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more pro-inflammatory than HAS. The presence of pro-inflammatory cytokines could further enhance
inflammation in injured tissues. Further benefits of using HAS instead of EDTA PRP is the better cell
proliferative effect on mesenchymal stem cells, osteoblasts, and osteoarthritic chondrocytes than EDTA
PRP based on our previous results [32,34,35].

4. Materials and Methods

4.1. Isolation of Blood Derivates

Blood samples were obtained from healthy donors of both genders aged 2445 years under IRB
approval (IRB approval number 33106-1/2016/EKU, 12.07.2016.). The preparation method of serum,
hyperacute serum, plasma and platelet-rich plasma is shown in Figures 5-8.

Figure 5. For serum isolation, whole blood was obtained from donors in VACUETTE® 9mL Z Serum
C/ A tubes (Greiner Bio-One, Kremsmiinster, Austria). Blood was allowed to clot for 30 min (a) and
centrifuged at 1710 g for 5 min at room temperature (b). The supernatant formed after centrifugation
is called serum (c,d).

Figure 6. For hyperacute serum isolation, a whole blood sample was obtained from healthy donors
(2845 years) in VACUETTE® 9 mL Z Serum C/A tubes (Greiner Bio-One) (a) and it was immediately
centrifuged at 1710 g for 5 min at room temperature (b). After centrifugation two layers were formed
in the tubes. The top layer was the platelet-rich fibrin clot and the bottom layer contains red blood cells
(c). PRF (platelet-rich fibrin) as removed using sterile forceps in a biosafety cabinet (d), red blood cells
at the bottom of the fibrin clot were cut away (e) and the clot was placed onto a 110 mm long, 75 mm
wide custom-made plastic grid with 5 mm diameter holes on it. It was sterilized in an autoclave before
use (f). The hyperacute serum was squeezed out from the PRF clot using a sterile spatula (g,h) [24].
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Figure 7. For PRP isolation, whole blood was obtained from donors in VACUETTE® 9 mL K3 EDTA
blood collection tubes (Greiner Bio-One) and VACUTTE 3.5 mL sodium citrate 3.2% blood collection
tubes (Greiner Bio-One) (a) then centrifuged at 1710x g for 5 min at room temperature (b). The
supernatant formed after centrifugation is called plasma (c,d).
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Figure 8. For PRP isolation, whole blood was obtained from donors in VACUETTE® 9 mL K3 EDTA
blood collection tubes (Greiner Bio-One) and VACUTTE 3.5 mL sodium citrate 3.2% blood collection
tubes (Greiner Bio-One) (a) then centrifuged at 320 g for 12 min at room temperature (b). The
platelet-rich layer above the buffy coat was aspirated and transferred into a 15mL tube (c,d) and
centrifuged at 1710x g for 10 minutes (e). The resulting platelet pellet was resuspended in the same
volume as the isolated hyperacute serum from the same donor (f). PRP was activated by 10 IU thrombin
and 10 mg calcium-chloride (Sigma-Aldrich, St. Louis, MO, USA) in case of both EDTA and citrate
tubes (g,h).

4.2. Laboratory Testing of Blood Derivates

A Sysmex XN-1000 Sa-01 cell counter was used for the quantitative determination of red blood
cells, leukocytes and platelet number in the serum and plasma fractions. The concentration of ions,
that may interfere with EDTA and sodium citrate (calcium, magnesium, copper, zinc, iron, sodium,
phosphate, and potassium) and the activity of ALP enzymes were measured using a Beckman Coulter
AUS5800 automated laboratory machine (1 = 4).

4.3. Comprehensive Protein Analysis

In order to quantify the cytokine and angiogenesis-related protein content of EDTA PRP and
plasma serum a HAS Proteome Profiler Human Angiogenesis Array Kit (55 protein, R&D Systems,
#ARY007) (R&D Systems Inc., Minneapolis, MN, USA) [35] and Proteome Profiler Human XL Cytokine
Array Kit (102 protein R&D Systems, #ARY022) were used according to the manufacturer’s instructions.
Some cytokines were included in both the Proteome Profiler Human Angiogenesis Array Kit and
Proteome Profiler Human XL Cytokine Array Kit, in these cases we used the mean of the results.
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In total, 138 different cytokines were measured by the two different kits. Proteome Profiler individual
protein levels were measured as spot intensities on the blots using Fiji Image J 1.47 (South Bend, IN,
USA) and Adobe Photoshop CC 2015.5 software (San Jose, CA, USA). The results were expressed in %
compared to the arbitrary unit of the highest AU value, which belonged to ANG. Thus, the combined
protein level of ANG among the samples was considered to be 100% (1 = 8).

4.4. Quantitative Protein Measurement by Multiplex Immunoassay and ELISA Assays

The key proteins, where clear differences were found during the proteome profiler measurements,
were quantified using custom Human Magnetic Luminex Assay (CHI3L1, C5a, EGF, CD40L, VEGE,
CRP, II-17a, Osteopontin, Angiopoetin, IL-1RA, EMMPRIN, Lipocalin-2, Pentraxin-3, PDGF-AA,
PDGEF-BB) (R&D Systems Inc.) or ELISA assays (MPO, ALCAM, CD97, C1qR1, TGF-beta, Fibrinogen,
Thrombospondin-1, CXCL-5) (Abcam, Cambridge, UK) (1 = 8)

4.5. Statistical Analysis

One-way analysis of variance (ANOVA) was performed with a Tukey post hoc test to compare
differences between the groups. The significance level was p > 0.05, where * means that p is between
0.01 and 0.05, ** means that p is between 0.01 and 0.001, and *** means that p is lower than 0.001. Prism
7 software (Irvine, CA, USA) was used for statistical analysis. Data are presented as mean 4 SEM.

5. Conclusions

General trends can be observed in the composition changes of the blood products that were
investigated. These trends are based on the characteristics of the additives and the steps of the
production methods. For the preparation of PRPs calcium-chloride, thrombin, citrate or EDTA is
added, which has a negative effect on the composition of these blood products. The exact mechanism
of HAS on cells is not regenerative, only acts as a supplement but with the use of HAS the negative
effects originating from the PRP’s preparation methods can be circumvented, while maintaining the
beneficial influence of PRP on cells and tissues in vitro. Our further aims include comparing the effect
of HAS, EDTA and citrate PRP in clinical studies, whicht can be differ from the in vitro results.

Abbreviations
ALCAM activated leukocyte cell adhesion molecule
ALP alkaline phosphatase
CD40L cluster of differentiation 40 ligand
CD97 cluster of differentiation 97
CHI3L1 chitinase 3-like protein 1
CRP C-reactive protein
CXCL-5 chemokine (C-X-C motif) ligand 5
ClgR1 complement component 1 Q subcomponent receptor 1
Cbha complement component 5a
EDTA ethylenediaminetetraacetic acid
EGF epidermal growth factor
EMMPRIN extracellular matrix metalloproteinase inducer
ELISA enzyme-linked immunosorbent assay
HAS hyperacute serum
IL-17 interleukin-17
IL-1IRA interleukin-1 receptor antagonist
MSC mesenchymal stem cell
TGEF-beta transforming growth factor beta
PDGF-AA platelet-derived growth factor AA
PDGEF-BB platelet-derived growth factor BB
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PRF platelet-rich fibrin

PRP platelet-rich plasma

SPRF serum from platelet-rich fibrin
VEGF vascular endothelial growth factor
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Abstract: Platelet rich plasma (PRP) is blood plasma with a platelet concentration above baseline.
When activated, PRP releases growth factors involved in all stages of wound healing, potentially
boosting the healing process. To expand our knowledge of the effectiveness of PRP, it is crucial
to know the content and composition of PRP products. In this study, growth factor quantification
measurements of PRP from burn patients and gender- and age-matched controls were performed.
The PRP of burn patients showed levels of growth factors comparable to those of the PRP of
healthy volunteers. Considerable intra-individual variation in growth factor content was found.
However, a correlation was found between the platelet count of the PRP and most of the growth
factors measured.

Keywords: platelets; burns; growth factors; platelet rich plasma; quantification

1. Introduction

Platelet rich plasma (PRP) is produced from blood plasma, and results in a platelet concentration
above baseline. When PRP is activated, platelets release their growth factors, such as platelet-derived
growth factor (PDGF), fibroblast growth factor (FGF), transforming growth factor 3 (TGF-3), epidermal
growth factor (EGF), and vascular endothelial growth factor (VEGF). These growth factors are involved
in all stages of wound healing. Improved wound healing qualities have been attributed to PRP, by the
multitude of growth factors delivered to a wound [1].

There are numerous types of PRP products and preparation methods. An even larger number
of different application areas exist, varying from sports medicine and orthopedics to chronic and
acute wounds, as well as aesthetic applications. These are described in an extensive body of
literature; however, most studies advocating the use of PRP comprise case reports and patient cohorts.
Randomized controlled trials are rare, and systematic reviews repeatedly fail to show strong conclusive
evidence of the effects of PRP [1-3]. This could be partly due to the great variability of PRP products,
namely, variability in preparation protocols; different composition (with/without leukocytes and
fibrin content); variability in platelet baseline count and PRP yield, growth factor content per platelet;
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and finally activation and application methods. Furthermore, for all the different applications, the most
desirable number of platelets and amount of growth factors that should be used are unknown.

Recently, a new classification system for PRP was proposed by Harrison et al., in an effort to
systematize studies done on PRP [4]. This paper also emphasizes the importance of quality control of
the platelet preparations. To expand our knowledge of the effectiveness of PRP, it is essential to know
the content and composition of the PRP products. Growth factor quantification still seems the best
type of quality control of PRP, since platelet count and growth factor quantification do not appear to
correlate in a consistent way [5,6]. A recent systematic review of commercial PRP separation systems
showed a large heterogeneity in the concentrations of platelets, leukocytes, and growth factors [7].
One of the inclusion criteria of this systematic review was that the studies had to investigate ‘healthy
volunteers.” This is somewhat curious, because autologous PRP is mostly applied in patients and not
healthy volunteers. An extensive search of the literature was carried out; however, we could not find
studies describing the quantification of PRP content in actual patients.

In burn patients, the use of PRP has been ascribed potential positive effects on burn wound
healing [1,8]. The current study was part of a recent randomized trial, which failed to show significant
added value of PRP in acute burns [9]. In addition to the variables in PRP in general described
above, a few more can be added for burn injury. Burn injury has a severe impact on the internal
physiology of patients [10], and platelet counts show a distinct pattern post-burn injury, with a nadir
at day 3, a peak around day 14, followed by a gradual return to normal values [11], thus affecting
the baseline platelet count from which the PRP is produced. Since platelets are the core ingredient of
PREP, it is crucial to know if and how the quality of the PRP could be affected by the burn injury. In a
recent study, it was found that the platelets in burn patients were not overly activated and remained
functional and not deprived of growth factors; however, this was tested in platelets in whole blood
samples [12]. The current study investigated the quality of PRP, classified as L-PRPIIB-1 according to
the new classification system, which implicates leukocyte-rich PRP, activated before application (II),
with a mean platelet count between 900-1700 (B), and prepared with a gravitational centrifugation
technique (1) [4], from burn patients compared with age and gender matched healthy controls.

2. Results

2.1. Demographics and Hematology

The demographics and hematology results are listed in Table 1. By chance, the patients included
were sampled on longitudinal days post-burn injury (Figure 1). The platelet counts follow the known
time course post-burn injury as has been described, with only patient 3 still having a lower count than
expected. A possible explanation could be that this patient suffered the largest burn [11].
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2.2. Platelet Concentration Ratio

The mean ratio of platelet concentration from whole blood platelet to PRP was 4.44 (SD1.04 range:
2.5 to 5.9) (Figure 1). There was no difference between patients and volunteers, 4.7 vs. 4.2 respectively
(p = 0.78 Mann-Whitney Test).

[Jwhole blood
Patient Volunteer .PRP

25004
20004
1500+
1000-]
500 I
3 4 5
6 10 13 17

Platelet count x 10 3/pL

1 2 3 4 5

1 2
Post burnday 3

Figure 1. Platelet count in whole blood versus platelet count platelet rich plasma (PRP), in patient
group and in volunteer group; the platelet concentration factor is depicted underneath the arrow;
under patient group the post- burn day is shown.

2.3. Growth Factor Content

No significant difference was found in mean growth factor content between PRP from burn
patients and that from matched healthy controls (Mann-Whitney tests: transforming growth factor (3
(TGFB-1) (mean patient 57,542 pg/mL vs. volunteers: 45,389 pg/mL) p = 0.2; TGF(-2 (mean patients
1292 pg/mL vs. volunteers 934 pg/mL) p = 0.2; TGF3-3 (mean patients 21 pg/ml vs. volunteers
21 pg/mL) p = 0.9; platelet derived growth factor (PDGF-AA) (mean patients 36,327 pg/mL vs.
volunteers 32,113 pg/mL) p = 0.4; PDGF-BB (mean patients 56,031 pg/mL vs. volunteers 44,566
pg/mL) p = 0.5; vascular endothelial growth factor (VEGF) (mean patients 701 pg/mL vs. volunteers
756 pg/mL) p = 0.8; epidermal growth factor (EGF) (mean patients 73 pg/mL vs. volunteers 60 pg/mL)
p = 0.7; fibroblast growth factor (FGF-2) (mean patients 224 pg/mL vs. 220 volunteers pg/mL) p = 0.8),
nor in growth factor per platelet ratio (data not shown).

There was a noticeable correlation between platelets in PRP and growth factor concentration, when
volunteer 5 (which was considered an outlier, because it was more than 2SD outside the mean ratio)
was eliminated, except for VEGF and FGF (Figures 2—4 and Supplemental Figures S1-S5) Spearman’s
rho correlation tests: TGFf1 R = 0.95, p = 0.008; TGFf3-2 R = 0.9, p = 0.001; TGF3-3 R = 0.8 p = 0.02;
PDGF-AA R =0.9, p =0.002; PDGF-BBR = 0.8, p=0.008; VEGF R =0.3,p=0.4; FGF-2R=0.1,p=0.7;
EGFR =0.7,p=0.03).
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Figure 2. Growth factor quantification per platelet count in platelet rich plasma (PRP) for transforming
growth factor § (TGFfB1).
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Figure 3. Growth factor quantification per platelet count in platelet rich plasma (PRP) for platelet
derived growth factor (PDGF) AA.
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Figure 4. Growth factor quantification per platelet count in platelet rich plasma (PRP) for vascular
endothelial growth factor (VEGF).

3. Discussion

In this study it was shown that PRP of burn patients, L-PRPIIB-1, according to the new
classification system [4], had comparable levels of growth factors to that of the same type of PRP of
healthy volunteers. This is despite the systemic effects that burn injury has on the physiology of burn
patients. This is relevant additional information to the main RCT, of which the current study was
a part [9], that showed that the addition of PRP to the treatment of burn wounds did not result in
improved graft take and epithelialization, nor in better scar quality. Only minor beneficial effects in
certain subgroups were seen. From the current study, it can be concluded that the lack of substantial
clinical effect of the PRP in acute burns does not seem to be explained by a general lack of available
growth factors in the PRP of burn patients.

We did find a considerable variation in growth factor concentrations, which is in accordance with
the literature on PRP products [7]. More research is required to determine an optimum platelet and
growth factor concentration for burns, as well as for other applications. There is some consensus on
the minimum platelet counts required in PRP; it is generally advocated that a minimum platelet count
of 0.8-1 x 106/ uL should be obtained, however, there is no compelling evidence for this. Interestingly
enough, we found a correlation between the platelet count in PRP and most of the growth factors
measured. This has not always been demonstrated in previous studies [5,6]. The platelet count in
PRP did not correlate with the outcome in sub-analyses of the main RCT, of which the current study
was a part [9]. Nevertheless, platelet count can potentially be used as a quality control parameter for
future research, since it is far more feasible to routinely determine the platelet count in PRP than it is to
analyze growth factors. We recommend that further research be done to confirm this finding.

A limitation of this study is that only a small cohort of patients was tested, so the results should
be considered preliminary. Furthermore, subgroup analyses were not feasible. The effect of gender
and age could not be studied; this may influence the growth factor content, as has recently been
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suggested [6]. Nor could the effect of the percentage total body surface area burned (TBSA %) or
timing of the post-burn injury be clarified. It would also have been very interesting if we had been
able to correlate the growth factor content with the clinical outcome in the RCT; however, this was not
realistic in this small adjunct study.

In conclusion, in this preliminary study, burn patients have a comparable platelet growth factor
content in L-PRPIIB-1 to that of matched healthy volunteers. In accordance with the literature,
considerable individual variation in growth factor content was found; however, a correlation between
growth factor concentration and platelet count in PRP was seen.

4. Materials and Methods

This study was performed as a sub-study (amendment NL28331.094.09) of a randomized
controlled trial (ISRCTN14946762) performed in the burn center of Beverwijk, the Netherlands, which
compared autologous platelet-rich plasma with standard treatment for burn wounds [9]. All ethical
committee and institutional permissions were obtained to recruit five consecutive patients, who were
already included in the main RCT, after additional informed consent had been obtained, between
December 2011 and March 2012. The PRP was prepared with the Gravitational Platelet Separation
System (GPS-III system, Biomet Merck Biomaterials, Darmstadt, Germany). The instructions of the
manufacturer were strictly followed. For details of the trial and preparation methods see previous
report [9]. From 27 ml blood from five patients, we prepared PRP with an additional GPS-III mini-kit.
We matched the patients by gender and age with five healthy volunteers and also prepared PRP with a
GPS-III mini-kit.

A small amount of PRP and non-citrated whole blood (WB) was collected in an EDTA (ethylene
di-amine tetra-acetic acid) tube, and analyzed for baseline measurements, using the Cell-Dyn Sapphire
2 hematology analyzer (Abbott Diagnostics Division, IL, USA). The platelet, erythrocyte, and leukocyte
counts were determined.

The PRP was activated with autologous thrombin according to the manufacturer’s protocol (i.e.,
PRP:thrombin = 10:1) and incubated for one hour at room temperature to mimic clinical application
as accurately as possible. Activated PRP was centrifuged (10,000x g at 4 °C for 15 min), clots were
removed, and supernatants were collected and stored at —80 °C until further analysis. Magnetic bead
panel Milliplex MAP kits (EMD Millipore, Billerica, MA, USA) were used to analyze FGF-2, EGF,
VEGE, TGEB-1, TGF(-2, TGE3-3, PDGF-AA, and PDGEF-BB. Separate kits were used to analyze TGE(
and PDGE. All the kits were used according to the manufacturers’ protocol. The Milliplex MAP kits
were measured using Bio-Plex 200 (Bio-Rad, Hercules, CA, USA) and the data were analyzed using
Bio-Plex manager software.

For statistical analyses, SPSS statistics 21(IBM) software was used. For the comparison of means,
a Mann-Whitney test was used. Correlation was tested with the non-parametric Spearman’s rho test.
Significance was set at p < 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/2/
288/s1.
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Abstract: The role of platelet-rich plasma (PRP) in promoting the healing of bone fractures has not
yet been clearly stated. The aim of this prospective clinical study was to evaluate the effectiveness of
plasma rich in growth factors (PRGF, a PRP derivate) in the treatment of naturally-occurring bone
fractures in dogs. With this objective, sixty-five dogs with radius/ulna or tibia/fibula bone fractures
were randomly divided into two groups (PRGF and saline solution (SS) groups) and checked at
days 0, 7, 14, 21, 28, 35, 42, 49, 56, 60, 63, 70, 120, and 180. All the fractures were treated with an
external skeletal fixation, and pain was controlled with Carprofen. Healing was evaluated by physical
examination, limb function, radiography, and by a Likert-type owner satisfaction questionnaire.
A faster fracture healing was observed in the PRGF group, with statistically significant differences
with respect to the SS group. Swelling at the fracture site was significantly greater at day 14 and
28 in animals injected with PRGF, and more pain on palpation was found in the area at day 28.
The injection of PRGF in acute bone fractures accelerates bone healing.

Keywords: PRGF; Carprofen; dog; fracture; bone healing

1. Introduction

Plasma-rich growth factors (PRGF) are currently being used to promote bone healing in
reconstructive surgeries [1-3]. In canine models, several experimental studies have published the
effect of this platelet rich plasma derivate in osteoarthritis with differing results [4-7]. Platelets are
very important in the wound healing process [1]; they rapidly arrive at the wound side and begin the
coagulation process. In addition, they release multiple wound-healing growth factors and cytokines
within 10 min [1-3]. Platelets are viable for seven days and will continue to release growth factors into
the tissue during this time [8].

The use of PRGF is based on the assumption that higher platelet concentrations release significant
quantities of growth factors, which aids in bone healing [9-11]. Specifically, growth factors are thought
to be a contributing factor in bone regeneration and in increasing vascularization, which are vital
features of the bone-healing process [6].

Treatments with PRGF have given excellent clinical results in oral and maxillofacial surgery in
humans [9,12], and in bone and cartilage healing in animal studies [7,13,14]. Growth factors have also

Int. J. Mol. Sci. 2019, 20, 1075; doi:10.3390/ijms20051075 141 www.mdpi.com/journal/ijms



Int. ]. Mol. Sci. 2019, 20, 1075

been used in the treatment of large wounds and skin defects in burn patients [15-17]. However, some
controversial results can be found in the cited literature; therefore, the effectiveness of this technique
requires further research.

To the authors” knowledge, articles discussing fresh fractures and delayed fracture healing are
very scarce [18,19]. In the veterinary field, no publications were found regarding the use of PRGF
in fractures.

In this study, the dogs used were clinical patients, but also clinical animal models. In the present
study, we hypothesize that treating canine bone fractures with PRGF would accelerate bone healing.
Thus, the aim of this clinical trial is to evaluate the use of PRGF in the treatment of naturally occurring
bone fractures in dogs.

2. Results

A total of 68 dogs were initially evaluated; however, only 43 met the necessary requirements to be
included in the study.

The dogs were randomly assigned to either PGRF or SS groups. Twenty dogs were included in
the PRGF group (47%) and 23 in the SS group (53%). The results for each dog belonging to either the
PRGF or the SS groups are summarized in their respective tables (Tables 1 and 2).

The mean weight for each group was 16.27 kg for the PRGF group and 13.07 kg for the SS group.
Mean age was 40.85 and 57.17 months, respectively, with no statistical differences between groups in
these parameters (p > 0.08).

During the study, all the animals received Carprofen as a rescue analgesia at least one time during
the first seven days except for 2 and 4 patients in the PRGF and SS groups, respectively, with no
statistical differences between groups (p > 0.05).

The time (mean =+ SD) for implant removal was 41.3 + 11.73 days in the PRGF group and 49 +
12.12 days in the SS group. This difference was statistically significant (p = 0.03) (Figure 1).

804

60 -

40

Tmplant Removal (days)

20

PRGF ss
Group

Figure 1. Boxplot corresponding to the days of implant removal for both PRGF and SS groups. Mean
time was significantly higher in the SS group.

The time when full weight support was detected was 22.1 4 13.64 days and 25.47 4 14.9 days
in the PRGF and SS groups, respectively; however, this difference was not statistically significant
(p = 0.45). All animals were sound within six months post-surgery.

Swelling in the fracture site was present in both groups up to day 14 without statistically significant
differences between the groups. Between days 14 and 28, swelling was still present in the PRGF group
(p <0.048).

The joint movement evaluation showed almost 100% joint mobility without differences between
groups in any of the checking periods.

The evaluation of pain on palpation showed statistically significant differences at day 28 between
groups, where pain was still present in the PRGF group (p = 0.041).
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No significant differences were found in the assessment of owner satisfaction at implant removal,
with a satisfaction between 4 (24% in PRGF, 25% in SS) and 5 (76% in PRGF, 75% in SS).

Complications were recorded. One dog suffered gastroenteritis, and three dogs had pins become
loose in the PRGF group. The same number of complications occurred in SS group (Tables 1 and 2).

3. Discussion

In the present study, the beneficial effect of PRGF in acute ulna/radius and tibia/fibula fracture
healing has been proven, achieving a faster healing compared with controls. However, in all cases,
a primary and non-complicated healing was present.

To the authors” knowledge, there is no published clinical research discussing the use of PRGF in
fractures in a canine model. Experimentally, some studies proved there was faster bone regeneration
when PRGF or other autologous platelet concentrates were applied [20,21]. In human medicine, there
was only one clinical study evaluating the healing of fresh fractures using PRGF with no positive
effect [18]. On the contrary, a clinical case with a delayed union fracture treated with autologous PRGF
showed a favorable healing and concluded to be a safe technology for patients [19].

PRGF has also been used by other authors in combination with other therapeutics, showing
positive results. Ya-dong Zhang et al. [22] proved that the use of PRGF combined with a degradable
bioactive borate glass promotes functional bone repair. On the other hand, other authors [4] found no
effect of PRGF on non-grafted implants in dogs; nevertheless, we cannot compare these results with
our study because a different process was used to obtain the PRGF: using thrombin (100U/mL) to
stimulate growth factor release rather than calcium chloride.

It is known that Carprofen is suitable alone or in combination with other NSAIDs for the control
of pain and swelling in dogs [23,24]. Gastrointestinal inflammation and ulceration are among the most
common side defects reported in the literature [25]. In our study, there were only two animals with
gastroenteritis, and they responded positively to the conventional treatment.

In the present study, it has been observed that the surgical application of PRGF at the fracture site
is associated with increased swelling and oedema during the first days, probably due to the activation
of angiogenesis and cell activation [26]. The enhancement of the arrival and formation of blood vessels
increases heat, pain, and redness of the area. This swelling associated with oedema has been effectively
treated with oral Carprofen.

In any case, increased swelling did not affect the animals’ gait nor the functional ability of the
joint. In this sense, some papers reported the inhibitory effect of interleukins, which may be attributed
to PRP [27]. This effect may be related to a reduction of acute pain in the fracture site, even though the
activation of angiogenesis may cause an increased perception of discomfort and inflammation [26].
Thus, even if the application of PRGF increases oedema and swelling on the area, the limb’s function
was minimally affected during the first days.

Good results have been obtained using PRP to accelerate bone fusion [28]. In our case, the group
receiving the PRGF injection presented an earlier implant removal, which is in agreement with those
who state that chemotactic and mitogenic effect on mesenchymal cells (stem cells) and osteoblasts
accelerate bone healing [29,30].

A rapid return to functionality is crucial for quick and correct healing; when the limb bears
weight, a transmission of forces takes place that stimulates osteoinduction. Likewise, early activity
boosts vascularization and avoids muscle atrophy, which are factors that clearly activate bone healing.
Moreover, the Carprofen helped to control pain and acute swelling at the fracture site, facilitating an
earlier return to functionality [29]. This shows that swelling control and post-surgical analgesia are
fundamental for early functionality of the affected limb and represent an important parameter to be
assessed by the pet owners.

Regarding external fixation, all the animals showed limb weight bearing 48 h after surgery. Very
few complications arose in relation to the use of external skeletal fixation. One animal presented
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a secondary infection, which is a usual side effect, and only six animals presented pin loosening. Other
studies show a larger number of cases presenting pin loosening as the most frequent complication [31].
The present study has three main limitations. First, the use of dogs with a wide weight range
potentially limited results that are more accurate. A narrow weight range could provide more reliable
and accurate results, at least for a specific weight range. Second, a biomechanical analysis of gait could
provide full objective results regarding limb function. Third, statistical analysis of the variable “swelling
at the fracture site” could provide more accurate results if it is considered a continuous variable instead
of categorical, avoiding detection, performance, and reporting biases; however, the presence of
hematoma or callous formation at the fracture site could potentially hinder precise measurements.

4. Materials and Methods

A multicentric study was designed and formed by four surgeons in four different veterinary
clinical centers.

4.1. Animal Model

A total of 68 dogs were evaluated. The follow-up of the animals took place until six months
after treatment. The inclusion criteria required the presence of a fresh, single, closed fracture and the
absence of significant muscular soft tissue damage or abrasions.

The exclusion criteria for the present study were the following;:

Animals presenting concurrent systemic disease (Leishmania spp., Ehrlichia spp., etc.).
Animals with hematological disorders.

Animals with multiple fractures.

Animals with internal lesions due to traumatism.

Animals with open fractures or with significant damage to the surrounding soft-tissue.

Animals with a significant weight loss or functional disabilities due to the treatment or other
non-related causes.

e Animals needing different concurrent fixation methods due to the nature or clinical features of
the fracture.

Fractures were classified according to the affected bone. In order to acquire similar healing
conditions during the study, only tibia/fibula and radius/ulna fractures were included because of
their poor vascularization due to their small surrounding muscular mass. The individual data of each
dog for the PGRF and SS groups are summarized in Tables 1 and 2, respectively.

4.2. Fracture Treatment

All fractures were treated with conventional open or closed reduction and external fixation.
The external skeletal fixation configuration frame was the most appropriate for each fracture, using
type Ila or type IIb [32]. In all cases smooth pins of different diameters, connecting bars, and Meynard
clamps were used.

After an initial clinical examination, animals were randomly assigned to one of the following
groups depending on the treatment received:

e  PRGEF group: A single infiltration of PRGF in the fracture site during the surgery.
e 5SS group: A single infiltration of saline solution in the fracture site during the surgery.

All groups were treated with morphine (0.2 mg IM every 6 h), and Carprofen 4 mg/kg IV
(Rimadyl®, Zoetis®, Spain) for 24 h. Cephalexin was administered as a post-surgery antibiotic.

After 24 h, the owners were allowed to give Carprofen (4 mg/kg/day) as a rescue analgesic
if their pet presented clear signs of distress or discomfort. This fact should be reported during the
clinical follow-up.
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4.3. PRGF Preparation

For the present study, the extraction, isolation, activation, and administration model of the PRGF
was standardized in all clinics following Anitua’s technique [9]. Briefly, 20 mL of blood were aseptically
collected in four 4.5 mL citrate tubes, then centrifuged during 8 min at 460 G. Care has to be taken to
avoid the buffy coat. Before the infiltration, the PRGF was activated with 5% of its volume with 10%
calcium chloride. This obtained PRP derivate is enriched in platelets 2-fold over peripheral blood and
less than 0.2 leucocytes x 10°/mL.

4.4. Evaluation

The limb function was evaluated on days 0 (pre-surgery), 7, 14, 21, 28, 60, 120, and 180 after
the treatment began. This parameter was assessed by the same researcher evaluating animals when
standing (1: weight-bearing; 2: no weight-bearing; or 3: no limb support), by observing swelling on
the fracture site (0: presence or 1: absence), pain on palpation (0: presence or 1: absence), and joint
movement (1: <40%; 2: 40-70%; 3: 70-90%; or 4: >90%).

The same radiologist, unaware of the group of treatment, patient, and surgeon involved, examined
all radiographs. Each radiograph was evaluated by a stage score of 1-5 points (1: not visible callus
formation; 2: barely visible callus formation; 3: scattered, not homogeneous callus; 4: uniform, mature
callus formation; 5: very active, hyperthrophic callus formation). Radiographical examination started
for each dog at day 21 and for every two weeks thereafter until the animal reached stage 2; beyond
this period, radiographs were taken weekly, coinciding with the checkpoints for the other parameters.
When a final score of 4/5 was achieved, implant removal was performed and recorded. The researcher
who performed the evaluation of limbs and who read the radiographies were blind to the given
treatment (PGRF or SS).

The use of the rescue analgesic and the presence of side effects were registered by the owner.
The level of owner satisfaction with the clinical outcome of their pets during the first 28 days and at
implant removal was evaluated with the following questionnaire referring to the level of satisfaction
measured with a Likert-type scale (Table 3).

Table 3. Likert-type questionnaire of satisfaction for dog owners at time of implant removal.

How do you consider the lameness of (name of the pet) has progressed?

Excellent Good Average Fair Poor
5 4 3 2 1
Do you think the treatment given to (name of the pet) has been effective?
Strongly agree Agree Neutral Disagree Strongly disagree
How Do You Think (Name of the Pet) has Responded to the Treatment?
Excellent Good Average Fair Poor
5 4 3 2 1

4.5. Statistical Analysis

Statistical analysis was performed with the computer program SPSS 18® for Windows® (IBM
Co., Chicago, IL, USA). A value of p < 0.05 was considered statistically significant. The descriptive
study of the population was shown as the mean + SD. To determine the differences between the
groups for non-categorical variables (weight, age, and total doses of Carprofen), a Kruskal-Wallis
and Mann-Whitney test was done. To determine the effect of PRGF on implant removal time,
a Kaplan-Meier curve and a log-rank test were used. The impact evaluation of total doses of Carprofen,
age, weight, and bone fractured, within time to implant removal, a multivariable analysis was made
using a Cox regression. Categorical variables (evaluation when walking, evaluation when standing,
swelling, pain on palpation, joint movement, use of the recue analgesic, owner satisfaction, and
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presence of side effects) were assessed using crosstabs with chi square, contingency coefficient, or the
Fisher’s exact test used when necessary in each variable.

The experimental procedure was approved by the ethics committee of the Research Institute in
Biomedical and Health Sciences (ULPGC, Spain). The owners were informed about the aims of the
study, and a written consent was required before including their pets in the study.

5. Conclusions

The use of PRGF for bone repair accelerates fracture consolidation and simultaneously promoted
healing, achieving clearly shorter implant removal times.
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Abbreviations

PRGF Plasma rich in growth factors
SS Saline solution

Fracture L Fracture location

U/R Ulna/radius

T/F Tibia/fibula

Time I removal Time for implant removal
GE Gastroenteritis

PL Pin loosening

Y Yes

N No
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Abstract: The morpho-functional recovery of injured skeletal muscle still represents an unmet need.
None of the therapeutic options so far adopted have proved to be resolutive. A current scientific
challenge remains the identification of effective strategies improving the endogenous skeletal muscle
regenerative program. Indeed, skeletal muscle tissue possesses an intrinsic remarkable regenerative
capacity in response to injury, mainly thanks to the activity of a population of resident muscle
progenitors called satellite cells, largely influenced by the dynamic interplay established with different
molecular and cellular components of the surrounding niche/microenvironment. Other myogenic
non-satellite cells, residing within muscle or recruited via circulation may contribute to post-natal
muscle regeneration. Unfortunately, in the case of extended damage the tissue repair may become
aberrant, giving rise to a maladaptive fibrotic scar or adipose tissue infiltration, mainly due to
dysregulated activity of different muscle interstitial cells. In this context, plasma preparations,
including Platelet-Rich Plasma (PRP) and more recently Platelet-Poor Plasma (PPP), have shown
advantages and promising therapeutic perspectives. This review focuses on the contribution of
these blood-derived products on repair/regeneration of damaged skeletal muscle, paying particular
attention to the potential cellular targets and molecular mechanisms through which these products
may exert their beneficial effects.

Keywords: fibrosis; myoblasts; myofibroblasts; myogenesis; Platelet-Rich Plasma (PRP); Platelet-Poor
Plasma (PPP); satellite cells; skeletal muscle regeneration; stem cell niche; regenerative medicine

1. Introduction

Skeletal muscle can be considered as the largest organ of the human body, accounting for 40-45% of
the total body mass, responsible for generating forces that guarantee breathing and movement. In addition,
it represents an important metabolic and endocrine organ [1,2]. The incidence of skeletal muscle injuries
as a consequence of trauma (e.g., sport injuries), inherited genetic diseases (e.g., muscular dystrophies),
pathology (cancer and endocrinological disorders) or systemic conditions such as aging is very high
worldwide, thus representing a serious socio-economic concern with relevant Health Care System
costs [2,3]. Indeed skeletal muscle damage is the most common cause of severe long-term pain and
physical disability, restricting patient daily living activities and imposing lost working days.

It is well known that skeletal muscle tissue possesses an intrinsic remarkable regenerative
potential, which, however, becomes compromised in the case of severe and extended damage.
In particular, it has been reported that skeletal muscle tissue is able to compensate for up to 20%
of muscle mass loss but beyond this threshold the restoration of the native muscle tissue structure and
function cannot be achieved [2].
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Traditional therapeutic options for the treatment of damaged muscles include RICE (Rest,
Ice, Compression and Elevation) treatment, rehabilitation therapies, corticosteroid administration
and, in the worst conditions, even reconstructive surgical intervention. The progress of scientific
research, that allowed a deeper understanding of the cellular and molecular mechanisms driving
skeletal muscle tissue repair/regeneration, together with the advances of regenerative medicine and
biotechnology, pushed the development and application of alternative and innovative strategies to
promote or improve muscle repair/regeneration, such as cell-based therapy with different kinds
of stem cells [4-10], tissue engineering [11,12] and Low Level Laser Therapy (LLLT—more recently
termed Photobiomodulation) [13-15].

However, none of the therapeutic options so far adopted has proved to be resolutive and
satisfactory; in addition, the most innovative therapeutic strategies, despite the encouraging elicited
outcomes, still bear several criticisms hindering their clinical application for regenerative purposes.
For more detailed information readers are referred to recent reviews [2,9,10] focusing on this topic,
which is beyond the aim of this review.

Based on these considerations, the development of new effective treatments for skeletal muscle
injury represents a priority and an urgent need. A current scientific challenge remains the identification
of appropriate factors capable of limiting muscle degeneration and/or potentiating the endogenous
muscle regenerative program. In this context, plasma preparations, including Platelet-Rich Plasma
(PRP) and more recently Platelet-Poor Plasma (PPP), have shown several advantages and promising
therapeutic perspectives.

This review, besides giving an updated description of the main cell types driving skeletal muscle
repair/regeneration, focuses on the contribution of PRP and PPP on repair/regeneration of damaged
skeletal muscle, paying particular attention to the cellular and molecular mechanisms through which
these blood-derived products may exert their beneficial effects.

2. Adult Skeletal Muscle Repair and Regeneration: Role of Satellite and Non-Satellite Cells

It has been clearly proven that adult skeletal muscle tissue possesses a remarkable ability to
regenerate in response to focal injuries. This is mainly thanks to the activity of a small population
of resident mononucleated myogenic precursors, called satellite cells, whose name depends on
the unique anatomical location at the periphery of a skeletal myofiber, beneath the surrounding
basal lamina in intimate association with the myofiber sarcolemma, and in close proximity to
capillaries and neuromuscular junction [16-20]. In healthy skeletal muscles, satellite cells are
mitotically quiescent and transcriptionally inactive; in this dormant state they express the paired
box transcription factor Pax7, necessary for their survival and function, and the myogenic transcription
factor Myf5 (~90% of quiescent satellite cells) but not the myogenic regulatory factors, namely MyoD
or myogenin [21,22]. In injured muscles, in response to signals coming from damaged myofibers
and infiltrating inflammatory cells (neutrophils and macrophages), satellite cells become activated,
giving rise to a progeny of proliferating Pax7, Ki67, Myf5 and MyoD positive adult myoblasts which
subsequently, down-regulating Pax7 and expressing myogenin and MRF4/Myf6, differentiate into
skeletal myocytes that finally either fuse with each other, forming nascent syncytial contractile
myofibers, and fuse with injured myofibers, thus repairing the damage [21]. There is evidence
indicating that a small percentage of satellite cells are true stem cells, capable of self-renewal, thereby
ensuring the replenishment of the basal pool of resident satellite cells that are recruitable in the case of
muscle re-injury [16,23,24].

The behavior and the fate of satellite cells are largely influenced by the dynamic interplay
established with components of the surrounding microenvironment, which changes under homeostatic
conditions (quiescent state) and during regeneration (activated state) [25]. This microenvironment
includes the so called “immediate satellite cell niche” and the microenvironment beyond the immediate
niche [16]. The immediate satellite niche represents the microenvironment where the satellite cells
reside. It consists of several signaling molecules diffusing between the satellite cell and the myofiber,
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different extracellular matrix (ECM) components, satellite cell and myofiber surface-associated
receptors for mediating cell-to-cell or cell-to-ECM interactions or binding different regulatory factors,
and receptors present in the basal lamina to sequester inactive growth factor precursors secreted by
either satellite cells and myofibers, serving as a local reservoir to be rapidly activated during muscle
injury [16,26,27]. The microenvironment beyond this niche comprises the local milieu and the systemic
milieu. The local milieu may be identified by the muscle fascicle wrapped by perimysium, consisting
of other myofibers surrounded and connected to each other by endomysium sheath, a heterogeneous
population of interstitial cells in the stroma between the myofibers [28-30], blood capillaries together
with their secretable factors and associated pericytes and mesoangioblasts [31,32] and motor neuron
endings. The main interstitial cells types are represented by fibroblasts, mesenchymal stem/stromal
cells (MSCs) including fibro-adipogenic progenitors -FAPs- [33], telocytes (CD34+/vimentin+ stromal
cells with a small cell body and distinctive extremely long, thin and moniliform cytoplasmic
extensions called telopodes alternating slender segments—podomeres- with dilatations-podoms) [34],
Abcg2+ side population (SP) [35], skeletal muscle-derived CD34+ /45— (Sk-34) myogenic endothelial
progenitors [36], interstitial stem cells positive for stress mediator PW1 expression and negative for
Pax7 expression termed PICs [37], integrin 34 interstitial cells.

The systemic milieu includes the entire muscle belly along with bones and surrounding skeletal
muscles, the immune cells and circulating growth factors, interleukins/chemokines and hormones.

The dynamic and collaborative interaction between satellite cells and the different cell types of
the surrounding microenvironment, becomes crucial for a proper execution of the essential events
of repair/regeneration process. Indeed, in contrast to the quiescent conditions, in the activated ones,
many cells are found close to satellite cells exerting a supportive role for their functionality. On the
other hand, this cell interaction is bidirectional since satellite cells can influence the behavior of
interacting cells [20,38].

The cells supporting satellite cell-mediated regeneration in the activated niche may include several
cell types.

Pro-inflammatory phagocytic macrophages (M1) and anti-inflammatory pro-regenerative macrophages
(M2) have been demonstrated to promote proliferation and differentiation of myogenic precursors
respectively, via both paracrine and juxtacrine signaling [39-42]. The ability of macrophages to rescue
myoblasts and myotubes from apoptosis has also been demonstrated [43].

Fibroblasts-myofibroblasts and FAPs are the major contributors to the deposition and remodeling of
the transitional ECM after a muscle lesion, required to rapidly restore tissue integrity [44]; on the other
hand the capability of fibroblasts to promote myoblast proliferation and differentiation and to enhance
satellite cell renewal as well as pro-myogenic function of FAPs has been documented [38,45-49].

Telocytes have been supposed to play a “nursing” role in satellite cell-mediated regeneration.
By means of their telopodes they connect with each other via homocellular junctions, or with
neighboring cells including satellite cells via heterocellular ones, thus forming a three-dimensional
network in the interstitium: telocytes might act as a guidance stromal scaffold able to carry signals
over long distances, driving satellite cell proliferation, migration and differentiation after their
recruitment [34]. In addition, telocytes may modulate satellite cell function in a paracrine manner by
the release of extracellular vesicles containing myogenic factors (e.g., Vascular Endothelial Growth
Factor, VEGF, or microRNAs) [4,34,50,51].

Capillary endothelial cells secrete different paracrine factors strongly stimulating growth of
myogenic progenitors and/or protecting them from apoptosis [19,52,53], whereas periendothelial
cells including pericytes are crucial for the re-entry of satellite cells into quiescence at the end of
the regeneration process and myofiber growth [54,55].

In addition, motor neurons and Schwann cells secreting neurotrophic factors including Insulin
Growth Factor (IGF)-1, Nerve Growth Factor (NGF), Brain-Derived Growth Factor (BDNF) and Ciliary
Neurotrophic Factor (CNTF) may contribute to the modulation of satellite cell/myoblast viability,
proliferation and fusion [16,20,29,56,57].
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Furthermore, in regulating satellite cell quiescence, activation, proliferation and differentiation
an essential role is played by ECM factors (both of basal lamina and of interstitial matrix) including
specific ligands, soluble factors sequestered within the matrix, as well as by the mechanical properties
of ECM itself as extensively discussed in the review by Thomas and co-workers [27].

Many works have demonstrated that, in addition to satellite cells, other cell types residing
within muscle or recruited via circulation may contribute to muscle regeneration thanks to their
inducible myogenic potential [58]. These so-called myogenic non-satellite cells include: the interstitial
Abcg2+SP [35,59-61], skeletal muscle-derived CD34+ /45— (Sk-34) cells (likely a subpopulation of SP
with more pronounced myogenic potential) [36], PICs [37], mesoangioblasts and pericytes [31,62-64],
integrin 34 interstitial cells, CD133+ human skeletal muscle derived and blood- derived stem
cells [65-67]. However, if these cells represent an independent source of muscle progenitors undergoing
unconventional myogenic differentiation or if they give rise to satellite cells, remains to be elucidated.
Moreover, also the molecular mechanisms guiding the lineage switch of these muscle interstitial or
circulating cells in the regenerating environment are still unclear [28,29]. Based on all of this evidence,
it appears clear that, for an effective restoration of muscle structure and function, collaborative
and temporally coordinated juxtacrine and paracrine interactions among many myogenic and
non-myogenic cells, are required.

Unfortunately, in case of severe and extended damage, with an intense and persisting
inflammatory reaction or in disease settings, the muscle repair may become aberrant, occurring
with a maladaptive fibrotic scar or adipose tissue infiltration, or even with heterotopic ossification,
mainly as a consequence of dysregulated activity and number of fibroblasts and mesenchymal
progenitors [3,33,49,68-70], which hamper the muscle regenerative response. Moreover, a critical
event that must be considered for the achievement of a regenerating functional muscle tissue after
injury is the re-establishment of neuromuscular junctions for the new myofibers, which is mandatory
to prevent muscle wasting [71].

On the basis of these considerations, improving the functionality of satellite and non-satellite
myogenic cells either directly or by acting on their microenvironment (e.g., modulating the
inflammatory response or MSC functionality thus limiting fibrosis or muscle fatty deposition) as
well as nerve regeneration, could represent the final goal of effective therapeutic strategies for efficient
muscle regeneration.

3. Plasma Preparations: Platelet-Rich Plasma (PRP) and Platelet-Poor Plasma (PPP)

3.1. Definition and Biological Properties

PRP and PPP can be defined as a plasma fraction with a concentration of platelets respectively
above and below baseline levels in whole blood. Unfortunately, so far, no univocal guidelines
are available for these plasma preparations and protocols show a high variability among authors,
thus leading to plasma fractions differing in terms of concentration of blood cells (platelets and
leukocytes) and content and type of cytokines and growth factors. For a detailed and updated
overview of the different methods of plasma fraction collection, of the commercially available PRP
systems and of PRP classification, the readers are referred to several excellent reviews [72-75]. In any
case, the rationale for using plasma fractions, in particular PRP, for regenerative purposes in different
areas of medicine [76-81] including musculoskeletal and sport medicine [82-85], relies on the fact that
they represent a cost-effective reservoir of numerous biologically active molecules, holding a strong
potential for improving tissue healing and regeneration [86-89]. Moreover, the prompt availability
from whole blood of patients and thus the autologous source of these blood products, posing no
risks of disease transmission or immunogenic reactions [90,91], as well as the ease of administration,
represent additional advantages for their clinical use. Furthermore, recent findings demonstrating the
safety and favorable outcomes of the application of allogenic PRP to treat musculoskeletal conditions
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have opened new perspectives for off-the-shelf PRP therapy for all patients for whom the use of
autologous PRP would not be recommended [92,93].

3.2. Contribution of PRP to Skeletal Muscle Repair/Regeneration

Some studies have reported positive outcomes after administration of PRP in patients with
injured skeletal muscles, without negative side effects. Indeed, patients/athletes with acute muscle
strains after PRP intralesional injections combined with a rehabilitation treatment, exhibited an earlier
“return to play”, faster pain relief without a significant increase of the re-injury risk in short and long
term, when compared to patients undergoing a rehabilitation program only [94-98]. Improvement of
inflammatory state, reduction of fibrotic scar size and parenchymal recovery was also demonstrated
in PRP-treated muscle lesions [94,99-101]. However, despite the encouraging findings, these studies
do not reach sufficient statistical significance to support the adoption of PRP therapy for skeletal
muscle injury in clinical routine, as recently extensively discussed [83,84,102-104]. Therefore, further
human studies, to ascertain and validate the effective therapeutic benefits of PRP for skeletal muscle
regenerative purpose, are strongly required.

On the other hand, a large body of experimental evidence supporting the contribution of PRP to
the morpho-functional recovery of damaged skeletal muscles comes from studies carried out in animal
models. Although these studies cannot be directly validated or extrapolated to human species, they do
provide a robust and instructive scientific background to design and perform clinical investigations.

In particular, PRP injections into skeletal muscles of rats or mice subjected to different traumatic
injuries (incision, laceration, contusion or lengthening/eccentric contractions) or to cardiotoxin
injection or into ischemic muscles, have been demonstrated to contribute to the muscle healing
process: (i) by modulating the inflammatory response including the increase in M2 macrophage
cell recruitment to the injury site and function [105-108]; (ii) by generating a myogenic response, as
evaluated by satellite cell activation, increase of the expression of different myogenic regulatory factors,
modulation of the expression of muscle specific microRNAs and activation of myogenic signaling
pathways leading to myofiber formation [105,106,109-113]; (iii) by attenuating the impairment of
myocytes mitochondrial function determined by muscle damage and improving their endogenous
antioxidant defense system [114]; and (iv) by protecting cells from apoptosis [108,111].

In addition, the reduction of type-I collagen deposition and scar formation (fibrosis) [106,
110,112,113,115-118] the enhancement of angiogenesis [106,110,112,116,117] and a faster functional
recovery [108,109,113,118,119] have been also observed after PRP application on damaged muscles.
Takase and co-workers [120] recently demonstrated also the ability of PRP to prevent fatty
degenerative changes of rotator cuff muscles in a rat rotator cuff tear model, when administered
into subacromial space.

3.3. Impact of PRP on Satellite Cells and on Myogenic and Non-Myogenic Interstitial Cells

The cellular and molecular mechanisms that could mediate the beneficial pro-regenerative and
anti-fibrotic effects of PRP-derived growth factors on muscle tissue healing have been investigated in a
growing number of in vitro studies.

Satellite cells may represent a direct target of PRP action. Indeed, the capability of PRP
to positively influence the behavior of primary myoblasts—human skeletal myoblasts [116,121],
human pre-plated muscle derived-progenitor cells [122], rabbit myogenic progenitor cells [123],
rat intrinsic skeletal muscle cells [124]—or satellite cell-derived myoblast line namely murine C2C12
myoblasts [120,121,125,126] and human CD56+ myoblasts [127] by promoting their activation and
proliferation [116,120-127] and protecting them from apoptosis [116] has been demonstrated.

Among the different growth factors within PRP, Platelet Derived Growth Factor (PDGF) [122],
has been identified as a key factor mediating PRP-induced mitogenic response, whereas the
involvement of others—demonstrated to be contained in PRP [86-89]—has been proposed on the basis
of previous studies investigating their effects on myoblast cell line or primary muscle stem cells, such
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as VEGEF [4,128], Hepatocyte Growth Factor (HGF) [129] or IGF-1 [130]. The involvement of PDGF and
VEGEF in mediating the PRP effects may be also presumed on the basis of the recent study of Scully
and co-workers [131] showing that platelet releasate is capable to drive C2C12 myoblast proliferation
and terminal differentiation, as well as the commitment to differentiation of myofiber-derived stem
cells, at least in part via PDGF and VEGEF signaling pathways.

However, it must be pointed out that the effects of the combination of different growth factors
(such as PRP) may be completely different from the ones elicited by the single growth factors, based
on the proved antagonistic or synergistic cross-talk between diverse growth factor-mediated signaling.

In addition, primary cultured skeletal muscle cells treated with PRP have also shown an increased
motility /migratory ability associated with an up-regulation of different focal adhesion proteins and
F-actin cytoskeleton remodeling [132]; these findings are of particular interest given that migration of
satellite cells and of satellite derived-myoblasts is a crucial process in muscle regeneration by which
the cells reach the injured site.

In line with these findings, our research group has recently shown that PRP used as single
treatment, positively influenced C2C12 myoblast viability and proliferation in the same manner
of standard culture media containing animal sera, by promoting the activation of AKT-mediated
signaling, as well as the activation of cultured murine satellite cells isolated from single skeletal muscle
fibers [133].

In this paper, we also demonstrated that PRP treatment induced C2C12 myoblasts to enter and
progress into the myogenic program by stimulating MyoD, myogenin, x-sarcomeric actin expression
as standard differentiation culture media containing animal sera did, accordingly to a previous
study [127]. The pro-myogenic effect of PRP was also recently demonstrated by the study of McClure
and co-workers [126] where C2C12 myoblasts cultured on PRP embedded ECM mimicking scaffold,
exhibited a PRP-dose dependent increase in myogenin and myosin heavy chain protein expression,
mediated by ERK1/2 signaling activation. In addition, our study reported that PRP promoted
also the C2C12 myoblast expression of matrix metalloprotease (MMP)-2 [133] whose function has
been reported to be required for satellite cell activation [134-136], for basal lamina degradation
and, at the elongation stage of the myogenic differentiation process, for completing the successive
myoblast cell migration and fusion [6,27,137,138] thus supporting the pro-myogenic effect of PRP.
These latter results concerning differentiation seem to question findings in the literature showing a
reduction or even inhibition of myogenic differentiation of myoblasts cultured with PRP [120,121,125].
These contradictory PRP-elicited biological responses may be attributed to different experimental
settings and more likely to the heterogeneity of PRP preparation techniques and formulations used,
which may contain interplaying pro-myogenic growth factors—such as IGF-1 [130], HGF [129] and
(3-Fibroblast Growth Factor (FGF) [125,139]—and anti-myogenic ones—such as Transforming Growth
Factor (TGF)-p [140]—in different concentrations and proportions. In addition, the different PRP
dosages used may account for the discrepancy in the literature on whether PRP hampers or improves
differentiation, when considering the dose-dependence of some myogenic cell responses as well as the
timing of PRP application [116,121,125,126,132,133].

Another very interesting finding of our recent work [133] is the ability of PRP to satisfactorily
support and stimulate in vitro viability, survival and proliferation of MSCs. Taking into consideration
the close morpho-functional relationship between satellite and the interstitial stromal cells, in particular
the reported supportive juxtacrine and paracrine role of different stromal cell types for satellite cells,
our results may suggest that the muscle resident stromal cells could also benefit from the treatment with
PRP. In other words, PRP might indirectly promote satellite cell-mediated regeneration by potentiating
the nursing role of interstitial MSCs.

PRP may impact indirectly on satellite cells also by favoring the appearance and functionality of
pro-regenerative macrophage phenotype (M2) within the healing niche on the basis of recent in vitro
studies, evaluating the effects of different PRP preparations on human monocyte-derived cells [141,142]
and also being consistent with the findings of in vivo research [106].
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On the other hand, PRP could also affect the myogenic potential of the so-called non-satellite
myogenic cells. In this line, Li and co-workers [122] have reported that pericytes, isolated from
post-mortem human skeletal muscle biopsies, exhibited an enhanced proliferative ability when
cultured with PRP as compared to standard culture media while maintaining their in vitro myogenic
differentiation capability and in vivo myogenic potential.

Interestingly, we have recently demonstrated the capability of PRP to prevent the transition
of fibroblasts into myofibroblasts, the main drivers of tissue scarring [143] via VEGF-A/VEGF-A
Receptor-1-mediated inhibition of TGF-f1/Smad3 signaling [144]. These findings, in accordance with
other studies [145,146], may contribute to the identification of the cellular and molecular mechanisms
responsible for the observed reduction in the fibrotic response achieved after injections of PRP in
damaged skeletal muscles [106,110,112,113,115-118]. Such reduction is necessary for the recreation
of a more hospitable and conductive microenvironment for muscle progenitor functionality and for
axonal growth/regeneration and muscle re-innervation [147] and eventually for a complete tissue
morpho-functional recovery. On the other hand, the ability of different PRP-derived factors to positively
influence Schwann cell function in vitro and to assist peripheral nerve repair/regeneration in vivo
has been documented [148-151], thus allowing us to include Schwann cells in the list of the potential
cell targets of PRP in the skeletal muscle tissue during tissue repair/regeneration (Figure 1) and to
suggest that promotion of muscle re-innervation may represent an additional benefit exerted by PRP
for damaged muscles.
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Figure 1. Schematic drawing representing the potential cell targets of PRP during skeletal muscle
repair/regeneration, which may mediate its beneficial effects.
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3.4. Impact of PPP on Skeletal Myogenesis

PPP, long regarded as the waste product of PRP and used a sham treatment [109], has recently
been demonstrated to exert a beneficial effect on myogenesis. In particular, Miroshnychenko and
co-workers [121] showed that PPP, differently from PRP, reduced the proliferation rate of human
primary skeletal muscle myoblasts but led to a significant induction of differentiation of these cells
into the myogenic pathway and myotube formation. The same cell responses were elicited by a
modified preparation of PRP, by means of a second spin to remove platelets, suggesting that the
beneficial effects of PRP on myogenesis can be mostly due to plasma per se. Indeed, although
PPP by its definition contains a very low concentration of platelets and therefore smaller quantities
of growth factors, it still represents a reservoir of bioactive molecules (such as PDGEF, IGF-1) [87],
which may be responsible for the observed pro-myogenic effects on myoblasts. This research is in
line with previous studies showing the effectiveness of PPP in evoking biological responses from
different cell types involved in the healing process of several tissues, namely fibroblast migration
and ECM remodeling [152,153], periodontal ligament stem cell differentiation towards osteoblastic
phenotype [154], tenocyte proliferation and collagen production [155], endothelial cell differentiation
towards angiogenic cells [156] and macrophage anti-inflammatory activity [157]. Miroshnychenko
and co-workers [121] conclude that PPP and platelet deprived-PRP may be more appropriate to
promote skeletal muscle regeneration than the traditionally formulated PRP, probably containing a
greater quantity of platelet- derived factors detrimental for myoblast differentiation such as TGFf3-1.
However, this laboratory evidence does not seem to have received a large consensus from the current
literature [103,109].

Therefore, although PPP may hold promise for skeletal muscle injuries, further investigations to
assess the exact growth factors contained in this kind of plasma formulation and especially to validate
the impact of PPP on myogenic precursors, as well as to disclose its role on skeletal muscle tissue
regeneration in vivo are absolutely required. Moreover, to date, no clinical studies evaluating the effect
of PPP on skeletal muscle have been conducted.

4. Conclusions and Further Directions

Plasma preparations and especially PRP have been demonstrated to hold a strong therapeutic
potential for the healing of injured skeletal muscle tissue due to their ability to potentiate the
endogenous mechanisms of tissue repair/regeneration while contributing to limit the aberrant
responses such as fibrosis. Nevertheless, despite these encouraging outcomes, evidence from animal
studies and even more from human ones, are not still sufficient to attain the effective clinical translation
of these blood products for skeletal regenerative purpose. Therefore, further investigations are
necessary to validate the regenerative potential of these blood derivates and ultimately drive medical
decisions. On the other hand, it must be considered that some human and animal studies have reported
limited effectiveness or inefficacy of a PRP therapy for damaged skeletal muscle in terms of tissue
regeneration and recovery of functionality, or even an exacerbation of the fibrotic response [158-168].
The main reason for these conflicting results certainly could be due to individual-based variations
and muscle lesion type and severity but is most likely due to the great heterogeneity of the injected
available products and application timing. Therefore, standardization of PRP preparation techniques
as well as of application protocols—considering the cascade of events through which skeletal muscle
tissue repair/regeneration progresses—is a priority in order to perform meaningful comparative
analyses, to enable reproducibility and reach reliable conclusions. Moreover, a full characterization of
plasma preparations is also necessary, evaluating the quantity and the type of the contained bioactive
factors, as well as a deep investigation of their effects on the main local cell types involved in the
skeletal muscle tissue regeneration. This may lead to novel and optimized plasma formulations for
muscle regenerative purposes, based on the selection of factors capable, for instance, of exerting a
pro-regenerative and anti-fibrotic action on skeletal muscle tissue.
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