidence of improvement: comparison of pictures taken before treatment 
with those taken 30 days later (Table 1). 

2. Assessment of improvement according to scales of Hamilton and Ludwig. 

Patients' level of satisfaction with the treatment was recorded as well, along with 
their perception of changes in hair thickness, density, and loss (table 1). Lastly, 
immediately after each session, patients recorded the level of pain during appli-
cation.

3. RESULTS:
The analysis of the photographic evaluation (fig. 2) showed an improvement of 
hair density in four patients, that is 23.53%. Thirteen patients (76.47%) didn't 
notice any change, and none of them noticed worsening of hair density. 

As for the subjective assessment of satisfaction, of the 17 patients treated, one 
patient was very satisfied (5.88%), five patients were quite satisfied (29.41%), 
eight patients were satisfied (47.05%), one patient was somewhat satisfied 
(5.88%) and two were unsatisfied (11.76%). 

Concerning patients' perception of change in hair thickness, 12 patients 
observed an increase in thickness (70.58%) and five did not observe any change 
(29.41%). 

Concerning patients' perception of change in hair loss, no increase was observed: 
nine did not notice any change (52.94%) and eight observed a decrease in hair 
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Figure 1: Application areas
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loss (47.05%). 

Table 1: Patient perception scale.

For pain perception during treatment, one patient indicated a level 0 (5.88%), 
two patients indicated a level 2 (11.76%), seven patients indicated a level 3 
(41.17%), five patients indicated a level 5 (29.41%), one patient indicated a level 
6 (5.88%) and one patient indicated a level 10 (5.88%).

4. DISCUSSION:
This study evaluated changes occurring after application of the Rigenera® sys-
tem in patients with AGA, or that currently suffered from significant hair loss. 
Said changes have been assessed in the scalp and hair bulbs using the 
histological study of skin biopsies and hair units; changes in hair density have 
been assessed using macroscopic and microscopic photographic studies; 
changes in hair thickness using micrometer measurements, and changes in hair 
loss using a Hair Loss Test.

An increase in the mean of hair thickness after application of one single thera-
peutic session has been objectified, which, together with a decrease in hair loss 
(according to the Hair Loss Test) in the same patients, suggest a certain improve-
ment of alopecia in treated cases. It is worth noting that the levels of satisfaction 
most described by patients are Satisfied, Quite Satisfied or Very Satisfied with 
the treatment, considering its cost.

The sample size, lack of a control group, and extension of the observation period 
determine how to interpret the results obtained and their validity. Due to the com-
plexity of the hair growth cycle, in order to properly evaluate the improvement in 
hair density, future studies should assess the trichogram as proof of analysis and 
perform assessments three months after treatment. Another key point is to stan-
dardize the conditions under which pictures are taken. 

In general, patients' subjective assessment of the results was positive, describing 
an improvement mainly in thickness and hair loss, being a well-tolerated treat-
ment concerning pain, and with no side effects. However, controlled, random-
ized, longer clinical trials, with a larger sample, control and placebo groups and 
quantifiable methods are necessary.
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Figure 2: pre and post pictures. Left: case 1 (Day 0 top - Day 30 bottom). 
Right: case 2 (Day 0 left - Day 30 – right).

Thickness % Fall % Density %

Increase 12 70.58 0 0 4 23.53

No change 5 29.41 9 52.94 13 76.47

Decrease 0 0 8 47.05 0 0
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Abstract

Several new methods have been developed in the field of biotechnology to obtain autologous cellular suspensions during surgery, in order
to provide one step treatments for acute and chronic skin lesions. Moreover, the management of chronic but also acute wounds resulting
from trauma, diabetes, infections and other causes, remains challenging. In this study we describe a new method to create autologous micro-
grafts from cutaneous tissue of a single patient and their clinical application. Moreover, in vitro biological characterization of cutaneous tissue
derived from skin, de-epidermized dermis (Ded) and dermis of multi-organ and/or multi-tissue donors was also performed. All tissues were
disaggregated by this new protocol, allowing us to obtain viable micro-grafts. In particular, we reported that this innovative protocol is able to
create bio-complexes composed by autologous micro-grafts and collagen sponges ready to be applied on skin lesions. The clinical application of
autologous bio-complexes on a leg lesion was also reported, showing an improvement of both re-epitalization process and softness of the lesion.
Additionally, our in vitro model showed that cell viability after mechanical disaggregation with this system is maintained over time for up to seven
(7) days of culture. We also observed, by flow cytometry analysis, that the pool of cells obtained from disaggregation is composed of several
cell types, including mesenchymal stem cells, that exert a key role in the processes of tissue regeneration and repair, for their high regenerative
potential. Finally, we demonstrated in vitro that this procedure maintains the sterility of micro-grafts when cultured in Agar dishes. In summary, we
conclude that this new regenerative approach can be a promising tool for clinicians to obtain in one step viable, sterile and ready to use micro-
grafts that can be applied alone or in combination with most common biological scaffolds.

Video Link

The video component of this article can be found at http://www.jove.com/video/53579/

Introduction

In the last years, several new methods have been developed in the field of biotechnology to obtain autologous cellular suspensions during
surgery in order to provide one-step treatments for acute and chronic skin lesions. Moreover, the management of acute but mainly chronic
wounds resulting from trauma, diabetes, infections, and other causes, remains challenging. There is mounting evidence that chronic wounds
have become a serious global health issue, causing an enormous financial burden on healthcare systems worldwide1.

To increase the rate of success in the treatment of skin lesions, the absence of extensive manipulation (including cellular enhancement) and
the maintenance of sterile conditions are essential, in order to create a cellular suspension that can be immediately applied on the damaged
area of the patients, thereby avoiding a longer processing in cleanrooms such as Cell Factories. Starting from small skin biopsies, grinding,
centrifugation and other separation methods (e.g., enzymatic or mechanical), are frequently used to obtain a cellular suspension, which can
be cultured in a growth medium. All of these methods generally require a long time of execution, stressing the cell structures, and leading to a
reduction of cell viability. Another significant aspect is to obtain an autologous cellular suspension ready to be used by clinicians, for example, to
repair damaged areas. Furthermore, it is well established that autologous tissue grafts survive the transfer procedures to eventually survive in
the recipient site by the principles of induction and conduction 2, 3. The ideal graft tissue should be readily available and have low antigenicity and
donor site morbidity 4.
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On the basis of these evidences, the first aim of this study was to create autologous bio-complexes suitable for clinical application in the tissue
repair. For this purpose, we describe a new method to obtain autologous micro-grafts starting from cutaneous tissues which were disaggregated
by this protocol. A case presentation is also herein described as a clinical application of autologous micro-grafts obtained by this protocol in
combination with collagen sponges. This approach has already been reported to be efficient in the mechanical disaggregation of human tissues5

and it has been used clinically for grafts and regeneration of dermal tissues 6,7 as well as for regenerative therapies of connective tissues in oral-
maxillofacial surgery 8-10.

In addition, the second aim of this study was the biological characterization of the cutaneous tissues after their disaggregation by this protocol.
To this purpose, different homologous samples of cutaneous tissue derived from the trunk area of different multi-organ and/or multi-tissue donors
were processed following National Rules on harvesting, processing and distributing tissues for transplantation (CNT 2013) at Emilia Romagna
Regional Skin Bank.

CASE PRESENTATION: 

A 35-year-old female patient showing a complex trauma due to car accident was admitted to the Intensive Care Unit of Ancona Hospital. The
patient showed an infection on the leg due to an open wound and a compound fracture stabilized with external fixation. Two radical debridement
were performed and when the wound became clean after negative pressure therapy (V.A.C. therapy) and the periosteum appeared healthy, we
applied the protocol after two months from recovery. After disaggregation with this system, the micro-grafts obtained were used to create bio-
complexes with a collagen sponge which were subsequently implanted in order to investigate their efficacy on the lesion repair.

Protocol

Ethics statement: since the clinical application of the protocol requires the use of cutaneous autologous tissue of the patient, its characterization
in vitro was performed before clinical use on homologous cutaneous tissue at Emilia Romagna Regional Skin Bank following the guidelines of
National Rules on harvesting, processing and distributing tissues for transplantation (CNT 2013).

1. Bio-complex Building for Clinical Application

NOTE: This protocol is clinically based on the use of Rigeneracons (tissue disruptor) and the Rigenera Machine (tissue disruptor system)
(Figure 1A). The tissue disruptor is a biological medical disruptor of human tissues able to disrupt small pieces of tissues using a grid provided
by hexagonal blades and filtering cells and components of extracellular matrix with a cut-off of about 50 microns.

1. Collect skinsamples of the patient through a biopsy punch (Figure 1B) and disaggregate adding 1 ml of saline solution for each piece to
obtain autologous micro-grafts 6,7,9 (or see step 2.1).

2. Place 1 ml of micro-grafts on collagen sponges (Figure 1C) toform bio-complexes to use for clinical application.
3. Culture another 1 ml of micro-grafts on collagen sponges in the presence of 6 ml of DMEM medium supplemented with 10% Fetal Bovine

Serum at 37 °C in a 5% CO2 humidified atmosphere.
4. Following 3 days of culture, fix the bio-complexes with 0.3% Paraformaldehyde for 10 min at RT. Pour the paraffin with a specific dispenser

directly onto the sample. Obtain slices with a microtome with a thickness of 5 µm and put directly in a glass-slide.
5. Immerse paraffin slices of 5 µm in a glass for histological analyses, containing 15 - 20 ml Xylene (commercially available - a mix of m-

xylene (40 - 65%), p-xylene (20%), o-xylene (20%) and ethyl benzene (6 - 20%) and traces of toluene, trimethyl benzene, phenol, thiophene,
pyridine and hydrogen sulfide) for 3 min each.

6. Immerse the slices in decreasing grades (100% to 70%) of ethanol (100% ethanol for 1hr, 95% ethanol for 1 hr, 80 % ethanol for 1hr, 70%
ethanol for 1 hr) and then deionized water for de-paraffinizing and rehydrating the sections.

7. Stain the sections with 1 - 2 ml of 1g/L Ematoxylin for 1 - 2 min and subsequently rinse in water to remove any Ematoxylin surplus.
8. Stain the sections for 4 - 5 min with Eosin Y alcoholic solution at 1% of concentration mixed with ethanol 70% and diluted in water.
9. Use 1 - 2 ml of Eosin Y for each slide section and rinse under running tap water.
10. Immerse sections in increasing grades of ethanol (see step 1.6) and finally, after a passage in Xylene for 1h, coverslip with a based-mounting

mediumand observe under a light microscope at 100X magnification (Figure 1D).

2. Collection, Disaggregation and In Vitro Analysis of the Tissues

1. Using a dermatome, take independent skin tissue, papillary de-epidermized dermis (Ded) or reticular dermis (Dermis) respectively of 0.6 mm,
1 mm or 2 mm in thickness from the trunk area of 4 different multi-organ and/or multi-tissue donors in a range from 40 to 55 years, following
National Rules on harvesting, processing and distributing tissues for transplantation (CNT 2013).

1. Gently rinse all samples in 0.9% NaCl solution putting them in a dish on an orbital shaker for 5 min.
2. Using the 5-mm biopsy punch, create samples which are uniform in diameter from the skin tissue, Ded and Dermis and weigh all tissue

specimens before the disaggregation.
3. Insert eight, three or four uniform samples of skin tissue, Ded or Dermis respectively, in the tissue disruptor, adding 1.5 ml of saline

solution for the disaggregation.
4. Perform different times of disaggregation for all tissue samples as indicated in Table 1.
5. Use a correspondent number of punch biopsies derived from intact tissue samples as controls.
6. After mechanical disaggregation, aspirate the saline solution containing micro-grafts and place separately each sample in a single well

of a 12-well plate. Perform the same protocol for intact control punch biopsies.
7. Add 1ml of RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and antibiotics to each sample.
8. Evaluate the cell viability immediately. To each well containing a micro-graft (obtained by the simultaneous disaggregation of eight,

three or four uniform samples of skin tissue, Ded or Dermis respectively) add 1ml of medium containing 0.5 mg/ml of MTT (3-[4,5-
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dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide) solution and incubate for 3 hr at 37 °C in an atmosphere of 5% CO2/air. Perform
the same protocol for intact control punch biopsies.

9. After incubation, remove all medium containing MTT and add to each sample 1 ml dimethyl sulfoxide (DMSO) for 10 min.
10. Transfer each sample and DMSO in a cuvette and read at optical density (OD) at 570 nm using a spectrophotometer. Calculate cell

viability as the ratio of absorbance at 570 nm and the weight in grams (gr) of tissue used before disaggregation. Perform the same
protocol for intact control punch biopsies.

2. After mechanical disaggregation, aspirate the saline solution containing micro-graft derived from skin tissue, Ded and Dermis samples of a
single donor.

1. Place separately each sample in a single well of a 12-well plate or in a culture flask for cell viability test and morphological analysis
respectively.

2. Culture micro-grafts adding 1 ml (12-well plate) or 5 ml (culture flask) of RPMI 1640 medium supplemented with 10% FBS and
antibiotics at 37 °C in an atmosphere of 5% CO2/air for 24 hr or 7 days.

3. Evaluate the cell viability after 24 hr or 7 days (repeat steps 2.1.8-2.1.10).
4. Perform morphological analysis evaluating the presence of cell suspension by light microscopy after 24 hr and 7 days of culture in

flask.
5. Analyze the samples of Dermis for positivity to the mesenchymal and hematopoietic cell markers, including CD146, CD34 and CD45

antigens by FACS analysis 6.
6. Under laminar flow hood seed each micro-graft (obtained by the simultaneous disaggregation of eight, three or four uniform samples

of skin tissue, Ded or Dermis respectively) and a correspondent small fragment of each tissue sample not totally disaggregated (>50
micron in size after disaggregation process) on Columbia agar plate containing 5% sheep blood broth 100 µl.

7. Incubate the plate at 37 °C for three days and perform microbiological analysis on Columbia agar plate in order to assess the sterility11.

Representative Results

In this preliminary study, the first aim was to investigate the ability of human autologous micro-grafts combined with a biological support,
such as collagen, to produce bio-complexes ready to use. These bio-complexes were implanted in a patient with a leg lesion caused by a car
accident (Figure 2A) and a complete re-epithelialization associated with tissue repair after 30 days (Figure 2B) was observed. Moreover, the
clinical follow-up showed a good texture and softness of the damaged area after 5 months (Figure 2C). In parallel to clinical application, in vitro
studies were also performed to evaluate the cell viability of different cutaneous tissues such as skin tissue, Ded and Dermis before and after
disaggregation by this system. In particular, taking into account the different thickness of each type of tissue, the threshold of eight, four and
three biopsies that can be processed in a single step for skin tissue, Ded and Dermis, respectively, was established. The established number
of biopsies were then disaggregated at four different times as indicated in the Table 1, according to their biological characteristics in order to
identify the optimal condition of disaggregation to maintain a good cell viability.

Although the tissue processing itself inevitably induced an impairment of cell viability compared to intact tissue, the mechanical disaggregation
performed with this system seems to maintain a mean value of cell viability of 30% in all samples of skin, Ded and dermis evaluated at different
times (Figure 3A), with respect to intact tissue (Figure 3B) (mean of 92 OD/gr for intact skin tissue and 29 OD/gr after disaggregation; from
22 OD/gr to 7 OD/gr for intact Ded with respect to disaggregation and finally from 16 OD/gr to 2.7 OD/gr for intact dermis with respect to
disaggregation). Thus, these preliminary results show that this system is able to maintain appreciable levels of cell viability after immediate
disaggregation. The effect of disaggregation on cell viability was also investigated on tissue samples cultured for 24 hr or 7 days and variable
results were observed. In particular, no substantial variation of cell viability in skin tissue samples was observed independently by time of
homogenization and culture compared to starting time (T0) (Figure 4A). On the other hand, a reduced viability of Ded samples after 24 hr of
culture compared to starting time (T0) was observed but surprisingly the cell viability was restored after 7 days of culture (Figure 4B). Similar
results were also observed for samples of Dermis (Figure 4C). Each sample was evaluated in duplicate and values reported in the Table 2.

On the basis of these results, we identified the suitable time of disaggregation to maintain cell viability for three types of cutaneous tissue
as reported in Table 3. In addition to cell viability, the morphological aspect of cultured cellular suspension was also evaluated, identifying
single cells after 24 hr from tissue disaggregation, while after 7 days there residues of fibers in both skin tissue and Ded/Dermis samples
were observed (Figure 5 A-B). In addition, a cell characterization by flow cytometry analysis was performed in a sample of dermis after its
homogenization: a heterogeneous pool of cells composed by several cellular types, including endothelial cells and mesenchymal stem cells
was identified (Figure 6). Furthermore, the absence of bacterial growth was identified in all disaggregated samples opportunely seeded on Agar
dishes, evidencing the sterility of experimental procedure (Figure 7).
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Figure 1. Bio-complexes Building  Tissue Disrupting System (A) and Collection of a Small Piece of Derma from the Lesion Area of the
Patient that was Subsequently Disaggregated with Tissue Disruptors. The bio-complexes were obtained combining the micro-grafts on
collagen sponges to obtain human patches ready to use for lesion repair (C). (D) Hematoxylin & eosin (H&E) staining of a representative bio-
complex cultured for three days in DMEM medium and observed to microscopy Please click here to view a larger version of this figure.

Figure 2. Bio-complexes Application on Leg Lesion The bio-complexes composed by collagen and micro-grafts obtained from the patient
were applied on the leg lesion (A) and the wound was evaluated after 30 days (B) and 5 months (C). Please click here to view a larger version of
this figure.
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Figure 3. Cell Viability Immediately after Disaggregation at Different Times of Three Type of Cutaneous Tissues (A) with respect to
Intact Cutaneous Tissues (B). The Skin, Ded and Dermis tissues derived from four different donors were disaggregated with tissue disruptors
as indicate in the appropriate section in the text. Cell viability was assessed by MTT test performed in duplicate for each tissue sample. The
graph is representative of four different experiments performed in duplicate for each sample. The results are expressed as a ratio between
Optical Density (OD) and grams (gr) of tissue; the standard deviation was calculated on the ratio between Optical Density (OD) and grams (gr) of
tissue. Please click here to view a larger version of this figure.
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Figure 4. Cell Viability Levels of a Disaggregated Sample of Skin Tissue (A), Ded (B) and Dermis (C) to Starting Time (T0) and after
Subculture for 24 hr and 7 Days.  The tissues were homogenized with tissue disruptors as indicate in the appropriate section in the text.
The disaggregated samples were subsequently cultured for 24 hr and 7 days after the disaggregation and maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum and antibiotics at 37 °C in an atmosphere of 5% CO2/air. Cell viability was assessed by MTT as
previously described. The graph is representative of an experiment performed in duplicate for each sample of skin tissue, Ded and Dermis
derived from a single donor. The results are expressed as ratio between Optical Density (OD) and grams (gr) of tissue. Please click here to view
a larger version of this figure.
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Figure 5. Morphological Analysis of Disaggregated Skin Tissue (A) and Ded/Dermis (B) after 24 hr and 7 Days of Culture. Morphological
analysis was performed using light microscopy after 24 hr and 7 days of culture in the presence of RPMI medium on skin tissue and Ded/dermis
tissues. Please click here to view a larger version of this figure.
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Figure 6. Cell Characterization by Flow Cytometry Analysis. After mechanical disaggregation, micro-grafts obtained by dermis were put in
culture and after 7 days were analyzed for positivity to mesenchymal and hematopoietic cell marker, including CD146, CD34 and CD45 antigens.
Please click here to view a larger version of this figure.

Figure 7. Microbiological Analysis of Disaggregated Skin Tissue, Ded and Dermis Samples. Small fragments of disaggregated tissue
samples were seeded on Columbia agar added of 5% sheep blood (BioMerieux Company) under laminar flow hood and incubated at 37 °C for
three days to perform the microbiological analysis and assess the sterility of procedure. Please click here to view a larger version of this figure.

TISSUE SAMPLES DISAGGREGATION TIMES (sec/min)

Skin 30 sec

1 min

2 min

5 min

Ded 1 min

2 min

5 min

10 min

Dermis 1 min

2 min

5 min

10 min
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Table 1. Schematic Representation of the Four Different Times used for Disaggregation of Skin, Ded and Dermis. Eight, four and three
punch biopsies of Skin, Ded and Dermis respectively were disaggregated at four different times, according to their biological characteristics.

Skin tissue

To 24 hr 7 days

2’ 5’ 2’ 5’ 2’ 5’

37.1 41.07143 41.07143 65.78571 41.14286 37.42857

35.8 43.82143 36.60714 66.5 41.46429 38.67857

Ded

T0 24 hr 7 days

5' 10' 5' 10' 5' 10'

6,649485 8.237113 5.463918 5.731959 7.835052 7.85567

6,845361 8,360825 5.257732 5.989691 8 7.938144

Dermis

To 24 hr 7 days

10' 5' 10' 5' 10'

1.690909 2.77193 0.293898 0.786704 2.880952 2.869048

1.736364 2.830409 0.306351 0.814404 2.940476 2.928571

Table 2. Range of Values Expressed in OD/gr for One Biological Replicate. Values of cell viability from skin tissue, Ded and dermis
evaluated to starting time and after mechanical disaggregation to indicated times. The results are representative of one experiment performed in
duplicate and expressed as ratio between Optical Density (OD) and grams (gr) of tissue.

Specimen Disaggregation Time

Skin tissue 5 min

Ded 1 min

Derma 2 min

Table 3. Schematic Representation of the Best Time of Disaggregation to Maintain a Good Cell Viability in Different Tissue Samples.
Skin, Ded and Dermis tissue samples show the optimal cell viability after 5, 1 and 2 min of disaggregation, respectively.

Discussion

This preliminary study showed that micro-grafts obtained by this protocol can be combined with collagen sponges, as already reported in
other clinical applications, to optimize the efficacy of micro-grafts implants9, 10. In particular, this study reported the capacity of bio-complexes,
constituted by micro-grafts and collagen sponges, to adjuvant the wound healing of a leg lesion after 30 days from clinical application.
Furthermore, in vitro results provide evidence about the effectiveness of this protocol to disaggregate three different cutaneous tissues,
maintaining an appreciable cell viability both immediately after the mechanical disaggregation and also after 24 hr and 7 days of culture.

The maintenance of cell viability after this kind of homogenization allows to obtain in only one step sterile autologous micro-grafts, avoiding
extensive manipulation. This evidence is in agreement with other recent papers in which the efficacy of this protocol in vitro was tested also in
other type of tissues, including periosteum, biopsy of cardiac atria and lateral rectus muscle of eyeball5. In particular, we observed in Ded and
dermis samples an increased cell viability after 7 days of culture, probably due to the use of a medium supplemented with 10% fetal bovine
serum.

In addition to the maintenance of cell viability, this system is safe and easy to use and in a few minutes is able to mechanically disaggregate
different types of tissues preventing the disruption of cell structures, with respect to traditional methods of cell isolation, such as enzymatic
digestion that require longer time of execution. Furthermore, this system is able to select cells with a cut-off of 50 microns and this aspect is very
important in consideration of the success of injectable micro-grafts, because this range includes progenitor cells able to differentiate in many
cells types and then ameliorate the lesion repair. This protocol allows us not only to obtain viable but also autologous micro-grafts, given that the
donor subject is also the acceptor of these micro-grafts. The capacity of this system to obtain autologous micro-grafts was especially reported in
the field of dentistry where it has been shown that transplantation of autologous Dental Pulp Stem Cells (DPSCs) in a non- contained infrabony
defect contributed to periodontal repair and regeneration of atrophic maxilla5,6. The ability of these micro-grafts to  improve the wound healing
process was also previously reported in the management of complex wounds after surgical interventions or complications4.

Another advantage on the use of autologous and ready to use micro-grafts is certainly the keeping of sterile conditions in view of their
subsequent implant on the skin lesions.
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In conclusion, the protocol described in this paper showed the capacity to create human micro-graft tissue ready to use in clinical intervention to
improve healing of acute/chronic skin wounds, such as those indicated in this study.  In vitro results on the possibility to create viable micro-grafts
have also been reported and this parameter is certainly significant to increase the percentage of success in the tissue repair. Taken together,
the data showed that this new system could be considered a promising tool for clinicians who are in need of a rapid and safe instrument in the
management of skin wounds.

At the moment, there are not particular modifications or limitations for the protocol in this specific application, given that the skin represents a
tissue easy to use and in other studies we reported the efficacy of the same protocol in different skin lesions 6,7. We hope in the future to use this
system on a large number of subjects to validate its clinical use in other clinical areas, (for example the orthopedics for bone regeneration or in
vascular medicine for the ulcers treatment).

Disclosures

The author Antonio Graziano is the Scientific Director of Human Brain Wave s.r.l. that produces and markets the Rigenera system. The author
Letizia Trovato is a collaborator of Scientific Division of Human Brain Wave s.r.l.

Acknowledgements

The authors wish to thanks Dr. Federica Zanzottera for contributing to the study performing flow cytometry analysis.

References

1. Sen, C.K. et al. Human skin wounds: a major and snowballing threat to public health and the economy. Wound Repair Regen. 17, 763-771
(2009).

2. Ellis, E. III, Sinn, D. Use of homologous bone grafts in maxillofacial surgery. J Oral Maxillofac Surg. 51, 1181-1193 (1993).
3. Nguyen, A., Pasyk, K.A., Bouvier, T.N., Hassett, C.A., Argenta, L.C. Comparative study of survival of autologous adipose tissue taken and

transplanted by different techniques. Plast Reconstr Sur. 85, 378-389 (1990).
4. Abuzeni, P.Z., Alexander, R.W. Enhancement of Autologous Fat Transplantation With Platelet Rich Plasma. AJCS. 18 (2), 59-70 (2001).
5. Trovato, L. et al. A New Medical Device Rigeneracons Allows to Obtain Viable Micro-Grafts from Mechanical Disaggregation of Human

Tissues.J Cell Physiol. Feb 28. (2015).
6. Zanzottera, F., Lavezzari, E., Trovato, L., Icardi, A., Graziano, A. Adipose Derived Stem Cells and Growth Factors Applied on Hair

Transplantation. Follow-Up of Clinical Outcome. JCDSA. 4(4), 268-74 (2014).
7. Giaccone, M., Brunetti, M., Camandona, M., Trovato, L., Graziano, A. A New Medical Device, Based on Rigenera Protocol, in the

Management of Complex Wounds. J Stem Cells Res, Rev & Rep. 1(3), 3 (2014).
8. Aimetti, M., Ferrarotti, F., Cricenti, L., Mariani, G.M., Romano, F. Autologous dental pulp stem cells in periodontal regeneration: a case report.

Int J Periodontics Restorative Dent. 34 (3), s27-33 (2014).
9. Graziano, A., Carinci, F., Scolaro, S., D'Aquino, R. Periodontal tissue generation using autologous dental ligament micro-grafts: case report

with 6 months follow-up. AOMS. 1(2), 20 (2013).
10. Brunelli, G., Motroni, A., Graziano, A., D'Aquino, R. et al. Sinus lift tissue engineering using autologous pulp micro-grafts: A case report of

bone density evaluation. J Indian Soc Periodontol. 17 (5), 644-7 (2013).
11. Ellner, P.D., Stoessel, C.J., Drakeford, E., Vasi, F. A new culture medium for medical bacteriology. Am J Clin Pathol. 45, 502-504 (1966).



LETTER Open Access

Exosomes derived from human adipose
tissue-derived mesenchymal stem cells
alleviate atopic dermatitis
Byong Seung Cho, Jin Ock Kim, Dae Hyun Ha and Yong Weon Yi*

Abstract

Exosomes are nano-sized vesicles (30–200 nm) constantly released by almost all cells. The ability of
exosomes to travel between cells and deliver their cargo, which includes lipids, proteins, and nucleic acids,
makes them an appealing cell-free therapy option to treat multiple diseases. Here, we investigated for the
first time whether human adipose tissue-derived mesenchymal stem cell-derived exosomes (ASC-exosomes)
can ameliorate atopic dermatitis (AD) in an in vivo mouse model. When injected either intravenously (IV) or
subcutaneously (SC) into NC/Nga mice treated with house dust mite antigens, ASC-exosomes were found
to reduce pathological symptoms such as clinical score, the levels of serum IgE, the number of eosinophils
in blood, and the infiltration of mast cells, CD86+, and CD206+ cells in skin lesions. ASC-exosomes also
significantly reduced mRNA expression of various inflammatory cytokines such as interleukin (IL)-4, IL-23, IL-
31, and tumor necrosis factor-α (TNF-α) in AD skin lesions of Nc/Nga mice. Taken together, these results
suggest that ASC-exosomes can be a novel promising cell-free therapeutic modality for AD treatment.

Keywords: Exosome, Adipose tissue-derived mesenchymal stem cells, Atopic dermatitis, Inflammation

Introduction
Since current treatment options for atopic dermatitis
(AD) are limited and have potentially harmful side ef-
fects, there are unmet needs to develop novel therap-
ies that are safe and efficacious [1]. Several biologics
targeting pro-inflammatory cytokines are currently
under development and dupilumab, a dual inhibitor
of IL-4 and IL-13, was recently approved by the US
FDA for treating adults with moderate to severe AD
[1]. Although long-term follow-up study is needed to
determine late side effects of dupilumab [1], its effi-
cacy indicates that multiple targeting is a plausible
way to treat AD [2].
Several studies have demonstrated that the allergic

progress in AD could be suppressed by mesenchymal
stem cells (MSCs) derived from human umbilical cord
blood (UCB-MSC), bone marrow (BM-MSC), or adipose
tissue (ASC) by modulating multiple targets [3]. How-
ever, therapeutic use of MSCs has several drawbacks,

such as poor engraftment efficiency, potential tumor for-
mation, unwanted immune responses, non-specific dif-
ferentiation, short half-life, and the difficulty of quality
control before administration [4].
Exosomes are nanovesicles (30–200 nm) released by al-

most all cells and found in all body fluids [4]. Exosomes
deliver their cargo (proteins, lipids, and nucleic acids)
from originating cells to recipient cells. Growing evidence
suggests that exosomes derived from stem cells could be a
promising alternative to cell-based therapy because exo-
somes would avoid most of the problems associated with
cell-based therapy while recapitulating the therapeutic ef-
ficacy of stem cells [4]. For example, exosomes have no
risk of tumor formation as they cannot replicate. They
also can be sterilized by filtration and have a longer
shelf-life than cells themselves. Being much smaller than
stem cells, exosomes easily circulate through the body and
reach sites of injury. In addition, long-term repetitive ad-
ministration of exosomes does not elicit toxicity [5]. Here,
we for the first time investigated the therapeutic effect of
exosomes derived from human ASC (ASC-exosomes) on
AD in a mouse model.
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Fig. 1 Therapeutic effects of ASC-exosomes on AD-like lesions in NC/Nga mice. a The study protocol. b Representative skin manifestations in NC/Nga
mice at days 0 and 28, H&E staining results, toluidine blue staining results, and immunohistochemical staining of CD86+ or CD206+ cells of ear skin
samples from AD mice. Enlarged images of toluidine blue staining for mast cells and immunostaining for CD86 and CD206 are shown in Additional file 1:
Figures S4–S6, respectively. Indicated amounts of ASC-exosomes (micrograms/head) were administered either by IV or SC thrice a week for 4 weeks. c
Relative percentage improvement of clinical skin severity scores compared to vehicle group. Percentage improvement was calculated as described in
Additional file 1: Materials and methods. d Improvement of ear thickness as measured in H&E-stained tissue sections in b. e The number of mast cells in
the skin lesions determined in toluidine blue-stained tissue sections in b. Quantitative analysis of CD86+ (f) and CD206+ (g) cells as determined in tissue
sections in b. Results are presented as mean ± standard error of the mean; n= 10 for each group. *P< 0.05, **P< 0.01, and ***P< 0.001 vs vehicle control
group. IV intravenous administration, SC subcutaneous administration, Pred prednisolone

a b

c d

e f

Fig. 2 The effect of ASC-exosomes on the level of serum IgE, the number of eosinophils, and the expression of pro-inflammatory cytokines in
NC/Nga mice. a The level of serum IgE was detected by ELISA. b The number of eosinophils in blood was determined by differential cell
counting. c–f Total RNA was isolated and the mRNA levels of IL-4 (c), IL-31 (d), TNF-α (e), and IL-23 (f) were detected by quantitative real-time
PCR and normalized by GAPDH mRNA expression. Results are presented as mean ± standard error of the mean; n = 10. *P < 0.05, **P < 0.01, and
***P < 0.001 vs vehicle group. IV intravenous administration, SC subcutaneous administration, Pred prednisolone
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Results and discussion
ASC-exosomes were isolated by a sequential filtration
method from serum-free conditioned media
(Additional file 1: Materials and methods) of ASCs and
characterized according to the recommendation of the
International Society for Extracellular Vesicles (ISEV) [6].
Transmission electron microscopy analysis and nanoparticle
tracking analysis revealed the size distribution and number
of ASC-exosomes (Additional file 1: Figure S1A, B). The
characteristics of ASC-exosomes were also validated by
western blotting with antibodies against surface markers
(CD9, CD63, and CD81) and an internal marker (TSG101)
(Additional file 1: Figure S1C). CD63 and CD81 were fur-
ther analyzed by flow cytometry (Additional file 1: Figure
S1D). We also used a cell-based assay as an in vitro potency
assay for isolated ASC-exosomes. Stimulation of murine
macrophage RAW264.7 cells with lipopolysaccharide (LPS)
for 24 h substantially evoked production of nitric oxide
(NO). However, co-treatment of ASC-exosomes significantly
attenuated NO production in a dose-dependent manner
(Additional file 1: Figure S2). Notably, the effect of
ASC-exosomes was comparable to that of dexamethasone.
To investigate whether ASC-exosomes ameliorate AD

symptoms in vivo, we evaluated the effects of
ASC-exosomes in a murine model. AD-like lesions were
induced by Biostir®-AD cream, which contains antigens
from house dust mite, in NC/Nga mice (Additional file 1:
Materials and methods) and ASC-exosomes were admin-
istered either intravenously (IV) or subcutaneously (SC)
thrice a week for 4 weeks (Fig. 1a). As a positive control,
prednisolone (10 mg/kg) was orally administered daily.
We found that both IV and SC administration of
ASC-exosomes significantly decreased AD symptoms in a
dose-dependent manner (Fig. 1b, c). Consistently, ear
thickness was also reduced in ASC-exosome-treated mice
(Fig. 1b, d). We also found that the number of infiltrated
mast cells was significantly reduced by ASC-exosome ad-
ministration (Fig. 1b, e and Additional file 1: Figure S4).
Additionally, the numbers of CD86+ and CD206+ cells
decreased in the skin lesions after ASC-exosome adminis-
tration (Fig. 1b, f, g, Additional file 1: Figures S5 and S6).
Interestingly, it has been reported that inflammatory den-
dritic epidermal cells (IDECs), which are not found in nor-
mal skin but are abundant in AD skin, express both CD86
and CD206 on their surfaces [7, 8].
Since the elevation of the serum IgE level corre-

lates with the severity of AD [9], we examined the
effects of ASC-exosomes on the serum IgE level.
The results showed that serum IgE levels were mark-
edly reduced after ASC-exosome administration, ei-
ther IV or SC, in a dose-dependent manner and
these effects were comparable to that of prednisol-
one (Fig. 2a). As IgE mediates activation of mast
cells and eosinophils [9], lowering serum IgE level

by ASC-exosomes might result in reductions in mast
cell infiltration (Fig. 1e) and the number of eosino-
phils. As expected, ASC-exosomes significantly low-
ered the number of eosinophils (Fig. 2b) but had
little or no effect on neutrophil or white blood cell
numbers (Additional file 1: Figure S3).
The mRNA levels of inflammatory cytokines were

analyzed by quantitative real-time PCR (qRT-PCR).
Interestingly, systemic administration of ASC-exosomes
dose-dependently reduced the up-regulated mRNA levels
of IL-4, IL-31, IL-23, and TNF-α in the skin lesions com-
pared to vehicle control; the reduction was comparable to
that with prednisolone treatment (Fig. 2c–f ). In fact, all
these pro-inflammatory cytokines are targets for biologics
currently being developed or recently approved [1].
Downregulation of these multiple targets are well corre-
lated with alleviation of AD symptoms in this study since
IL-4 initiates isotype class switching to IgE and activates
eosinophils [10]; IL-31 influences isotype class switching
to IgE and recruits inflammatory cells into the skin and its
level correlates with severity of AD [11]; IL-23 induces the
differentiation of naïve T cells into highly pathogenic
helper T cells that produce TNF-α [12]; and the plasma
concentration of TNF-α is correlated with the severity of
AD [13]. Collectively, these data demonstrate that sys-
temic administration of ASC-exosomes ameliorates
AD-like symptoms through the regulation of inflamma-
tory responses and expression of inflammatory cytokines.
These findings indicate that ASC-exosomes could be a
novel cell-free therapeutic strategy to treat AD.
Despite the relevance of our findings, a limitation

of the study is that potential donor variability remains
to be addressed. In fact, a report has shown that
donor age negatively impacts immuno-modulatory
properties of ASC [14]. Further studies will be needed
to confirm whether the potency of ASC-exosomes
from aged donors correlates with our observations in
younger, healthy donors.

Additional file

Additional file 1: Supporting information. (DOCX 6577 kb)
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Abstract: The use of stem cells has been reported to improve hair regrowth in several therapeutic
strategies, including reversing the pathological mechanisms, that contribute to hair loss, regeneration
of hair follicles, or creating hair using the tissue-engineering approach. Although various promising
stem cell approaches are progressing via pre-clinical models to clinical trials, intraoperative stem
cell treatments with a one-step procedure offer a quicker result by incorporating an autologous cell
source without manipulation, which may be injected by surgeons through a well-established clinical
practice. Many authors have concentrated on adipose-derived stromal vascular cells due to their
ability to separate into numerous cell genealogies, platelet-rich plasma for its ability to enhance
cell multiplication and neo-angiogenesis, as well as human follicle mesenchymal stem cells. In this
paper, the significant improvements in intraoperative stem cell approaches, from in vivo models
to clinical investigations, are reviewed. The potential regenerative instruments and functions of
various cell populaces in the hair regrowth process are discussed. The addition of Wnt signaling
in dermal papilla cells is considered a key factor in stimulating hair growth. Mesenchymal stem
cell-derived signaling and growth factors obtained by platelets influence hair growth through cellular
proliferation to prolong the anagen phase (FGF-7), induce cell growth (ERK activation), stimulate hair
follicle development (β-catenin), and suppress apoptotic cues (Bcl-2 release and Akt activation).

Keywords: stem cell therapy; stem cell hair loss; human follicle stem cells; platelet-rich plasma; hair
loss; hair regrowth; PRP hair; stem cells hair

1. Introduction

Hair tissue engineering and stem cell therapy are new approaches to treating hair loss (HL).
Methods using exogenous cell sources or progenitor cells (PCs) are being tested in cell treatment clinical
trials. These trials incorporate cells obtained from allogeneic and autologous sources. Specifically,
intra-surgical cell treatments that incorporate autologous cell-based treatments with a one-step
approach (cell harvesting, minimal manipulation, and immediate injection) into a single technique
offer tremendous potential; a few methodologies have achieved clinical application. The intra-surgical
cell treatment process involves tissue collection and preparation to obtain the desired cell product,
followed by careful evaluation using the clinical application, and then cell conveyance. Intra-surgical
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cell treatment benefits from the availability and safety of using the patient’s own cells, which do not
trigger an adverse reaction, as well as from the numerous important cell types that can be harvested
using minimally invasive strategies [1].

This treatment bypasses a significant number of restrictions associated with exogenous cell
treatment by avoiding in vitro cell control and expensive cell extension, the requirement for good
manufacturing practice (GMP) facilities, the need to procure a work force for cell culture preparation,
the potential for pollution, and a second method (at an alternate time point) to collect the cells. It
might be helpful to maintain a strategic distance from the cell culture to restrict phenotype changes
that may occur when cells are expelled from their local microenvironment for an all-encompassing
time period [1].

Additionally, the techniques are entirely performed inside the surgical room (in absence of culture
growth), which may lessen the hold-up time for the medical procedure. The U.S. Food and Drug
Administration (FDA), the European Medicines Agency (EMA), and other administrative specialists
consider grown-up cell products as biological products that can be partitioned into two classes:
minimally manipulated biological products (obtained through centrifugation, filtration, and isolation
without cell expansion) and manipulated biological products (obtained through culture-expanded stem
cells). Certain intraoperative cell approaches fit the minimally-manipulated biological product category
in which broad clinical trials are not required, consequently speeding up potential interpretation
to facilities.

2. Hair Loss and Androgenic Alopecia: Bio-Molecular Pathway Disorder

HL is determined by an assortment of factors: inherited (trichodystrophy and androgenetic
alopecia), accompanying comorbidity conditions, hormonal clutters (thyroid organ disease,
insulin resistance), immune system (patchy alopecia and lupus erythematous), nutritional
scatters, environmental elements (drugs, ultraviolet (UV) radiation), mental disorders (stress and
trichotillomania), and aging. Harming factors influence the hair cycle (HC) and reduce stem cell
activity and hair follicle recovery capacity [2].

A clinical need exists for the advancement of biotechnology to enhance hair growth to address the
HL issue, specifically, in cases of androgenic alopecia (AGA).

AGA is a dynamic and incessant HL issue affecting 80% of white males and 40% of white females
below the age of 70, in which lymphocytes and mast cells have been identified around the miniaturizing
follicle in the stem-cell-rich knot zone [3–6]. The scaling down of the follicles (i.e., miniaturization) is
characterized by a depletion of the anagen stage, with an enhancement in the measure of resting hair
follicles (HF), telogen, and the presence of infinitesimal hairs on a bald scalp [5–7].

Current drugs available to treat AGA include medications such as Finasteride®; topical
moisturizers such as Minoxidil®, and surgical procedures such as hair transplantation [4]. In
HL scalps, the hair follicle stem cell numbers remain unaltered; however, the quantity of the more
effectively multiplying PCs significantly decreases [7].

Along these lines, the aim of hair tissue engineering is developing new autologous advancements
to induce hair regrowth by in vitro and ex vivo cultures or by in vivo recovery and bio-stimulation.
Autologous stem cells (SCs) have been of particular interest for application in hair regrowth. Some
early endeavors in the field concentrated on disengaging essential cells from a biopsy of the scalp
tissue and maturing the cells ex vivo for a resulting injection into the patient.

Alopecia includes modifications to two sorts of hair SCs, represented by the hair follicle stem cells
(HFSCs) and the dermal papilla cells (DPCs) [8,9].

HFSCs and DPCs guarantee conditions for appropriate hair recovery and regeneration [9]. In
scarring alopecia (lupus erythematous, lichen planus), provocative cell invasion around the bulge
results in an irreversible loss of HFSCs. Despite the PCs being harmed, HFSCs are saved in patchy and
AGA, and this is the reason why this kind of HL can be reversible [9].
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Bulge SCs have been progressively portrayed, particularly in murine HFs, thereby promoting their
recognition, although no widespread marker has been found for them. An example is cytokeratin 15
(CK15), which explains why CK15+/integrin α6+ or CD34+/integrin α6+ cells have been distinguished
as bulge cells [10].

Research on murine HFs has shown the expression of CK19 [11,12] and various transcriptional
factors, that is, Gli1, Sox9, LHX2, Hopx, Tcf3, and Nfatc1, [11,13]. The expression of specific markers
relies on the HC stage and on the exact area of the cells inside the bulge [11,14]. Lgr5, a receptor
engaged in the Wnt signaling pathway, has been distinguished as a genuine marker of HFSCs [13].

The SCs of the upper and lower parts of the bulge in telogen HFs influence the expression of
CD34 and part of the lower portion of Lgr5. Cells that are involved in the growth of another anagen
hair express Lgr5 and not CD34 [15].

Cells of the upper piece of the bulge present a higher expression of Nfatc1, which is related to a
condition of rest [6]. Expression of Lgr6 [14,16] and Lrig1 [14,17] has been observed inside the isthmus.
The PCs of the germinal matrix are obtained from the SCs of the bulge, but unlike them, the PCs display
a high grade of P-cadherin [11,18].

Human HFSCs (H-HFSCs) are less known than murine HFSCs (M-HFSCs). It appears that
specific markers are normal in both human and mouse HFSCs: CD34 [19,20], K15 [8,19], K19 [19,21],
and CD200 [8,19,20]. The presence of different markers (i.e., Sox9 and LHX2) requires further
examination [22]. Markers found only in H-HFSCs are PHLDA1 [19,23] and EpCAM/Ber-EP4, which
is considered a valuable marker of the telogen optional hair germ [18,19]. Dermal papilla (DP) cells
present distinctive markers, including the cells from hair follicle cells (HFs) and dermal fibroblasts [24].
Alkaline phosphatase (ALP) is critical for both human and murine HFs, and it is the most explicit of
the markers [21,22,24]; wherein its high action is considered a marker of DP cell separation [24,25].
Additionally, α-SMA [24,25], laminin, ad fibronectin [24], and CD133 [24,26] expression have been
observed in DPCs.

Marker expression modify in disease states. The immunoreactivity of CK15 is diminished in
individuals with patchy alopecia, and is also identified in AGA [10]. HF of the scalp’s front part
displays a shortage of CD34 in AGA, whereas its appearance is conserved in HF of the occipital
locale [10]. In patchy alopecia, CD200, another marker of matrix cells, is expressed ineffectively, which
might be an indication of a reduction in the immune benefit contributing to pathogenesis (i.e., response
of auto reactive lymphocytes) [10,27].

SCs in the bulge remain in the resting stage for the vast majority of their lives, yet they can be
actuated by relying upon the HC stage. Several theories with respect to the course and control of the
HC have been proposed amid research in mouse models [12]. From the HC in mice, in the anagen
stage, SCs in the bulge are separated multiple times and remain inside the niche, whereas cells of the
germinal matrix divide strongly and produce the maturing hair shaft. During the catagen stage, cells
from the germinal matrix experience apoptosis, while SCs of the bulge move out of it to the outer HF
and, in this manner, toward the finish of the catagen stage, where they shape another bulge around the
hair stem and another germinal matrix under the bulge. SCs in the bulge remain in a condition of rest
during the telogen stage, and between the telogen and anagen stages, where they self-recover or move,
creating a pool of germinal framework cells that multiply to shape the hair matrix [28].

The priority is on derivative cells in the bulge, which are the alleged SCs progenitor cells of the
germinal matrix in the outflow of genes that influence stem cell activation, which have priority in
expansion during the recovery cycle, even before the cells in the bulge [11,29,30].

The interpretation of the HC into the human HC has a few constraints due to the distinctive
lengths of anagen [31,32], asynchrony of the human cycle [31,33], or the alternate response to the impact
of hormonal variables [31,34]. Different papers reported the results of human scalp skin xenografted
onto immune-compromised mice to set up the HC course in vivo in people [31,35].

The action of SCs in the bulge is controlled by its microenvironment (i.e., a supposed niche).
This microenvironment incorporates the daughter cells of the SCs in the bulge, which enact their
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self-recovery ahead of schedule and in the late anagen stages [36]. SCs are fundamentally influenced
by the mesenchymal cells (MCs) of the DP, which are in close contact with the cells of the germinal
matrix that are isolated by the basal membrane [14]. They appear to be of vital significance in the
activation of hair growth and in signal transmission during recovery [11,30].

Investigations have demonstrated that hair recovery is impossible after laser treatment, on the
grounds that the HF cycle stops at the telogen stage without advancing to the anagen stage [14,28,30,37].
Infusions of exosomes obtained from DPCs to HFs have been found to accelerate the passage of anagen
and catagen delay by means of the β-catenin and Shh pathways [38]. HFSCs are additionally influenced
by fibroblasts in the reticular and papillary layers of the dermis, in addition to the subcutaneous
tissue [14]. Inside the niche, there are melanocyte SCs that are in charge of the formation of mature
melanocytes that confer color to maturing hair. The survival and growth of MSCs relies on signs
transmitted by the HF epithelial cells (ECs), for instance, the TGF-β or the Wnt pathway [14,36]. The
extracellular matrix is another part of the microenvironment. It specifically influences the SCs through
the arrangement of the basal layer, in which undifferentiated cells are in contact and regulated, for
instance, by integrins [11,28].

3. SCs Use in HF Regeneration

HFs are immunologically-favored spots, similar to the cerebrum, eyes, and gonads, and they
are influenced by the neuroendocrine-immune system [26]. In physiological conditions, this is
influenced by: (1) Low expression or non-appearance of the principle MHC I antigens, (2) the presence
of malfunctioning Langerhans cells, and (3) local expression of immunosuppressive substances
(TGF-β1 and α-melanocytes MSH) [26,39]. Inferred from this is that HFs can be effortlessly used
in transplantation.

Multipotent SCs can re-generate HFs with sebaceous organs in the skin. Given current information,
SCs can be used to regenerate hairs in a few therapeutic methodologies such as: (1) Reversing the
pathological mechanisms that determine HL (particularly in AGA), (2) regenerating mature HFs from
their parts (cells in the bulge can regenerate an entire hair), and (3) neogenesis of HFs from a SC-culture
with separated cells or tissue designing [40–42].

4. FDA and European Rules Regarding Use of Adipose Derived-Stromal Vascular Cells
(AD-SVFs) and Human Follicle Mesenchymal Stem Cells (HF-MSCs)

The U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA)
consider grown-up cell products as biological products that are isolated into two classes: minimally
manipulated biological products and manipulated biological products. Regulation number 1394/2007 of
the European Parliament for cutting-edge treatments defines “bioprocess engineering products,” which
excludes products that contain or are made solely of cells and non-vital human or animal tissues that do
not have pharmacological, immunologic, or metabolic activity. Included amongst the advanced therapy
pharmaceutical products are ones used for gene and somatic cell treatment (Directive 2001/83/European
Parliament, Annex I). Cells and tissues are to be viewed as results of the bioprocess engineering
products in the event that they experience “extensive manipulation”. This rule contrasts between
extensive and minimal manipulation. Manipulations that are not considered as bioprocess engineering
include the following: cutting, granulating, forming, purification, centrifugation, absorbing anti-toxins
or antimicrobial arrangements, cleansing, lighting, partition, fixation or decontamination, filtration,
lyophilization, solidifying cryopreservation, and nitrification. The definition of medicines for advanced
therapy excludes non-repetitive preparations completed under the supervision of a doctor running
an individual remedy for a product explicitly intended for that specific patient, without obviously
disregarding the important standards that identify with quality and security.

Further to the execution of Article 17 of Regulation (EC) No 1394/2007 (the Advanced Therapy
Medicinal Products (ATMPs) Regulation), applicants are required to approach the Committee for
Advanced Therapies (CAT) with a logical proposal for the arrangement of ATMPs. The committee is
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in charge of surveying the quality, well-being, and viability of cutting-edge treatment medications,
including medications delegated as quality treatment, substantial cell treatment, or tissue-built products.
CAT is supported by the ATMP regulation, which empowers the EMA in a joint effort with the European
Commission to decide if a given product meets the logical criteria that characterize ATMPs. The ATMP
grouping technique was introduced with the goal of addressing inquiries into situations where the
arrangement of a product dependent on genes, cells, or tissues is not clear. The CAT issues logical
proposals to determine if the product falls within the definition of an ATMP in the European Union.
The ATMP Regulation and Directive 2001/83/EC Annex I Part IV [30] provide exact legal definitions
of ATMPs.

The ATMP characterization depends on an assessment of whether a given product satisfies one
of the characteristics of gene therapy medicinal products (GTMP), somatic cell therapy medicinal
products (sCTMPs), or tissue engineered products (TEPs), and whether that product satisfies the
definition of a consolidated ATMP. It is additionally recognized that, because of the complex nature of
these restorative products, the constrained information bundle at the beginning period of the product
improvement, as well as the rapid growth of science and innovation, may result in inquiries off

the fringe.

4.1. EMA/CAT Recommendations on Minimal Manipulation

According to the reflection paper on the portrayal of front-line treatment therapeutic products,
EMA/CAT/600280/2010 Rev 1, June 20, 2014, by the Committee for Advanced Therapies (CAT), Line 10,
“a similar basic capacity for a cell populace implies that the cells, when expelled from their unique
condition in the human body are used to maintain the original capacity in a similar anatomical or
histological condition.” The authors presumed autologous application in a one-stage medical procedure,
minimal manipulation, omofunctional use “used for an indistinguishable fundamental capacity in the
beneficiary as in the donor”, and manipulation with devices in aseptic conditions would be conditions
that do not require good manufacturing practice (GMP) rules for preparation, good clinical practices
(GCP) for the clinical application, or ethical committee underwriting.

4.2. Italian Rules Regarding Platelet-Rich Plasma Use

Platelet-rich plasma (PRP) preparation must be performed in Italy respecting the Decree of
the Blood, November 2, 2015, dispositions related to quality, and safety parameters for blood
and emocomponents.

5. Cell and Growth Factor Sources

Adult stem cells and PCs can be intra-surgically collected from a few tissues, including fat tissue,
scalp tissue, bone marrow (BM), and peripheral blood. Previously, BM was viewed as a widely
recognized source for these cells, since it was effortlessly and quickly obtained and because several
devices were available for gathering BM. BM contains hematopoietic cells and MCs, as well as different
cells types that may be involved in advancing tissue regeneration and hair regrowth. One of the
primary constraints of intra-surgical SCs treatment approaches was the restricted amount of reaped
source material and the low yield of cell detachment conventions, which yielded SCs at a frequency
per mono-nucleated cell of one in every 10,000 cells to one in every 100,000 cells [43–46]. To overcome
these difficulties and to avoid the highly invasive procedure of BM harvesting that causes pain at the
donor area, additional elective sources from which to separate autologous SCs ought to be considered.

Fat tissue is an interesting source of cells that have multi-lineage separation potential. This tissue
tends to be harvested using a less invasive technique, represented by liposuction and in larger amounts
than in BM [47]. In fact, fat tissue harvest is much easier and less painful for the patient compared with
BM gathering, in which it is necessary to use a trocar to drill the iliac crest [47]. A few investigations
have reported different examinations and analyses between SCs obtained from various sources [47–50].
Peng et al. [47] included an immunophenotypic investigation of SCs separated from rodent BM and fat
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tissue, and uncovered a noteworthy level of CD44+, CD73+, and CD90+ cells in fat tissue. Increased
multiplication potential in cells detached from fat tissue was proposed, citing a higher and steadier
growth rate all through 10 generations, a lower populace-doubling time, the highest proportion of
cell populace in the S stage, and higher telomerase activity. These outcomes were confirmed by other
examinations that emphasized the evaluation of various grownup, undifferentiated cell sources [48,50].
Fat tissue must be viewed as a real alternative to BM for intra-surgical use based on SCs wealth
and expansion potential. A few patients may have constrained or minimal fat tissue for autologous
settings, given the high frequency of adipose tissue-derived MSCs (their occurrence is 100 to 300
times higher than in bone marrow, and the number of SCs that can be counted per unit volume of fat
harvested is approximately 10-fold greater than that from BM), small fat tissue repositories may still be
adequate for SCs separation [48,51–53]. When gathering fat tissue for intraoperative SCs treatment,
the tissue reaping site and the surgery affect the yield of undifferentiated cells. For example, fat tissue
harvested from the abdominal region through resection or liposuction yields more SCs in contrast with
ultrasound-assisted liposuction and with the fat tissue collected from the hip/thigh district [52].

For scalp tissue, in the preliminary examination performed by Cole J.P. et al. [53], they
developed another system to separate human adult SCs with minimal manipulation depending
on the centrifugation of fragments of human HFs without extension or culture. Specifically, the
authors reported, for the first time, the results obtained in a hair regrowth study using a therapeutic
device called Rigeneracons® (CE confirmed Class I, Human Brain Wave, Turin, Italy) that was used
to obtain autologous micrografts containing HF-MSCs from centrifugation of a punch biopsy of the
scalp, easily accessible for use in patients affected by AGA. The micrograft units were obtained by the
disaggregation of a 2 mm punch biopsy by selection of a cell populace with a diameter of 50 microns.
High cell viability was reported [53]. Noteworthy limitations include the challenge in growing cells to
adequate numbers for human use, the need to conduct this expansion in good manufacturing practices
(GMP) research centers, and the viability of the extended cells [54].

Therefore, the clinical use of HF-MSCs to enhance hair regrowth has not been satisfactorily
considered. In other works [40,53], authors cited the amount of CD44+ cells (hair follicle-determined
mesenchymal SCs) from the DP, and the level of CD200+ cells (hair follicle epithelial-SCs) from the bulge,
obtained by means of the customized centrifugation of 11 punch tests [40,53]. The authors reported the
microscopic evaluation of punch biopsy samples, performed using cytospin, immunocytochemistry,
and the histological examination achieved by hematoxylin and eosin staining and clinical appraisal,
where they discussed improvements to the current systems available for the recovery and regeneration
of hair follicles. The authors emphasized permitting neo-genesis of HFs in adult individuals using
isolated cells and biotechnologies [53].

The use of growth factors in autologous platelets was determined to provide substantial help in
hair tissue regeneration owing to the platelets’ ability to advance neo-angiogenesis, cell expansion,
and separation [55–57]. Platelet-rich plasma (PRP) contains no less than six fundamental growth
factors, including the fibroblast growth factor (b-FGF), platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), epidermal growth factor (EGF), transforming growth factor-β
(TGF-β), and insulin-like growth factor-1 (IGF-1) discharged after platelet actuation [58]. Every one of
these significant growth factors is engaged in an explicit bio-molecular activity.

Bio-Molecular Pathway of Stem Cells and Growth Factors That Improve Hair Regrowth

Hair regrowth was regulated prevalently by the Wnt biomolecular pathway and ERK activation
in which SCs and growth factors are involved as reported following:

• Hepatocyte growth factor (HGF) and HGF activator (discharged by DPC) enhance the proliferation
of follicular ECs;

• EGF improves the activity and growth of follicle outer-root sheath cells by activation of
Wnt/β-catenin flagging;

• b-FGF improves the advancement of hair follicles;
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• Interleukein-6 (IL-6) is involved in WIHN through STAT3 enactment;
• VEGF improves peri-follicular angiogenesis;
• TGF-β stimulates the signaling pathways that manage the HC;
• IGF-1 improves the migration, survival, and proliferation of HF cells;
• IGFBP-1 to -6 manages the IGF-1 effect and its connection with extracellular matrix proteins at the

HF level;
• BMP maintains the DPC phenotype (fundamental for stimulation of HFSCs);
• BMPR1a maintains the proper identity of the DPCs (basic for explicit DPC work);
• M-CSF is involved in wound-induced hair growth;
• M-CSFR is involved in wound-induced hair growth;
• PDGF and PDGFR-β/-α64 up-regulate the genes associated with HF separation, induction, and

control of anagen. PDGF and its receptors are fundamental for follicular improvement;
• Wnt3a is involved in HF advancement through β-catenin flagging;
• PGE2 stimulates anagen in HF;
• PGF2α and analogs enhance change from telogen to anagen;
• BIO (GSK-3 inhibitor);
• PGE2 or hindrance of PGD2 or PGD2 receptor D2/GPR4477 enhances follicle regeneration; and
• Iron and l-lysine95 (still under examination).

6. Clinical Intra-Surgical Applications of AD-SVFs in Hair Loss and Androgenic Alopecia

Another field involves the possibility of using fat and stromal vascular fraction cells (SVFs) for
hair regrowth. SVFs are a heterogeneous gathering of non-cultured cells that can be constantly isolated
from fat using minimal manipulation, using centrifugation, filtration, and the purification of fat tissue
(proposed by EMA-CAT), or using enzymatic digestion (not proposed in the EMA-CAT suggestions).
These cells work through paracrine frameworks to improve adipocyte suitability. Festa et al. [59]
reported that adipocyte ancestry cells support stem cell function and help to drive the hair growth cycle.
This follicular regenerative methodology is incipient and raises the probability that the HC in male and
female HL can be driven or restored using autologous fat enhanced with SVF. Perez-Meza et al. [60]
reported the safety and tolerability of these fat graft procedures in patients affected by inherited alopecia
treated with sub-cutaneous scalp injections of fat tissue. An augmentation of 31.0 hairs/cm2 was
recorded in patients receiving a treatment of fat enriched with SVFs, where one subject who received
fat alone (without SVFs addition) revealed a mean improvement of 14.0 hairs/cm2, suggesting that fat
grafts could be a treatment method for early HL, where the fat enhanced with SVFs may improve this
response [60]. These studies suggest that scalp SVF-enhanced fat grafts could be a promising elective
approach to treating HL in individuals. Fukuoka et al. [61] investigated the effects of fat-derived stem
cell-conditioned medium injection in a gathering of 22 patients affected by AGA. Patients received
treatment every three to five weeks for a total of six sessions. The mean augmentation in the hair
number (hairs/0.65 cm2) was 29 ± 4.1 in men and 15.6 ± 4.2 in women. No significative difference was
observed between men and women.

An examination of the studies suggests that HF neo-genesis using human ECs and dermal cells is
an extremely cumbersome process that requires novel culture conditions, somehow replicating the
conventional or embryonic skin conditions and the use of embryonic or neonatal cells. There are no tissue
regeneration protocols used in hair transplants involving the use of AD-SVFs. Zanzoterra et al. [62]
analyzed the capacities of cell solution in the Rigenera® (Human Brain Wave, Turin, Italy) framework,
which was obtained by the mechanical fracture of subcutaneous and fat tissue from the occipital region.
The cell solution was injected into the hair transplant region, thereby expanding the measure of growth
factors. Microscopic damage was seen to resolve more rapidly and the transplanted hair matured
constantly, even two months after the strategy, wherein the telogen stage was abbreviated [62].
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AD-SVFs-conditioned medium (AD-SVFs-CM) was used for patients with HL in an examination
by Fukuoka and Suga [63]. A commercial product containing a protein arrangement with AD-SVFs was
used (AAPE, Prostemics, Seoul, Korea), which had different growth factors (HGF, FGF-I, granulocyte
colony-stimulating factor (G-CSF), granulocyte macrophage-colony-stimulating factor (GM-CSF), IL-6,
VEGF, and TGF). The treatment (0.02 mL/cm2 of the arrangement) was performed by injecting the
suspension intradermal every three to five weeks (for four to six sessions), and hair growth was
checked using trichograms. A real enhancement in hair thickness was accomplished in patients of both
sexes [63]. Shin et al. [64] used AD-SVFs and the conditioned media of AD-SVFs (AD-SVFs-CM) in an
observational examination of 27 women with female pattern hair loss (FPHL). The use of AD-SVFs-CM
demonstrated efficacy in treating FPHL following 12 weeks of treatment, citing improvements in hair
thickness and hair density without serious side effects [64]. Won et al. [65] also demonstrated that the
use of AD-SVFs-CM upgraded the multiplication of cultured human DPCs by up to 130% [65].

Different examinations confirmed that enhancing fat tissue with SVFs supports adipocyte viability
and yields better outcomes in a hair transplant treatment when they are applied in grafts [66,67].

6.1. AD-SVFs Regenerative Mechanisms

Recognizing the components that intervene in the impacts of intraoperative fat stem cell treatments
is a problematic task. Current information that provides significant determinations or conclusions
is lacking. This is not surprising as most of the fat SCs treatment evaluations focus on the appraisal
of security and feasibility, and generally disregard the examinations aimed at understanding the
mechanisms responsible for the results. Potential mechanisms involved are: (1) SCs or PCs inside the
transplant renew the PCs in the host; (2) cells in the transplant differentiate and deliver new tissue;
(3) transplanted cells emit trophic, angiogenic, or immunomodulatory factors that provide signals
to nearby endogenous cells or distant cells, in the first case by means of paracrine signals, or in the
second case (distant cells) by means of the endocrine mechanism (which may result in the assembly
and homing of distant host cells); and (4) it is additionally conceivable that transplanted cells may
combine with host cells (in a procedure known as cell combination).

The explanation of the mechanisms of the functional improvements is convoluted by the
heterogeneous aspect of a significant number of the intra-surgically-injected cell populaces, where
certain cell types may play a predominant role or various cell types may cooperate synergistically. In
particular, as numerous intra-surgical cell treatment approaches use heterogeneous cell populaces that
may incorporate stem or PCs, it is conceivable that positive results may not be mediated by the stem or
PCs. Likewise, as cells are detached and handled inside the operating room, there is likely extensive
variation in how the cells are acquired, prepared, and mixed (regardless of endeavors to institutionalize
methods with all-around structured packs and equipment). This variance may affect the method of
activity and results. Intraoperative cell treatments include disconnection of autologous cells from their
source, resulting in noteworthy contrasts in the relative cell numbers and phenotypes, which may be
derived from the different age, sex, race, weight list, family/hereditary genes, diet, and condition of
the donors. The mechanism also relies on the type of infusion (e.g., manual versus mechanical and
controlled) and isolation technique (e.g., enzymatic versus centrifugation and filtration). Along these
lines, numerous inquiries remain unanswered, and new strategies and in vivo studies will be required
to explain how transplanted cells mediate restorative reactions [68]. Almost certainly, the systems
and mechanisms used to control the destiny and capacity of cells following transplantation (e.g., by
designing exogenous cells inside the operating room) [69] will provide a line to follow to amplify the
restorative impact. These techniques should help lessen the variability of the treatment response.

6.2. Adipose Tissue, Adipocyte, and AD-SVFs Potential Roles in Hair Loss

HFSCs are additionally influenced by the overall macro-environment encompassing the HF
and fat tissue. Adipose tissue appears to experience comparative changes compared to the HF. The
thickness of the fat tissue increases during the anagen stage and the adipocytes multiply greatly [11,70].
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Adipocytes emit BMP2 during the late catagen stage and early telogen stage, which supports the
resting states in the niche, whereas emission of BMP2 is lessened toward the finish of the telogen stage,
which bolsters the activation of HF-MSCs [11,70,71].

Correspondence between fat tissue and the epithelium keeps running in the same line.
Transformations hindering the HC have been found to restrain adipogenesis, which suggests that
epithelium cells send signals actuating the expansion of the adipocytes [28,70]. The HFs absorb
supplements from the micro-vascular network, which is changed amid the HC; angiogenesis expands
during the anagen stage [28,71]. Bulge cells and the matrix may likely invigorate angiogenesis [28].
Delayed activation of angiogenesis, which is associated with impaired angiogenesis, has been observed
in mice [14,71]. It has been recommended that SCs prefer low-oxygen conditions, where they emit
markers of hypoxia [28,72].

The vascular system, particularly that encompassing the isthmus containing venous vessels, may
participate in maintaining the low-oxygen conditions in the areas surrounding the SCs environment [28].
Although the impact of the immune reaction has not been adequately illustrated, it is critical that
the job of maintaining the immune benefits of HF related to the diminished expression of MHC I
molecules and to the improved discharge of immune-suppressors ought to be maintained during the
anagen stage [28,35]. The loss of this benefit and a safe assault on cells of the matrix and the bulge are
related to alopecia [28,39]. Dermal cells γδT are known to regulate post-traumatic regeneration of HF
by discharging FGF9 [14,73]. Therefore, macrophages increase the dimension of Wnt7b and Wnt10a
ligands during the telogen stage after experiencing apoptosis, whereby it enacts HF-MSCs [14,28,74].

Macrophages play an essential role in the post-traumatic recruitment of HF-MSCs by arresting their
enrollment into the injury postponing hair growth, although transplantation of dynamic macrophages
is adequate for the enlistment of hair growth [28,75]. The job of Treg is also essential, wherein it
introduces an abnormal state of Jag 1 from the Notch family, which influences the viable recovery of
HF [76].

SVFs appear in a perfect cell populace for use in regenerative surgery due to the absence
of immunogenic properties, their simplicity of acquisition, their multi-potential characteristic, the
simplicity of separating them into different cell lines, and their significant potential for angiogenesis.
SVFs have been created from wall cells situated in the perivascular portion, vascular smooth muscle
cells, and pericytes—all associated with the arrangement of typical vasculature and are receptive
to VEGF [77]. Normally, HFs encompassed by subcutaneous fat cells and by the dermis shape an
inter-follicular dermal macro-environment, which is imperative for maintaining the best possible
growth of bulge and follicle cells [24,59,78]. SVFs are vital for the activation of epidermal SCs, which
they activate by discharging growth factors. The VEGF directs hair growth and the extent of the hair
HF measure by stimulation of angiogenesis. HGF is associated with the span of the HC stages. The
platelet-derived growth factor prompts and maintains the anagen stage, and IGF-I controls the hair
growth cycle and hair cell separation [24,79]. Another heading for their activity is the stimulation of
angiogenesis and enhancement of the blood supply to DPCs. Likewise, they have immunomodulatory
and immunosuppressive properties via the collaboration among cells and the emission of prostaglandin
E2 (PGE2), leukemia-inhibiting factor (LIF), and kynurenine [24,78].

The paracrine action of AD-SVFs is exceedingly complex, and the elements emitted by SCs have
both a direct and an indirect impact on HFs. TB4 contributes to the activation of SCs in HF, improving
their relocation into the follicle and separation. SDF-1 acts through an activation improvement of
EGR-1, and it expands the cell tropism toward the follicle and builds angiogenesis. The activity of
MCP-1, despite being an inflammatory factor, has a demonstrated tissue regenerative impact. A critical
role of the microenvironment in the impact of paracrine factors in advancing the growth of the HF has
also been underscored [78]. Huang et al. [80], in an investigation on rodents, found that an expansion
of AD-SVFs to a culture of DPCs or core cells in the inner and external sheath improves their viability.

A huge increase in the regenerative potential was recorded in the investigation by Huang et al. [80],
in which AD-SVFs were enhanced with LL-37, which is an antibacterial peptide normally present in
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wounds. Their review demonstrated a significant improvement in the nearby regenerative factors (i.e.,
the endothelial growth factor, thymosin beta-4, monocyte chemo-attractant protein-1, and stromal
cell-inferred factor-1). A significant improvement in the growth of HFs, in both in vitro and in vivo
creature models, was also observed [77–81].

Physiologically, fat tissue encompassing HFs assumes a critical role in extending the anagen stage.
Adipocytes PCs have been found to increase during the progress from the telogen to the anagen stage
around the HF [59,79]. Unfortunately, two-dimensional (2D) cultures of DPCs lose their hair formation
capability in culture, which is why they require maintenance of their spheroidal forms (3D) [82,83].
This is a challenge to mature methods that mimic in vivo conditions, which both maintain the 3D
structure of the cells and contain a special medium, which imitates a natural niche rich in growth
factors [84].

The increase in the thickness of the subcutaneous layer during the advanced hair growth stage
(anagen) was contrasted with the thickness in the resting stage (telogen). SVFs invigorate HFs through
peroxisome proliferator-activated receptors, in which three isoforms have been found on their surfaces
(PPARα, PPARγ, and PPARδ) [79]. Mature adipocytes negatively affect HF cell expansion and the
multiplication of fibroblasts encompassing the HF in concurrent culture frameworks [24,85].

Strangely, a change in the adipocyte cell line properties can cause skin and hair issues. Lipid
disorders can cause deficits in the skin structure and function. Overexpression of human apolipoprotein
C1 (APOC1) with hyperlipidemia in transgenic mice causes hair growth issues corresponding to the
grade of expression of human APOC1 genes in the skin [24,86].

Hypoxia, which is not lethal to MCs, improves the generation of growth factors for the ADSCs:
VEGF, PDGF, HGF, and IGF-II [84,87]. The impact of hypoxia on AD-SVFs was analyzed in an
investigation by Park et al. [87], in which SVFs were passaged multiple times with CO2 and
subcutaneously injected into mice to observe induction of the anagen stage, and multiplication
of human follicular cells of the DP and keratinocytes. Hypoxia produced a discharge increase in the
insulin-like growth factor-restricting protein-1 and protein-2 (IGFBP), macrophage state invigorating
element (M-CSF), M-CSF receptor, PDGF receptor-β, and VEGF, while the emission of the epidermal
growth factor was lesser [87].

7. Clinical Intra-Surgical Application of PRP in HL and AGA

Many papers on PRP have been published, yet the outcomes are frequently conflicting. The
authors take the perspective of not discussing PRP in general, though it is advisable to distinguish
the different types of PRP relying on their cells content and fibrin design. Therefore, it is conceivable
to recognize:

(1) Leukocyte-poor PRP (LP-PRP) or pure platelet-rich plasma (P-PRP): Suspension without
leukocytes and with a low-density fibrin after induction;

(2) PRP and leukocyte (L-PRP): Suspensions with leukocytes and a low-density fibrin after induction
(the largest of the commercial packages);

(3) Leukocyte-poor platelet-rich fibrin (LP-PRF) or pure platelet-rich fibrin (P-PRF): Suspension
without leukocytes and a high-density fibrin;

(4) Leukocytes and platelet rich fibrin (L-PRF) or second-era PRP products are arrangements with
leukocytes and a high fibrin density.

As discussed, there are too many protocols for the preparation of PRP depending on the different
times for centrifugation and RPM used, the number of platelets, the accessibility of growth factors, and
chemokines. Additionally, wide biological (among patients) and temporal (day-by-day) variation have
been reported in the methods [88]. Thus, it is hard to evaluate which kind of PRP planning is better for
clinical indications [89].

Diverse PRP products may be adequate for treating distinctive kinds of balding. The clinical
efficacy of PRP is still under discussion, and a standardized protocol has not yet been created [90].
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Doctors should choose the appropriate PRP preparations given their bio-molecular characteristics and
clinical indications [91].

As of late, the use of low-level laser treatment (LLLT) has been proposed as a treatment for AGA
and enhancing hair regrowth. The authors proposed LLLT 15 days after each treatment to stimulate
hair regrowth during the HF-MSCs and PRP treatment, and every three weeks after the last treatment
for a period of six months. Regarding this field, 11 papers were reviewed by Afifi et al. [92], where
nine papers assessing hair count/hair density found noteworthy improvements in the men and women
following LLLT treatment. Hair thickness and rigidity were found to be improved in two papers.
Patient satisfaction was also accounted for in five of the works.

Autologous platelet-rich plasma (A-PRP) is now connected with enhanced surgical results and
lower repeat rates when used in the gingival retreat and keloid treatments, respectively [93,94]. In
dermatological uses, differences were discovered when PRP treatments were performed with the
activated autologous PRP (AA-PRP) instead of the non-activated A-PRP. At the point when A-PRP
is used with autologous thrombin to yield AA-PRP, healing of bone exposure [95], chronic injuries
as severe hidradenitis suppurativa [96] and shorter recuperation times were observed for profound
burns [97,98]. Similarly, laser use for acne produces subjectively better outcomes with fewer reactions
when performed in combination with either topical or intradermal use of calcium-activated PRP [99].
These outcomes might be ascribed to the discharge and concentrations of alpha-granule proteins,
including growth factors and cytokines, that stimulate cell separation and proliferation, angiogenesis,
and vascular modeling [100].

In the treatment of HL, the topical use of AA-PRP with the collected follicles preceding
implantation has been shown to build their survival rate by 15% [101]. Patients treated with calcium
gluconate-initiated PRP displayed expanded hair thickness three months post-medical procedure,
with terminal hair thickness (measurement > 40 µm) increasing by 19% during that time [102]. These
discoveries were affirmed in an examination of AGA patients treated with calcium-activated PRP over
a span of one year [103]. After 12 weeks from the last infusion of PRP, hair thickness reached a 19%
expansion over the baseline estimations. At the one-year point, hair thickness decreased to 7% above
the standard estimation, although this was still established as a significant increase in hair thickness in
contrast to the baseline esteems [103].

The growth factors (GFs) acquired by the degranulation of the alpha-granules appear to
stimulate hair regrowth. In detail, IGF-1 stimulates the multiplication of cycling Ki67+ basal
keratinocytes [104,105], whereas TGF-β1 secures the proliferative capability of basal keratinocytes by
repressing cell growth and terminal separation [106,107]. PDGF-AA increases the hair inductive action
of DPCs when used in combination with fibroblast growth factor 2 (FGF-2) [108,109]. VEGF stimulates
angiogenesis, and PDGF-BB is a strong chemo-attractant for wound macrophages and fibroblasts by
stimulating these cells to discharge endogenous growth factors, including TGF-β1, which advances
new collagen synthesis [110].

DPCs harvested from the human scalp have shown improved proliferation, improved Bcl-2
and FGF-7 levels, activated ERK and Akt proteins, and up-regulation of β-catenin when cultured
in an initiated PRP-enhanced growth medium [111]. Each of these elements decidedly impacts hair
growth through cell multiplication to prolong the anagen stage (FGF-7) [29], stimulating cell growth
(ERK enactment) [112], invigorating HF development (β-catenin) [113], and stifling apoptotic signals
(Bcl-2 discharge and Akt actuation) [114,115]. The human scalp affected by AGA treated with PRP
injections should show significant increases in cell activity. Histological examinations of A-PRP-
and AA-PRP-treated scalps from our past work [116] provide such clinical proof. In both patient
populaces, the authors observed an enhancement in the number of follicular bulge cells and follicles,
epidermal thickening, enhanced vascularization, and a higher number of Ki67+ basal keratinocytes in
the PRP-treated scalp tissue compared to the placebo.

Hair regrowth in a clinical evaluation demonstrated a positive reaction to treatment with A-PRP
in patients showing significative improvements in hair density and hair count in the treated zone
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over the control zone (treated with the placebo). Differences between the 12-week follow-up hair
counts and the baseline hair counts were observed. These hair growth parameters were higher in the
A-PRP treatment group than in the AA-PRP treatment populace, as reported in past preliminary data
reported by Gentile et al. [116]. Specifically, three-month hair density estimations for patients treated
with A-PRP and AA-PRP were 65 ± 5 and 28 ± 4 hairs/cm2, respectively. The outcomes established a
31 ± 2% improvement in hair density when the A-PRP treatment was performed versus a 19 ± 3%
improvement in hair density when the AA-PRP treatment was performed, with a significant difference
in hair growth (p = 0.0029). The increase in the hair growth parameters for A-PRP over AA-PRP may
mirror the proficiency of in vivo thrombin in activating platelets and the body to distribute the contents
of the activated platelets compared to in vitro calcium activation and infusion. The delivery of A-PRP
may empower the production of thromboxane A2 (TXA2) by the platelets once they are activated
in vivo, which would activate additional platelets and amplify platelet aggregation [117].

8. Clinical Intra-Surgical Application of HFSCs in Hair Loss and Androgenic Alopecia

It is hard to find particular strategies to enhance the regeneration of HF under conditions suitable
for an adult individual. Given the knowledge on ECs and dermal cells, and their relationship
in the midst of embryonic hair age and adult hair cycling, various scientists have tried to obtain
mature hair follicles using techniques and procedures that rely on the causes for AGA [42,118]. In
a preliminary examination [53], the authors developed another procedure to separate HFSCs using
minimal manipulation, depending on the centrifugation of pieces of human hair follicles without cell
expansion or enzymatic digestion. They reported the tallying of these cells and the preliminary results
obtained from injections of micrografts containing HFSCs in the scalps of patients affected by AGA
showed improvements in hair density. Gentile et al. [53] reported the amount of CD44+ cells from DP
and the level of CD200+ cells from the bulge obtained using the customized centrifugation of 11 punch
tests [53]. They also reported the microscopic evaluation of punch biopsy samples, determined by
cytospin and immunocytochemistry, histological examination using hematoxylin and eosin staining,
and clinical appraisal. The authors now seek to discuss improvements to the current systems available
for the recovery and regeneration of hair follicles, focusing on systems permitting neo-genesis of hair
follicles in adult individuals by using isolated cells and biotechnologies [53].

Examinations were performed using rodent cells, particularly of embryonic or infant origin.
No fruitful procedure to produce human hair follicles from adult cells has been found. Possibly,
the most crucial point is creating 3D culture conditions reflecting the structure of living tissue. It is
necessary to improve the culture conditions that allow the expansion of specific cells while preserving
their inductive properties, as well as procedures for picking masses of epithelial stem cells (ESCs),
which should provide the principal instruments to overcome the difficulties constraining human HF
neo-genesis [42]. These cells give the impression of being arranged in the bulge district of human
hair follicles.

Hair Follicles and HF-MSCs Regenerative Mechanisms in Hair Loss and Androgenic Alopecia

HFs are known to have a well-characterized niche for grown-up SCs—the bulge, which contains
ESCs and melanocytic SCs [119]. SCs in the hair bulge, an obviously-differentiated compartment inside
the lower portion of hair follicles, can produce inter-follicular epidermis, HF structures, and sebaceous
glands [120,121]. The bulge ESCs can also reconstitute in a simulated in vivo framework to a new
HF [122,123].

Yu et al. [119] showed that follicles of human hair contain a SC populace that can be identified
in the smooth muscle cell, as well as neuron and melanocyte heredities in the induction medium.
Their analysis demonstrated that Oct4+ cells are present in human skin, and the greater proportion
are positioned in the HFs in vivo. Oct4 has a place in the family of POU-domain transcription
factors that are regularly communicated in the pluripotent cells of the developing embryo and that
mediate pluripotency [124]. Additionally, human HFs contain multi-potent SCs other than ESCs and
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melanocytic SCs, and these cells are positioned in the bulge region. These cells indicate promising
plasticity in ex vivo and in vitro conditions, making them potential candidates for cell engineering and
cell substitution treatments [124].

Each mature HF is a regenerating framework that physiologically experiences cycles of growth
(anagen), relapse (catagen), and rest (telogen) at various times in an adult’s life [125]. In catagen,
HFSCs are maintained in the bulge. At that point, the resting follicle re-enters anagen (regeneration)
when legitimate molecular signals are provided. During late telogen to early anagen change, signals
from the DP stimulate the hair germ and quiescent bulge SCs to activate [29]. Numerous paracrine
components are involved in this crosstalk at various HC stages, and some signaling pathways are
involved [126–128]. In anagen, SCs in the bulge produce an ascent in hair germs, and at that point,
the transient increasing cells in the grid of the new follicle proliferate rapidly to frame another hair
filament [129]. The authors felt the need to better understand in which stage it is necessary to act.

Regeneration of HFs was observed in humans [130] when dermal sheath tissue was used, which
was adequate to regenerate the DP structure. After implantation, the whisker DP was equipped to
promote HF regeneration as holding the data to decide hair fiber type and follicle size [131]. In an
examination [42], the authors prepared a dermal–epidermal skin substitute in a research facility by
seeding an acellular dermal grid with cultured HF-ESCs and DPCs, both obtained from an adult
human scalp. These constructs were grafted onto a full-thickness wound produced on bare mice
skin. In 14 days, histological structures reminiscent of a wide range of phases of embryonic HF
improvement were seen in the grafted region. These structures demonstrated concentric cellular layers
of human origin and expressed k6hf, a keratin present in the epithelial cells of the companion layer.
Despite completely mature hair follicles not being observed, these outcomes demonstrated that both
epithelial- and dermal-cultured cells from the adult human scalp in a dermal scaffold could create
in vivo structures that reiterate embryonic hair improvement.

Kalabusheva et al. [132] combined postnatal human DPCs and skin epidermal keratinocytes
(KCs) in a hanging drop culture to mature a recreated HF germ. The procedure relied on DP cell
hair-affecting properties and KC self-affiliation. The authors examined two protocols of aggregate
gathering. Blended HF germ-like structures demonstrated the initiation of epithelial–mesenchymal
cooperation, including Wnt pathway establishment and expression of follicular markers. They analyzed
the effect of conceivable DP cell parts, including dissolvable segments and extracellular matrix (ECM)
molecules during the time spent on the organoid collection and growth. Their results demonstrated
that dissolvable parts had limited impact on HF germ age and Ki67+ cell scores inside the organoids,
despite BMP6 and VD3 viably maintaining the DP character in the monolayer culture. Aggrecan,
biglycan, fibronectin, and hyaluronic acid (HA) altogether improved cell multiplication in the DP cell
monolayer culture with no effect on the DP cell character. A substantial part of ECM compounds
confined the growth of cell aggregates, while HA propelled the formation of greater organoids.

Talavera-Adame et al. [133] uncovered the bio-molecular pathway involved in cell treatment.
In particular, they exhibited that Wnt/β-catenin signaling was central to the growth and upkeep of
DPCs [134,135]. The augmentation of Wnt signaling in DPCs is an essential factor that upgrades
hair regrowth [134]. Specifically, in Pirastu et al. [136], androgen receptor flagging was involved
in seven genes at six loci. Three primary gatherings were discovered: genes connected to Wnt
flagging (RSPO2, LGR4, WNT10A, WNT3, DKK2, SOX13, TWIST2, TWIST1; IQGAP1, and PRKD1),
genes involved in apoptosis (DFFA, BCL2, IRF4, TOP1, and MAPT), and heterogeneous gathering,
including the androgen’s receptor and TGF-beta pathways (RUNX3, RUNX2, ALPL, PTHLH, RUNX1,
AR, SRD5A2, PDGFA, PAX3, and FGF5). Although a wide range of pathways have been implicated
in the advancement of AGA, their outcomes suggest that, notwithstanding the androgen receptor
pathway for which they affirm a fundamental function, the Wnt and apoptosis pathways assume a
major role. AGA is described by shorter growth (anagen), which has been related to the increased
apoptosis of the HFs. This outcome suggests that the anagen stage shortens as a result of contrasts
in the genes managing the apoptosis. The Wnt pathway is involved in the advancement of telogen
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(resting) to the anagen (growth), and in the fate of the SCs in the hair bulge, which are both dysregulated
in balding tissue. Finally, hair loss chance loci in Wnt ligand biogenesis and trafficking and class
B/2 (secretin family receptors) pathways were additionally connected with height, despite none of
the individual loci in these pathways being crucial, suggesting a far-reaching impact. Along these
lines, hairlessness indicates pathway-explicit hereditary relationships that provide a potential natural
premise to the observed epidemiological connections. Pathway-specific hereditary relationships can
help us to disentangle the mutually-organic pathways supporting complex pathologies [136].

9. Studies on Using Stem Cells from Wharton’s Jelly

What are the advantages of using SCs from Wharton’s jelly compared to other MCs? Wharton’s
jelly is a particular source of SCs due to its accessibility, vast pool of donors, non-invasive and easy
harvesting, no hazard to the donor, no moral impediments, limited immunogenic potential, and high
multi-potential separation ability [137,138]. In addition, the exposure to infectious agents seldom
happens, which ensures security to the contributor [139]. The decellularized Wharton’s jam matrix
(DWJM) (fresh jelly exposed to two cycles of osmotic shock, alternately with a hypertonic suspension of
NaCl, mannitol, MgCl2, and KCl with an osmolarity of approx. 1.275 mOsm/L, centrifuged at 5000 rpm
at 4 ◦C with a hypotonic arrangement of 0.005% Triton X-100) can provide a characteristic scaffold
to SCs as a biocompatible matrix, which bolsters their viability, triggering conglomeration of MCs.
DWJM contains TGF-β, collagen I, fibronectin, and tenascin, which might be in charge of condensing
the added WJMSC in a few regions of the DWJM. In synthesis, DWJM is a natural biocompatible 3D
matrix that guarantees adhesion, penetration, growth, and multiplication of cells, both in vitro and
in vivo. To summarize, the report presented DWJM as a normal 3D scaffold that can be used in tissue
designing and as a regenerative drug [140].

10. Concluding Remarks

Maintaining a pool of SCs is vital for tissue homeostasis and harm fix. Their divisions are not
frequent in mature organisms, and their greater part are in a lethargic state. As such, it is vital
to comprehend the components of their activation and induction, which will allow for the use of
multi-potent cells in regenerative plastic surgery and hair regrowth. Their use is complicated by the fact
that the expression of receptors on the various growth factors and the effect of the microenvironment
may vary.

Not all target points in SC therapy have been distinguished. The information provided in this
review features the useful impacts of AD-SVFs and PRP on hair regrowth, notwithstanding the
preliminary positive outcomes from HF-MSCs. The activation and increase of Wnt signaling in DPCs
is the crucial factor that enhances renewed hair growth.

The current knowledge in biology, the limits of past translational research that included
development of pre-clinical and clinical models, harnessing of new strategies for more accurate imaging,
and biomarker-based diagnostics will provide a strong basis to advance viable clinical approaches for
regenerative aims in hair tissue engineering. Moreover, larger, randomized, double-blinded, controlled
trials are needed to optimize cell administration protocols and to confirm the early observations of
promising clinical outcomes.

Author Contributions: Conceptualization, P.G. and S.G; methodology, P.G.; validation, P.G. and S.G; formal
analysis, P.G.; investigation, P.G.; resources, P.G. and S.G.; data curation, P.G and S.G.; writing—original draft
preparation, P.G.; writing—review and editing, P.G.; visualization, P.G.; supervision, P.G and S.G.; project
administration, S.G.; funding acquisition, P.G. and S.G.

Funding: This article received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.



Cells 2019, 8, 466 15 of 21

References

1. Coelho, M.B.; Cabral, J.M.; Karp, J.M. Intraoperative Stem Cell Therapy. Annu. Rev. Biomed. Eng. 2012, 14,
325–349. [CrossRef] [PubMed]

2. Owczarczyk-Saczonek, A.; Krajewska-Włodarczyk, M.; Kruszewska, A.; Banasiak, Ł; Placek, W.;
Maksymowicz, W.; Wojtkiewicz, J. Therapeutic Potential of Stem Cells in Follicle Regeneration. Stem Cells Int.
2018, 5, 1049641.

3. Alsantali, A.; Shapiro, J. Androgens and hair loss. Curr. Opin. Endocrinol. Diabetes Obes. 2009, 16, 246–253.
[CrossRef]

4. Price, V.H. Treatment of hair loss. N. Engl. J. Med. 1999, 341, 964–973. [CrossRef] [PubMed]
5. Garcovich, S.; Gentile, P.; Bielli, A.; Scioli, M.G.; Orlandi, A.; Cervelli, V.; Gentile, P.; Bielli, A.; Scioli, M.G.;

Orlandi, A.; et al. The effect of platelet-rich plasma in hair regrowth: A randomized placebo-controlled trial.
Stem Cells Transl. Med. 2015, 4, 317–1323.

6. Gentile, P.; Cole, J.P.; Cole, M.A.; Garcovich, S.; Bielli, A.; Scioli, M.G.; Orlandi, A.; Insalaco, C.; Cervelli, V.;
Piva, T. Evaluation of Not-Activated and Activated PRP in Hair Loss Treatment: Role of Growth Factor and
Cytokine Concentrations Obtained by Different Collection Systems. Int. J. Mol. Sci. 2017, 18, 408. [CrossRef]
[PubMed]

7. Garza, L.A.; Yang, C.-C.; Zhao, T.; Blatt, H.B.; Lee, M.; He, H.; Stanton, D.C.; Carrasco, L.; Spiegel, J.H.;
Tobias, J.W.; et al. Bald scalp in men with androgenetic alopecia retains hair follicle stem cells but lacks
CD200-rich and CD34-positive hair follicle progenitor cells. J. Clin. Invest. 2011, 121, 613–622. [CrossRef]

8. Ohyama, M.; Terunuma, A.; Tock, C.L.; Radonovich, M.F.; Pise-Masison, C.A.; Hopping, S.B.; Brady, J.N.;
Udey, M.C.; Vogel, J.C. Characterization and isolation of stem cell-enriched human hair follicle bulge cells.
J. Clin. Invest. 2006, 116, 249–260. [CrossRef] [PubMed]

9. Mohammadi, P.; Youssef, K.K.; Abbasalizadeh, S.; Baharvand, H.; Aghdami, N. Human hair reconstruction:
Close, but yet so far. Stem Cells Dev. 2016, 25, 1767–1779. [CrossRef] [PubMed]

10. Elmaadawi, I.H.; Mohamed, B.M.; Ibrahim, Z.A.S.; Abdou, S.M.; El Attar, Y.A.; Youssef, A.; Shamloula, M.M.;
Taha, A.; Metwally, H.G.; El Afandy, M.M.; et al. Stem cell therapy as a novel therapeutic intervention for
resistant cases of alopecia areata and androgenetic alopecia. J. Dermatol. Treat. 2018, 29, 431–440. [CrossRef]
[PubMed]

11. Rompolas, P.; Greco, V. Stem cell dynamics in the hair follicle niche. Semin. Cell Dev. Biol. 2014, 25-26, 34–42.
[CrossRef]

12. Means, A.L.; Xu, Y.; Zhao, A.; Ray, K.C.; Gu, G. CK19CreERT knockin mouse line allows for conditional
DNA recombination in epithelial cells in multiple endodermal organs. Genesis 2008, 46, 318–323. [CrossRef]

13. Jaks, V.; Barker, N.; Kasper, M.; Van Es, J.H.; Snippert, H.J.; Clevers, H.; Toftgard, R. Lgr5 marks cycling, yet
long-lived, hair follicle stem cells. Nat. Genet. 2008, 40, 1291–1299. [CrossRef]

14. Guasch, G. The epithelial stem cell niche in skin. Biology and engineering of stem cell niches. Elsevier Inc.
2017, 127–143.

15. Hoeck, J.D.; Biehs, B.; Kurtovaetal, A.V. Stem cell plasticity enables hair regeneration following Lgr5+ cell
loss. Nat. Cell Biol. 2017, 19, 666–676. [CrossRef]

16. Snippert, H.J.; Haegebarth, A.; Kasper, M.; Jaks, V.; Van Es, J.H.; Barker, N.; Van De Wetering, M.; Born, M.V.D.;
Begthel, H.; Vries, R.G.; et al. Lgr6 marks stem cells in the hair follicle that generate all cell lineages of the
skin. Science 2010, 327, 1385–1389. [CrossRef]

17. Jensen, K.B.; Collins, C.A.; Nascimento, E.; Tan, D.W.; Frye, M.; Itami, S.; Watt, F.M. Lrig1 expression defines a
distinct multipotent stem cell population in mammalian epidermis. Cell Stem Cell 2009, 4, 427–439. [CrossRef]
[PubMed]

18. Ozawa, M.; Aiba, S.; Kurosawa, M.; Tagami, H. Ber-EP4 antigen is a marker for a cell population related to
the secondary hair germ. Exp. Dermatol. 2004, 13, 401–405. [CrossRef]

19. Purba, T.S.; Haslam, I.S.; Poblet, E.; Jiménez, F.; Gandarillas, A.; Izeta, A.; Paus, R. Human epithelial hair
follicle stem cells and their progeny: Current state of knowledge, the widening gap in translational research
and future challenges. BioEssays 2014, 36, 513–525. [CrossRef]

20. Inoue, K.; Aoi, N.; Sato, T.; Yamauchi, Y.; Suga, H.; Eto, H.; Kato, H.; Araki, J.; Yoshimura, K. Differential
expression of stem-cell-associated markers in human hair follicle epithelial cells. Lab. Invest. 2009, 89,
844–856. [CrossRef]

http://dx.doi.org/10.1146/annurev-bioeng-071811-150041
http://www.ncbi.nlm.nih.gov/pubmed/22809140
http://dx.doi.org/10.1097/MED.0b013e32832b100a
http://dx.doi.org/10.1056/NEJM199909233411307
http://www.ncbi.nlm.nih.gov/pubmed/10498493
http://dx.doi.org/10.3390/ijms18020408
http://www.ncbi.nlm.nih.gov/pubmed/28216604
http://dx.doi.org/10.1172/JCI44478
http://dx.doi.org/10.1172/JCI26043
http://www.ncbi.nlm.nih.gov/pubmed/16395407
http://dx.doi.org/10.1089/scd.2016.0137
http://www.ncbi.nlm.nih.gov/pubmed/27649771
http://dx.doi.org/10.1080/09546634.2016.1227419
http://www.ncbi.nlm.nih.gov/pubmed/27553744
http://dx.doi.org/10.1016/j.semcdb.2013.12.005
http://dx.doi.org/10.1002/dvg.20397
http://dx.doi.org/10.1038/ng.239
http://dx.doi.org/10.1038/ncb3535
http://dx.doi.org/10.1126/science.1184733
http://dx.doi.org/10.1016/j.stem.2009.04.014
http://www.ncbi.nlm.nih.gov/pubmed/19427292
http://dx.doi.org/10.1111/j.0906-6705.2004.00153.x
http://dx.doi.org/10.1002/bies.201300166
http://dx.doi.org/10.1038/labinvest.2009.48


Cells 2019, 8, 466 16 of 21

21. Kissling, S.; Wenzel, E.; Huth, A.; Hoffmann, R.; McElwee, K.J.; Mc Elwee, K.J. Cultured peribulbar dermal
sheath cells can induce hair follicle development and contribute to the dermal sheath and dermal papilla.
J. Invest. Dermatol. 2003, 121, 1267–1275.

22. Lee, S.-H.; Yoon, J.; Shin, S.H.; Zahoor, M.; Kim, H.J.; Park, P.J.; Park, W.-S.; Min, D.S.; Kim, H.-Y.; Choi, K.-Y.
Valproic acid induces hair regeneration in murine model and activates alkaline phosphatase activity in
human dermal papilla cells. PLoS ONE 2012, 7, e34152. [CrossRef] [PubMed]

23. Sellheyer, K.; Krahl, D. PHLDA1 (TDAG51) is a follicular stem cell marker and differentiates between
morphoeic basal cell carcinoma and desmoplastic trichoepithelioma. Br. J. Dermatol. 2011, 164, 141–147.
[CrossRef] [PubMed]

24. Zhang, P.; E Kling, R.; Ravuri, S.K.; E Kokai, L.; Rubin, J.P.; Chai, J.-K.; Marra, K.G. A review of adipocyte
lineage cells and dermal papilla cells in hair follicle regeneration. J. Tissue Eng. 2014, 5. [CrossRef] [PubMed]

25. Rendl, M.; Lewis, L.; Fuchs, E. Molecular dissection of mesenchymal-epithelial interactions in the hair follicle.
PLoS Biol. 2005, 3, e331. [CrossRef] [PubMed]

26. Ito, Y.; Hamazaki, T.S.; Ohnuma, K.; Tamaki, K.; Asashima, M.; Okochi, H. Isolation of murine hair-inducing
cells using the cell surface marker prominin-1/CD133. J. Invest. Dermatol. 2007, 127, 1052–1060. [CrossRef]

27. Li, J.; Jiang, T.X.; Chuong, C.M. Many paths to alopecia via compromised regeneration of hair follicle stem
cells. J. Invest. Dermatol. 2013, 133, 1450–1452. [CrossRef]

28. Turksen, K. Tissue Specific Stem Cell Niche; Springer: Basel, Switzerland, 2015.
29. Greco, V.; Chen, T.; Rendl, M.; Schöber, M.; Pasolli, H.A.; Stokes, N.; Cruz-Racelis, J.D.; Fuchs, E. A two-step

mechanism for stem cell activation during hair regeneration. Cell Stem Cell 2009, 4, 155–169. [CrossRef]
[PubMed]

30. Rompolas, P.; Mesa, K.R.; Greco, V. Spatial organization within a niche as a determinant of stem-cell fate.
Nature 2013, 502, 513–518. [CrossRef]

31. Oh, J.W.; Kloepper, J.; Langanetal, E.A. A guide to studying human hair follicle cycling in vivo. J. Invest.
Dermatol. 2016, 136, 34–44. [CrossRef]

32. Garza, L.A.; Liu, Y.; Yang, Z.; Alagesan, B.; Lawson, J.A.; Norberg, S.M.; Loy, D.E.; Zhao, T.; Blatt, H.B.;
Stanton, D.C.; et al. Prostaglandin D2 inhibits hair growth and is elevated in bald scalp of men with
androgenetic alopecia. Sci. Transl. Med. 2012, 4, 126ra34. [CrossRef]

33. Halloy, J.; Bernard, B.A.; Loussouarn, G.; Goldbeter, A. Modeling the dynamics of human hair cycles by a
follicular automaton. Proc. Natl. Acad. Sci. USA 2000, 97, 8328–8333. [CrossRef]

34. Nakamura, M.; Schneider, M.R.; Schmidt-Ullrich, R.; Paus, R. Mutant laboratory mice with abnormalities in
hair follicle morphogenesis, cycling, and/or structure: An update. J. Dermatol. Sci. 2013, 69, 6–29. [CrossRef]

35. Christoph, T.; Müller-Röver, S.; Audringetal, H. Thehuman hair follicle immune system: Cellular composition
and immune privilege. Br. J. Dermatol. 2000, 142, 862–873. [CrossRef] [PubMed]

36. Tanimura, S.; Tadokoro, Y.; Inomata, K.; Binh, N.T.; Nishie, W.; Yamazaki, S.; Nakauchi, H.; Tanaka, Y.;
McMillan, J.R.; Sawamura, D.; et al. Hair follicle stem cells provide a functional niche for melanocyte stem
cells. Cell Stem Cell. 2011, 8, 177–187. [CrossRef]

37. Deschene, E.R.; Myung, P.; Rompolasetal, P. β-catenin activation regulates tissue growth non-cell
autonomously in the hair stem cell niche. Science 2014, 343, 1353–1356. [CrossRef]

38. Zhou, L.; Wang, H.; Jing, J.; Yu, L.; Wu, X.; Lu, Z. Regulation of hair follicle development by exosomes
derived from dermal papilla cells. Biochem. Biophys. Res. Commun. 2018, 500, 325–332. [CrossRef]

39. Paus, R.; Nickoloff, B.; Ito, T. A hairy’ privilege. Trends Immunol. 2005, 26, 32–40. [CrossRef]
40. Gentile, P.; Scioli, M.G.; Bielli, A.; Orlandi, A.; Cervelli, V. Stem cells from human hair follicles: First

mechanical isolation for immediate autologous clinical use in androgenetic alopecia and hair loss. Stem Cell
Invest. 2017, 4, 58. [CrossRef]

41. Asakawa, K.; Toyoshima, K.-E.; Ishibashi, N.; Tobe, H.; Iwadate, A.; Kanayama, T.; Hasegawa, T.; Nakao, K.;
Toki, H.; Noguchi, S.; et al. Hair organ regeneration via the bioengineered hair follicular unit transplantation.
Sci. Rep. 2012, 2, 424. [CrossRef] [PubMed]

42. Balañá, M.E.; Charreau, H.E.; Leiroós, G.J. Epidermal stem cells and skin tissue engineering in hair follicle
regeneration. World J. Stem Cells 2015, 7, 711–727. [CrossRef]

43. Campagnoli, C. Identification of mesenchymal stem/progenitor cells in human first-trimester fetal blood,
liver, and bone marrow. Blood 2001, 98, 2396–2402. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0034152
http://www.ncbi.nlm.nih.gov/pubmed/22506014
http://dx.doi.org/10.1111/j.1365-2133.2010.10045.x
http://www.ncbi.nlm.nih.gov/pubmed/20846311
http://dx.doi.org/10.1177/2041731414556850
http://www.ncbi.nlm.nih.gov/pubmed/25383178
http://dx.doi.org/10.1371/journal.pbio.0030331
http://www.ncbi.nlm.nih.gov/pubmed/16162033
http://dx.doi.org/10.1038/sj.jid.5700665
http://dx.doi.org/10.1038/jid.2012.511
http://dx.doi.org/10.1016/j.stem.2008.12.009
http://www.ncbi.nlm.nih.gov/pubmed/19200804
http://dx.doi.org/10.1038/nature12602
http://dx.doi.org/10.1038/JID.2015.354
http://dx.doi.org/10.1126/scitranslmed.3003122
http://dx.doi.org/10.1073/pnas.97.15.8328
http://dx.doi.org/10.1016/j.jdermsci.2012.10.001
http://dx.doi.org/10.1046/j.1365-2133.2000.03464.x
http://www.ncbi.nlm.nih.gov/pubmed/10809841
http://dx.doi.org/10.1016/j.stem.2010.11.029
http://dx.doi.org/10.1126/science.1248373
http://dx.doi.org/10.1016/j.bbrc.2018.04.067
http://dx.doi.org/10.1016/j.it.2004.09.014
http://dx.doi.org/10.21037/sci.2017.06.04
http://dx.doi.org/10.1038/srep00424
http://www.ncbi.nlm.nih.gov/pubmed/22645640
http://dx.doi.org/10.4252/wjsc.v7.i4.711
http://dx.doi.org/10.1182/blood.V98.8.2396
http://www.ncbi.nlm.nih.gov/pubmed/11588036


Cells 2019, 8, 466 17 of 21

44. Baksh, D.; Davies, J.E.; Zandstra, P.W. Adult human bone marrow–derived mesenchymal progenitor cells
are capable of adhesion-independent survival and expansion. Exp. Hematol. 2003, 31, 723–732. [CrossRef]

45. Muschler, G.F.; Nitto, H.; Boehm, C.A.; Easley, K.A. Age- and gender-related changes in the cellularity
of human bone marrow and the prevalence of osteoblastic progenitors. J. Orthop. Res. 2001, 19, 117–125.
[CrossRef]

46. Muschler, G.F.; Boehm, C.; Easley, K. Aspiration to obtain osteoblast progenitor cells from human bone
marrow:the influence of aspiration volume. JBJS 1997, 79, 1699–1709. [CrossRef]

47. Peng, L.; Jia, Z.; Yin, X.; Zhang, X.; Liu, Y.; Chen, P.; Ma, K.; Zhou, C. Comparative analysis of mesenchymal
stem cells from bone marrow, cartilage, and adipose tissue. Stem Cells Dev. 2008, 17, 761–774. [CrossRef]

48. Kern, S.; Eichler, H.; Stoeve, J.; Klüter, H.; Bieback, K. Comparative analysis of mesenchymal stem cells from
bone marrow, umbilical cord blood, or adipose tissue. Stem Cells 2006, 24, 1294–1301. [CrossRef] [PubMed]

49. Yoshimura, H.; Muneta, T.; Nimura, A.; Yokoyama, A.; Koga, H.; Sekiya, I. Comparison of rat mesenchymal
stem cells derived from bone marrow, synovium, periosteum, adipose tissue, and muscle. Cell Tissue Res.
2007, 327, 449–462. [CrossRef]

50. Rebelatto, C.K.; Aguiar, A.M.; Moretão, M.P.; Senegaglia, A.C.; Hansen, P.; Barchiki, F.; Oliveira, J.; Martins, J.;
Kuligovski, C.; Mansur, F.; et al. Dissimilar differentiation of mesenchymal stem cells from bone marrow,
umbilical cord blood, and adipose tissue. Exp. Biol. Med. 2008, 233, 901–913. [CrossRef]

51. Zuk, P.A.; Zhu, M.; Mizuno, H.; Huang, J.; Futrell, J.W.; Katz, A.J.; Benhaim, P.; Lorenz, H.P.; Hedrick, M.H.
Multilineage cells from human adipose tissue: Implications for cell-based therapies. Tissue Eng. 2001, 7,
211–228. [CrossRef]

52. Oedayrajsingh-Varma, M.; Van Ham, S.; Knippenberg, M.; Helder, M.; Klein-Nulend, J.; Schouten, T.; Ritt, M.;
Van Milligen, F. Adipose tissue–derived mesenchymal stem cell yield and growth characteristics are affected
by the tissue-harvesting procedure. Cytotherapy 2006, 8, 166–177. [CrossRef]

53. Cole, J.P.; Cole, M.A.; Insalaco, C.; Cervelli, V.; Gentile, P. Alopecia and platelet-derived therapies. Stem Cell
Invest. 2017, 4, 88. [CrossRef]

54. Gimble, J.M.; Bunnell, B.A.; Chiu, E.S.; Guilak, F. Concise review: Adipose-derived stromal vascular fraction
cells and stem cells: let’s not get lost in translation. Stem Cells 2011, 29, 749–754. [CrossRef]

55. Cervelli, V.; Gentile, P.; Scioli, M.G.; Grimaldi, M.; Casciani, C.U.; Spagnoli, L.G.; Orlandi, A. Application of
platelet-rich plasma in plastic surgery: Clinical and in vitro evaluation. Tissue Eng. Part. C Methods 2009, 15,
625–634. [CrossRef] [PubMed]

56. Cervelli, V.; Bocchini, I.; Di Pasquali, C.; De Angelis, B.; Cervelli, G.; Curcio, C.B.; Orlandi, A.; Scioli, M.G.;
Tati, E.; Delogu, P.; et al. P.R.L. platelet rich lipotransfert: Our experience and current state of art in the
combined use of fat and PRP. Biomed. Res. Int. 2013, 2013, 434191. [CrossRef]

57. Kapur, S.K.; Katz, A.J. Review of the adipose derived stem cell secretome. Biochimie 2013, 95, 2222–2228.
[CrossRef]

58. Cervelli, V.; Scioli, M.G.; Gentile, P.; Doldo, E.; Bonanno, E.; Spagnoli, L.G.; Orlandi, A. Platelet-rich plasma
greatly potentiates insulin-induced adipogenic differentiation of human adipose-derived stem cells through
a serine/threonine kinase Akt-dependent mechanism and promotes clinical fat graft maintenance. Stem Cell
Trasl. Med. 2012, 1, 206–220. [CrossRef] [PubMed]

59. Festa, E.; Fretz, J.; Berry, R.; Schmidt, B.; Rodeheffer, M.; Horowitz, M.; Horsley, V. Adipocyte lineage cells
contribute to the skin stem cell niche to drive hair cycling. Cell 2011, 146, 761–771. [CrossRef]

60. Perez-Meza, D.; Ziering, C.; Sforza, M.; Krishnan, G.; Ball, E.; Daniels, E.; Perez-Meza, V.A.P.B.D. Views:
Hair follicle growth by stromal vascular fraction-enhanced adipose transplantation in baldness. Stem Cells
Cloning 2017, 10, 1–10. [PubMed]

61. Fukuoka, H.; Suga, H. Hair Regeneration Treatment Using Adipose-Derived Stem Cell Conditioned Medium:
Follow-up with Trichograms. Eplasty 2015, 15, e10. [PubMed]

62. Zanzottera, F.; Lavezzari, E.; Trovato, L.; Icardi, A.; Graziano, A. Adipose derived stem cells and growth
factors applied on hair transplantation. Follow-up of clinical outcome. J. Cosmet. Dermatol. Sci. Appl. 2014, 4,
268–274. [CrossRef]

63. Fukuoka, H.; Narita, K.; Suga, H. Hair Regeneration Therapy: Application of Adipose-Derived Stem Cells.
Curr. Stem Cell Res. Ther. 2017, 12, 531–534. [CrossRef]

http://dx.doi.org/10.1016/S0301-472X(03)00106-1
http://dx.doi.org/10.1016/S0736-0266(00)00010-3
http://dx.doi.org/10.2106/00004623-199711000-00012
http://dx.doi.org/10.1089/scd.2007.0217
http://dx.doi.org/10.1634/stemcells.2005-0342
http://www.ncbi.nlm.nih.gov/pubmed/16410387
http://dx.doi.org/10.1007/s00441-006-0308-z
http://dx.doi.org/10.3181/0712-RM-356
http://dx.doi.org/10.1089/107632701300062859
http://dx.doi.org/10.1080/14653240600621125
http://dx.doi.org/10.21037/sci.2017.11.01
http://dx.doi.org/10.1002/stem.629
http://dx.doi.org/10.1089/ten.tec.2008.0518
http://www.ncbi.nlm.nih.gov/pubmed/19231923
http://dx.doi.org/10.1155/2013/434191
http://dx.doi.org/10.1016/j.biochi.2013.06.001
http://dx.doi.org/10.5966/sctm.2011-0052
http://www.ncbi.nlm.nih.gov/pubmed/23197780
http://dx.doi.org/10.1016/j.cell.2011.07.019
http://www.ncbi.nlm.nih.gov/pubmed/28740409
http://www.ncbi.nlm.nih.gov/pubmed/25834689
http://dx.doi.org/10.4236/jcdsa.2014.44036
http://dx.doi.org/10.2174/1574888X12666170522114307


Cells 2019, 8, 466 18 of 21

64. Shin, H.; Won, C.H.; Chung, W.K.; Park, B.-S. Up-to-date clinical trials of hair regeneration using conditioned
media of adipose-derived stem cells in male and female pattern hair loss. Curr. Stem Cell Res. Ther. 2017, 12,
524–530. [CrossRef] [PubMed]

65. Won, C.H.; Yoo, H.G.; Kwon, O.S.; Sung, M.Y.; Kang, Y.J.; Chung, J.H.; Park, B.S.; Sung, J.-H.; Kim, W.S.;
Kim, K.H. Hair growth promoting effects of adipose tissue-derived stem cells. J. Dermatol. Sci. 2010, 57,
134–137. [CrossRef]

66. Zhu, M.; Zhou, Z.; Chen, Y.; Schreiber, R.; Ransom, J.T.; Fraser, J.K.; Hedrick, M.H.; Pinkernell, K.; Kuo, H.-C.
Supplementation of fat grafts with adipose-derived regenerative cells improves long-term graft retention.
Ann. Plastic Sur. 2010, 64, 222–228. [CrossRef]

67. Zimber, M.P.; Ziering, C.; Zeigler, F.; Hubka, M.; Mansbridge, J.N.; Baumgartner, M.; Hubka, K.; Kellar, R.;
Perez-Meza, D.; Sadick, N.; et al. Hair regrowth following a Wnt- and follistatin containing treatment: Safety
and efficacy in a first-in-man phase 1 clinical trial. J. Drugs Dermatol. 2011, 10, 1308–1312.

68. Zhao, W.; Schäfer, S.; Choi, J.; Yamanaka, Y.J.; Lombardi, M.L.; Bose, S.; Carlson, A.L.; Phillips, J.A.; Teo, W.;
Droujinine, I.A.; et al. Cell-surface sensors for real-time probing of cellular environments. Nat. Nanotechnol.
2011, 6, 524–531. [CrossRef]

69. Sarkar, D.; Vemula, P.K.; Zhao, W.; Gupta, A.; Karnik, R.; Karp, J.M. Engineered mesenchymal stem cells
with self-assembled vesicles for systemic cell targeting. Biomaterials 2010, 31, 5266–5274. [CrossRef]

70. Plikus, M.V.; Mayer, J.A.; De La Cruz, D.; Baker, R.E.; Maini, P.K.; Maxson, R.; Chuong, C.-M. Cyclic dermal
BMP signalling regulates stem cell activation during hair regeneration. Nature 2008, 451, 340–344. [CrossRef]
[PubMed]

71. Yi, R. Concise review: Mechanisms of quiescent hair follicle stem cell regulation. Stem Cells 2017, 35,
2323–2330. [CrossRef]

72. Mohyeldin, A.; Garzón-Muvdi, T.; Quiñones-Hinojosa, A. Oxygen in stem cell biology: A critical component
of the stem cell niche. Cell Stem Cell 2010, 7150–7161. [CrossRef]

73. Gay, D.; Kwon, O.; Zhang, Z.; Spata, M.; Plikus, M.V.; Holler, P.D.; Ito, M.; Yang, Z.; Treffeisen, E.; Kim, C.D.;
et al. Fgf9 from dermal γδ T cells induces hair follicle neogenesis after wounding. Nat. Med. 2013, 19,
916–923. [CrossRef]

74. Castellana, D.; Paus, R.; Perez-Moreno, M. Macrophages contribute to the cyclic activation of adult hair
follicle stem cells. PLoS Biol. 2014, 12, e1002002. [CrossRef]

75. Osaka, N.; Takahashi, T.; Murakami, S.; Matsuzawa, A.; Noguchi, T.; Fujiwara, T.; Aburatani, H.; Moriyama, K.;
Takeda, K.; Ichijo, H. ASK1-dependent recruitment and activation of macrophages induce hair growth in
skin wounds. J. Cell Biol. 2007, 176, 903–909. [CrossRef]

76. Ali, N.; Zirak, B.; Rodriguez, R.S.; Pauli, M.L.; Truong, H.-A.; Lai, K.; Ahn, R.; Corbin, K.; Lowe, M.M.;
Scharschmidt, T.C.; et al. Regulatory T cells in skin facilitate epithelial stem cell differentiation. Cell 2017,
169, 1119–1129. [CrossRef]

77. Gaur, M.; Dobke, M.; Lunyak, V. Mesenchymal stem cells from adipose tissue in clinical applications for
dermatological indications and skin aging. Int. J. Mol. Sci. 2017, 18. [CrossRef]

78. Lee, P.; Sadick, N.S.; Diwan, A.H.; Zhang, P.S.; Liu, J.S.; Prieto, V.G.; Zhu, C.-C.; Zhu, C. Expression of
androgen receptor coactivator ARA70/ELE1 in androgenic alopecia. J. Cutan. Pathol. 2005, 32, 567–571.
[CrossRef]

79. Gentile, P.; Scioli, M.G.; Bielli, A.; Cervelli, V. Concise Review: The Use of Adipose-Derived Stromal
Vascular Fraction Cells and Platelet Rich Plasma in Regenerative Plastic Surgery. Stem Cells 2017, 35, 117–134.
[CrossRef]

80. Huang, C.-F.; Chang, Y.-J.; Hsueh, Y.-Y.; Huang, C.-W.; Wang, D.-H.; Huang, T.-C.; Wu, Y.-T.; Su, F.-C.;
Hughes, M.; Chuong, C.-M.; et al. Assembling composite dermal papilla spheres with adipose-derived stem
cells to enhance hair follicle induction. Sci. Rep. 2016, 6, 2016.

81. Yang, Y.; Choi, H.; Seon, M.; Cho, D.; Bang, S.I. LL-37 stimulates the functions of adipose-derived stromal/stem
cells via early growth response 1 and the MAPK pathway. Stem Cell Res. Ther. 2016, 7, 58. [CrossRef]

82. Kang, B.M.; Kwack, M.H.; Kim, M.K.; Kim, J.C.; Sung, Y.K. Sphere formation increases the ability of cultured
human dermal papilla cells to induce hair follicles from mouse epidermal cells in a reconstitution assay.
J. Invest. Dermatol. 2012, 132, 237–239. [CrossRef]

http://dx.doi.org/10.2174/1574888X12666170504120244
http://www.ncbi.nlm.nih.gov/pubmed/28474542
http://dx.doi.org/10.1016/j.jdermsci.2009.10.013
http://dx.doi.org/10.1097/SAP.0b013e31819ae05c
http://dx.doi.org/10.1038/nnano.2011.101
http://dx.doi.org/10.1016/j.biomaterials.2010.03.006
http://dx.doi.org/10.1038/nature06457
http://www.ncbi.nlm.nih.gov/pubmed/18202659
http://dx.doi.org/10.1002/stem.2696
http://dx.doi.org/10.1016/j.stem.2010.07.007
http://dx.doi.org/10.1038/nm.3181
http://dx.doi.org/10.1371/journal.pbio.1002002
http://dx.doi.org/10.1083/jcb.200611015
http://dx.doi.org/10.1016/j.cell.2017.05.002
http://dx.doi.org/10.3390/ijms18010208
http://dx.doi.org/10.1111/j.0303-6987.2005.00397.x
http://dx.doi.org/10.1002/stem.2498
http://dx.doi.org/10.1186/s13287-016-0313-4
http://dx.doi.org/10.1038/jid.2011.250


Cells 2019, 8, 466 19 of 21

83. Seo, C.H.; Kwack, M.H.; Lee, S.-H.; Kim, M.K.; Kim, J.C.; Sung, Y.K. Poor capability of 3D-cultured
adipose-derived stem cells to induce hair follicles in contrast to 3D-cultured dermal papilla cells. Ann. Dermatol.
2016, 28, 662–665. [CrossRef] [PubMed]

84. Ramdasi, S.; Tiwari, S.K. Human mesenchymal stem cell-derived conditioned media for hair regeneration
applications. J. Stem Cells 2016, 11, 201–211.

85. Misago, N.; Toda, S.; Sugihara, H.; Kohda, H.; Narisawa, Y. Proliferation and differentiation of organoid
hair follicle cells co-cultured with fat cells in collagen gel matrix culture. Br. J. Dermatol. 1998, 139, 40–48.
[CrossRef]

86. Jong, M.C.; Gijbels, M.J.; E Dahlmans, V.; Gorp, P.J.; Koopman, S.J.; Ponec, M.; Hofker, M.H.; Havekes, L.M.
Hyperlipidemia and cutaneous abnormalities in transgenic mice overexpressing human apolipoprotein C1.
J. Clin. Invest. 1998, 101, 145–152. [CrossRef]

87. Park, B.-S.; Kim, W.-S.; Choi, J.-S.; Kim, H.-K.; Won, J.-H.; Ohkubo, F.; Fukuoka, H. Hair growth stimulated by
conditioned medium of adipose-derived stem cells is enhanced by hypoxia: Evidence of increased growth
factor secretion. BioMed Res. Int. 2010, 31, 34. [CrossRef]

88. Metcalf, K.B.; Mandelbaum, B.R.; McIlwraith, C.W. Application of Platelet-Rich Plasma to Disorders of the
Knee Joint. Cartilage 2013, 4, 295–312. [CrossRef]

89. Dhurat, R.; Sukesh, M. Principles and Methods of Preparation of Platelet-Rich Plasma: A Review and
Author’s Perspective. J. Cutan. Aesthet. Surg. 2014, 7, 189–197. [CrossRef] [PubMed]

90. Gobbi, A.; Karnatzikos, G.; Mahajan, V.; Malchira, S. Platelet-rich plasma treatment in symptomatic patients
with knee osteoarthritis: Preliminary results in a group of active patients. Sports Health 2012, 4, 162–172.
[CrossRef] [PubMed]

91. Oh, J.H.; Kim, W.; Roh, Y.H.; Park, K.U. Comparison of the Cellular Composition and Cytokine-Release
Kinetics of Various Platelet-Rich Plasma Preparations. Am. J. Sports Med. 2015, 43, 3062–3070. [CrossRef]

92. Afifi, L.; Maranda, E.L.; Zarei, M.; Delcanto, G.M.; Falto-Aizpurua, L.; Kluijfhout, W.P.; Jimenez, J.J. Low-level
laser therapy as a treatment for androgenetic alopecia. Lasers Surg. Med. 2017, 49, 27–39. [CrossRef]
[PubMed]

93. Jones, M.E.; Hardy, C.; Ridgway, J. Keloid management: A retrospective case review on a new approach using
surgical excision, platelet-rich plasma, and in-office superficial photon X-ray radiation therapy. Adv. Skin
Wound Care 2016, 29, 303–307. [CrossRef]

94. Naik, A.R.; Ramesh, A.V.; Dwarkanath, C.D.; Naik, M.S.; Chinnappa, A.B. Use of autologous platelet rich
plasma to treat gingival recession in esthetic periodontal surgery. J. Indian Soc. Periodontol. 2013, 17, 345–353.
[CrossRef] [PubMed]

95. Cervelli, V.; Lucarini, L.; Spallone, D.; Palla, L.; Colicchia, G.M.; Gentile, P.; De Angelis, B. Use of platelet-rich
plasma and hyaluronic acid in the loss of substance with bone exposure. Adv. Skin Wound Care 2011, 24,
176–181. [CrossRef]

96. Nicoli, F.; Balzani, A.; Lazzeri, D.; Gentile, P.; Chilgar, R.M.; Di Pasquali, C.; Nicoli, M.; Bocchini, I.;
Agovino, A.; Cervelli, V. Severe hidradenitis suppurativa treatment using platelet-rich plasma gel and
Hyalomatrix. Int. Wound J. 2015, 12, 338–343. [CrossRef]

97. Klosova, H.; Stetinsky, J.; Bryjová, I.; Hledík, S.; Klein, L. Objective evaluation of the effect of autologous
platelet concentrate on post-operative scarring in deep burns. Burns 2013, 39, 1263–1276. [CrossRef]

98. Motolese, A.; Vignati, F.; Antelmi, A.; Satumi, V. Effectiveness of platelet-rich plasma in healing necrobiosis
lipoidica diabeticorum ulcers. Clin. Exp. Dermatol. 2015, 40, 39–41. [CrossRef]

99. Gawdat, H.I.; Hegazy, R.A.; Fawzy, M.M.; Fathy, M. Autologous platelet rich plasma: Topical versus
intradermal after fractional ablative carbon dioxide laser treatment of atrophic acne scars. Dermatol. Surg.
2014, 40, 152–161. [CrossRef] [PubMed]

100. Zucker, M.B.; Nachmias, V.T. Platelet activation. Arteriosclerosis 1985, 5, 2–18. [CrossRef] [PubMed]
101. Uebel, C.O.; da Silva, J.B.; Cantarelli, D.; Martins, P. The role of platelet plasma growth factors in male pattern

baldness surgery. Plast. Reconstr. Surg. 2006, 118, 1458–1466. [CrossRef] [PubMed]
102. Cervelli, V.; Garcovich, S.; Bielli, A.; Cervelli, G.; Curcio, B.C.; Scioli, M.G.; Orlandi, A.; Gentile, P. The

effect of autologous activated platelet rich plasma (AA-PRP) injection on pattern hair loss: Clinical and
histomorphometric evaluation. BioMed Res. Int. 2014, 2014, 760709. [CrossRef]

http://dx.doi.org/10.5021/ad.2016.28.5.662
http://www.ncbi.nlm.nih.gov/pubmed/27746657
http://dx.doi.org/10.1046/j.1365-2133.1998.02312.x
http://dx.doi.org/10.1172/JCI791
http://dx.doi.org/10.2220/biomedres.31.27
http://dx.doi.org/10.1177/1947603513487553
http://dx.doi.org/10.4103/0974-2077.150734
http://www.ncbi.nlm.nih.gov/pubmed/25722595
http://dx.doi.org/10.1177/1941738111431801
http://www.ncbi.nlm.nih.gov/pubmed/23016084
http://dx.doi.org/10.1177/0363546515608481
http://dx.doi.org/10.1002/lsm.22512
http://www.ncbi.nlm.nih.gov/pubmed/27114071
http://dx.doi.org/10.1097/01.ASW.0000482993.64811.74
http://dx.doi.org/10.4103/0972-124X.115665
http://www.ncbi.nlm.nih.gov/pubmed/24049336
http://dx.doi.org/10.1097/01.ASW.0000396302.05959.d3
http://dx.doi.org/10.1111/iwj.12117
http://dx.doi.org/10.1016/j.burns.2013.01.020
http://dx.doi.org/10.1111/ced.12474
http://dx.doi.org/10.1111/dsu.12392
http://www.ncbi.nlm.nih.gov/pubmed/24354616
http://dx.doi.org/10.1161/01.ATV.5.1.2
http://www.ncbi.nlm.nih.gov/pubmed/2981527
http://dx.doi.org/10.1097/01.prs.0000239560.29172.33
http://www.ncbi.nlm.nih.gov/pubmed/17051119
http://dx.doi.org/10.1155/2014/760709


Cells 2019, 8, 466 20 of 21

103. Gkini, M.A.; Kouskoukis, A.E.; Tripsianis, G.; Rigopoulos, D.; Kouskoukis, K. Study of platelet-rich plasma
injections in the treatment of androgenetic alopecia through a one-year period. J. Cutan. Aesthet. Surg. 2014,
7, 213–219. [CrossRef]

104. Hodak, E.; Gottlieb, A.B.; Anzilotti, M.; Krueger, J.G. The insulin-like growth factor 1 receptor is expressed
by epithelial cells with proliferative potential in human epidermis and skin appendages: Correlation of
increased expression with epidermal hyperplasia. J. Investig. Dermatol. 1996, 106, 564–570. [CrossRef]
[PubMed]

105. Ristow, H.J.; Messmer, T.O. Basic fibroblast growth-factor and insulin-like growth factor-I are strong mitogens
for cultured mouse keratinocytes. J. Cell Physiol. 1988, 137, 277–284. [CrossRef]

106. Matsumoto, K.; Hashimoto, K.; Hashiro, M.; Yoshimasa, H.; Yoshikawa, K. Modulation of growth and
differentiation in normal human keratinocytes by transforming growth-factor-beta. J. Cell Physiol. 1990, 145,
95–101. [CrossRef] [PubMed]

107. Shipley, G.D.; Pittelkow, M.R.; Wille, J.J.; E Scott, R.; Moses, H.L. Reversible inhibition of normal human
prokeratinocyte proliferation by type-beta transforming growth factor-growth inhibitor in serum-free
medium. Cancer Res. 1986, 46, 2068–2071.

108. Born, G.V.R. Aggregation of blood platelets by adenosine diphosphate and its reversal. Nature 1962, 194,
927–929. [CrossRef] [PubMed]

109. Kiso, M.; Hamazaki, T.S.; Itoh, M.; Kikuchi, S.; Nakagawa, H.; Okochi, H. Synergistic effect of PDGF and
FGF2 for cell proliferation and hair inductive activity in murine vibrissal dermal papilla in vitro. J. Dermatol.
Sci. 2015, 79, 110–118. [CrossRef]

110. Pierce, G.F.; A Mustoe, T.; Lingelbach, J.; Masakowski, V.R.; Griffin, G.L.; Senior, R.M.; Deuel, T.F.
Platelet-derived growth-factor and transforming growth factor-beta enhance tissue-repair activities by
unique mechanisms. J. Cell Biol. 1989, 109, 429–440. [CrossRef] [PubMed]

111. Li, Z.J.; Choi, H.-I.; Choi, D.-K.; Sohn, K.-C.; Seo, Y.-J.; Lee, J.-H.; Lee, Y.; Choi, H.; Sohn, K.; Im, M.; et al.
Autologous platelet-rich plasma: A potential therapeutic tool for promoting hair growth. Dermatol. Surg.
2012, 38, 1040–1046. [CrossRef]

112. Robinson, M.J.; Cobb, M.H. Mitogen-activated protein kinase pathways. Curr. Opin. Cell Biol. 1997, 9,
180–186. [CrossRef]

113. Lichtenberger, B.M.; Mastrogiannaki, M.; Watt, F.M. Epidermal β -catenin activation remodels the dermis via
paracrine signalling to distinct fibroblast lineages. Nat. Commun. 2016, 7, 1–13. [CrossRef] [PubMed]

114. Ahmad, S.; Singh, N.; Glazer, R.I. Role of AKT1 in 17 β -estradiol-and insulin-like growth factor 1
(IGF-1)-dependent proliferation and prevention of apoptosis in MCF-7 breast carcinoma cells. Biochem.
Pharmacol. 1999, 58, 425–430. [CrossRef]

115. Yang, J.; Zhao, S.L.; Yang, X.L.; Zhang, H.; Zheng, P.; Wu, H. Inhibition of B-cell apoptosis is mediated
through increased expression of Bcl-2 in patients with rheumatoid arthritis. Int. J. Rheum. Dis. 2016, 19,
134–140. [CrossRef] [PubMed]

116. Gentile, P.; Garcovich, S.; Scioli, M.G.; Bielli, A.; Orlandi, A.; Cervelli, V. Mechanical and Controlled PRP
Injections in Patients Affected by Androgenetic Alopecia. J. Vis. Exp. 2018, 27, 131. [CrossRef]

117. Hamberg, M.; Svensson, J.; Samuelsson, B. Thromboxanes—New group of biologically-active compounds
derived from prostaglandin endoperoxides. Proc. Natl. Acad. Sci. USA 1975, 72, 2994–2998. [CrossRef]

118. Liu, X.; Bai, T.; Li, M.; Li, L.; Chi, G.; Liu, J.Y.; Zhang, X.; Wang, Y.; Gao, Y.; Xu, H.; et al. Maintenance of high
proliferation and multipotent potential of human hair follicle-derived mesenchymal stem cells by growth
factors. Int. J. Mol. Med. 2013, 31, 913–921.

119. Yu, H.; Fang, D.; Kumar, S.M.; Li, L.; Nguyen, T.K.; Acs, G.; Herlyn, M.; Xu, X. Isolation of a novel population
of multipotent adult stem cells from human hair follicles. Am. J. Pathol. 2006, 168, 1879–1888. [CrossRef]

120. Cotsarelis, G.; Sun, T.T.; Lavker, R.M. Label-retaining cells reside in the bulge area of pilosebaceous unit:
Implications for follicular stem cells, hair cycle, and skin carcinogenesis. Cell 1990, 61, 1329–1337. [CrossRef]

121. Tumbar, T.; Guasch, G.; Greco, V.; Blanpain, C.; Lowry, W.E.; Rendl, M.; Fuchs, E. Defining the epithelial stem
cell niche in skin. Science 2004, 303, 359–363. [CrossRef] [PubMed]

122. Morris, R.J.; Liu, Y.; Marles, L.; Yang, Z.; Trempus, C.; Li, S.; Lin, J.S.; A Sawicki, J.; Cotsarelis, G. Capturing
and profiling adult hair follicle stem cells. Nat. Biotechnol. 2004, 22, 411–417. [CrossRef] [PubMed]

123. Taylor, G.; Lehrer, M.S.; Jensen, P.J.; Sun, T.-T.; Lavker, R.M. Involvement of follicular stem cells in forming
not only the follicle but also the epidermis. Cell 2000, 102, 451–461. [CrossRef]

http://dx.doi.org/10.4103/0974-2077.150743
http://dx.doi.org/10.1111/1523-1747.ep12344044
http://www.ncbi.nlm.nih.gov/pubmed/8648195
http://dx.doi.org/10.1002/jcp.1041370210
http://dx.doi.org/10.1002/jcp.1041450114
http://www.ncbi.nlm.nih.gov/pubmed/2211846
http://dx.doi.org/10.1038/194927b0
http://www.ncbi.nlm.nih.gov/pubmed/13871375
http://dx.doi.org/10.1016/j.jdermsci.2015.04.007
http://dx.doi.org/10.1083/jcb.109.1.429
http://www.ncbi.nlm.nih.gov/pubmed/2745556
http://dx.doi.org/10.1111/j.1524-4725.2012.02394.x
http://dx.doi.org/10.1016/S0955-0674(97)80061-0
http://dx.doi.org/10.1038/ncomms10537
http://www.ncbi.nlm.nih.gov/pubmed/26837596
http://dx.doi.org/10.1016/S0006-2952(99)00125-2
http://dx.doi.org/10.1111/1756-185X.12706
http://www.ncbi.nlm.nih.gov/pubmed/26176566
http://dx.doi.org/10.3791/56406
http://dx.doi.org/10.1073/pnas.72.8.2994
http://dx.doi.org/10.2353/ajpath.2006.051170
http://dx.doi.org/10.1016/0092-8674(90)90696-C
http://dx.doi.org/10.1126/science.1092436
http://www.ncbi.nlm.nih.gov/pubmed/14671312
http://dx.doi.org/10.1038/nbt950
http://www.ncbi.nlm.nih.gov/pubmed/15024388
http://dx.doi.org/10.1016/S0092-8674(00)00050-7


Cells 2019, 8, 466 21 of 21

124. Pesce, M.; Scholer, H.R. Oct-4: Gatekeeper in the beginnings of mammalian development. Stem Cells 2001,
19, 271–278. [CrossRef] [PubMed]

125. Alonso, L.; Fuchs, E. The hair cycle. J. Cell Sci. 2006, 119, 391–393. [CrossRef]
126. Blanpain, C.; Lowry, W.E.; Geoghegan, A.; Polak, L.; Fuchs, E. Self-renewal, multipotency, and the existence

of two cell populations within an epithelial stem cell niche. Cell 2004, 118, 635–648. [CrossRef]
127. Botchkarev, V.A.; Kishimoto, J. Molecular control of epithelial-mesenchymal interactions during hair follicle

cycling. J. Investig. Dermatol. Symp. Proc. 2003, 8, 46–55. [CrossRef]
128. Roh, C.; Tao, Q.; Lyle, S. Dermal papilla-induced hair differentiation of adult epithelial stem cells from human

skin. Physiol. Genet. 2004, 19, 207–217. [CrossRef] [PubMed]
129. Hsu, Y.C.; Pasolli, H.A.; Fuchs, E. Dynamics between stem cells, niche, and progeny in the hair follicle. Cell

2011, 144, 92–105. [CrossRef]
130. Reynolds, A.J.; Lawrence, C.; Cserhalmi-Friedman, P.B.; Christiano, A.M.; Jahoda, C.A.B. Trans-gender

induction of hair follicles. Nature 1999, 402, 33–34. [CrossRef]
131. Jahoda, C.A. Induction of follicle formation and hair growth by vibrissa dermal papillae implanted into rat

ear wounds: Vibrissa-type fibres are specified. Development 1992, 115, 1103–1109.
132. Kalabusheva, E.; Terskikh, V.; Vorotelyak, E. Hair Germ Model In Vitro via Human Postnatal

Keratinocyte-Dermal Papilla Interactions: Impact of Hyaluronic Acid. Stem Cells Int. 2017, 2017. [CrossRef]
133. Talavera-Adame, D.; Newman, D.; Newman, D. Conventional and novel stem cell-based therapies for

androgenic alopecia. Stem Cells Cloning 2017, 10, 11–19. [CrossRef] [PubMed]
134. Tsai, S.Y.; Sennett, R.; Rezza, A.; Clavel, C.; Grisanti, L.; Zemla, R.; Najam, S.; Rendl, M. Wnt/β-catenin

signaling in dermal condensates is required for hair follicle formation. Dev. Biol. 2014, 385, 179–188.
[CrossRef]

135. Huelsken, J.; Vogel, R.; Erdmann, B.; Cotsarelis, G.; Birchmeier, W. Beta-Catenin controls hair follicle
morphogenesis and stem cell differentiation in the skin. Cell 2001, 105, 533–545. [CrossRef]

136. Pirastu, N.; Joshi, P.K.; De Vries, P.S.; Cornelis, M.C.; McKeigue, P.M.; Keum, N.; Franceschini, N.; Colombo, M.;
Giovannucci, E.L.; Spiliopoulou, A.; et al. GWAS for male-pattern baldness identifies 71 susceptibility loci
explaining 38% of the risk. Nat. Commun. 2017, 8, 1584. [CrossRef]

137. Richardson, S.M.; Kalamegam, G.; Pushparaj, P.N.; Matta, C.; Memic, A.; Khademhosseini, A.; Mobasheri, R.;
Poletti, F.L.; Hoyland, J.A.; Mobasheri, A. Mesenchymal stem cells in regenerative medicine: Focus on
articular cartilage and intervertebral disc regeneration. Methods 2016, 99, 69–80. [CrossRef]

138. Sabapathy, V.; Sundaram, B.; Vm, S.; Mankuzhy, P.; Kumar, S. Human Wharton’s jelly mesenchymal stem cells
plasticity augments scar-free skin wound healing with hair growth. PLoS ONE 2014, 9, e93726. [CrossRef]

139. Wang, Q.; Yang, Q.; Wang, Z.; Tong, H.; Ma, L.; Zhang, Y.; Shan, F.; Meng, Y.; Yuan, Z. Comparative analysis
of human mesenchymal stem cells from fetal-bone marrow, adipose tissue, and Warton’s jelly as sources of
cell immunomodulatory therapy. Hum. Vaccines Immunother. 2015, 12, 85–96. [CrossRef] [PubMed]

140. Jadalannagari, S.; Converse, G.; McFall, C.; Buse, E.; Filla, M.; Villar, M.T.; Artigues, A.; Mellot, A.J.; Wang, J.;
Detamore, M.S.; et al. Decellularized Wharton’s jelly from human umbilical cord as a novel 3D scaffolding
material for tissue engineering applications. PLoS ONE 2017, 12, e0172098. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1634/stemcells.19-4-271
http://www.ncbi.nlm.nih.gov/pubmed/11463946
http://dx.doi.org/10.1242/jcs.02793
http://dx.doi.org/10.1016/j.cell.2004.08.012
http://dx.doi.org/10.1046/j.1523-1747.2003.12171.x
http://dx.doi.org/10.1152/physiolgenomics.00134.2004
http://www.ncbi.nlm.nih.gov/pubmed/15292489
http://dx.doi.org/10.1016/j.cell.2010.11.049
http://dx.doi.org/10.1038/46938
http://dx.doi.org/10.1155/2017/9271869
http://dx.doi.org/10.2147/SCCAA.S138150
http://www.ncbi.nlm.nih.gov/pubmed/28979149
http://dx.doi.org/10.1016/j.ydbio.2013.11.023
http://dx.doi.org/10.1016/S0092-8674(01)00336-1
http://dx.doi.org/10.1038/s41467-017-01490-8
http://dx.doi.org/10.1016/j.ymeth.2015.09.015
http://dx.doi.org/10.1371/journal.pone.0093726
http://dx.doi.org/10.1080/21645515.2015.1030549
http://www.ncbi.nlm.nih.gov/pubmed/26186552
http://dx.doi.org/10.1371/journal.pone.0172098
http://www.ncbi.nlm.nih.gov/pubmed/28222169
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.



	Introduction 
	Experimental Section 
	Rules and EMA/CAT Recommendations 
	Bio-Molecular Pathway of Stem Cells and Growth Factors that Improve Hair Re-Growth 
	Clinical Study Overview and Patients 
	Preparation of Autologous Micro-Grafts Suspension 
	A-PRP Preparation and Delivery 
	Mechanical and Controlled Injection (MCI) of Autologous Suspension and Study Design 
	Evaluation of Hair Re-Growth 
	Statistical Analysis 


	Results 
	PRP Clinical Results 
	Micrografts Clinical Results 

	Discussion 
	Conclusions 
	References
	Introduction
	Materials and Methods
	Design and Setting
	Population
	Procedure
	Baseline Assessment
	Autologous Cellular Micrografts (ACM) Procedure
	Follow Up and Outcomes

	Ethical Considerations
	Statistical Methods

	Results
	Baseline Demographic and Clinical Characteristics
	Efficacy of Autologous Cellular Micrografts in the Total Population
	Absolute Change
	Adjusted Relative Change
	ACI and the Cosmetic Effect
	Effect Size in Favorable Responders

	Efficacy by Gender
	In Females
	In Males


	Discussion
	Summary of Findings
	Pathophysiological Basis of ACM Mechanisms of Action
	Reports on Efficacy of ACM in AGA
	Efficacy of ACM by Gender
	Pixel-Based Representation of Cosmetic Effect
	Limitations

	Conclusion
	Abbreviations
	Data Sharing Statement
	Acknowledgment
	Funding
	Disclosure
	References
	Adipose Derived Stem Cells and Growth Factors Applied on Hair Transplantation. Follow-Up of Clinical Outcome
	Abstract
	Keywords
	1. Background
	2. Aim
	3. Methods
	3.1. Subjects
	3.2. Cellular Suspension Obtainment

	4. FACS
	5. Results
	5.1. Cell Suspension Analysis
	5.2. Patient’s Follow-Up
	5.3. Patient’s Impressions

	6. Discussion
	References
	Page 1
	Page 2
	Abstract
	Introduction
	Results and discussion
	Additional file
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	References
	Introduction 
	Hair Loss and Androgenic Alopecia: Bio-Molecular Pathway Disorder 
	SCs Use in HF Regeneration 
	FDA and European Rules Regarding Use of Adipose Derived-Stromal Vascular Cells (AD-SVFs) and Human Follicle Mesenchymal Stem Cells (HF-MSCs) 
	EMA/CAT Recommendations on Minimal Manipulation 
	Italian Rules Regarding Platelet-Rich Plasma Use 

	Cell and Growth Factor Sources 
	Clinical Intra-Surgical Applications of AD-SVFs in Hair Loss and Androgenic Alopecia 
	AD-SVFs Regenerative Mechanisms 
	Adipose Tissue, Adipocyte, and AD-SVFs Potential Roles in Hair Loss 

	Clinical Intra-Surgical Application of PRP in HL and AGA 
	Clinical Intra-Surgical Application of HFSCs in Hair Loss and Androgenic Alopecia 
	Studies on Using Stem Cells from Wharton’s Jelly 
	Concluding Remarks 
	References

