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11 Dec 2023 Platelet-rich plasma (PRP) has emerged as a biological approach widely applied to enhance
28 Dec 2023 tissue repair and regeneration. This review explored the role of PRP in anterior cruciate ligament
01 Feb 2024 . (ACL) reconstruction, focusing on PRP terminology, classification, growth factors (GFs),

cellular origins, and optimizing platelet dosage in PRP therapies. With a variety of GFs derived
from distinct cellular sources, PRP positively influences tissue repair and regenerative processes.
Molecular mechanisms and signaling pathways, including HIF-1a and p-mTOR/t-mTOR, are
crucial in PRP-mediated tissue healing. Given PRP’s direct involvement in Osseo-tendinous
convergence and ACL reconstruction, understanding the risk factors and contraindications is
essential. The findings may contribute to optimizing PRP-based treatments for ACL regeneration.
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Introduction

latelet-rich plasma (PRP) offers a straight-

forward, effective, and minimally invasive

approach to obtaining a natural concentra-

tion of autologous growth factors (GFs)

[1]. PRP is obtained through the centrifu-
gation of autologous blood, allowing for the separation
and extraction of the plasma and buffy coat layers, which
are enriched in platelets. PRP finds extensive application
in multiple disciplines, such as dentistry, dermatology,
plastic and maxillofacial surgery, acute trauma manage-
ment, cosmetic surgery, and veterinary medicine [2-5].
The extensive application of PRP in the healing of vari-
ous tissue types stems from its function as an easily ac-
cessible source of vital GFs and signaling molecules.
These include catabolic cytokines derived from leuko-
cytes and fibrinogen, which play critical roles in direct-
ing and regulating the tissue healing process [6]. This
array of bioactive molecules facilitates a coordinated
tissue-healing response to injury, progressing sequential-
ly through the inflammatory, reparative, and remodeling
phases of wound healing 7, 8]. On the other hand, PRP
contains seven essential proteins, including platelet-de-
rived GF (PDGF), transforming GF-f (TGF-f), vascular
endothelial GF (VEGF), epidermal GF (EGF), and adhe-
sive proteins, such as fibrin, fibronectin and vitronectin
[4,9,10].

GFs play crucial roles in regulating cell proliferation,
differentiation, and migration, impacting tissue regener-
ation, immune responses, and cancer progression. Each
GF originates from specific cell types and contributes
distinct functions in various biological contexts. TGF-3
is primarily secreted by platelets, neutrophils, and mac-
rophages, and is fundamental in supporting the growth
of undifferentiated mesenchymal cells. Additionally,
TGF-B modulates endothelial cell function, promotes
cartilage matrix formation, and influences natural killer
cell activity in immune responses [11-13]. FGF, sourced
from platelets, osteoblasts, and mesenchymal cells, acts
as a potent mitogen for chondrocytes and osteoblasts,
which are essential in bone formation and repair [11-13].
PDGF isoforms a and B, produced by platelets and os-
teoblasts, enhance cellular chemotaxis, thereby guiding
cell movement to sites of tissue injury and repair [11,
12, 14]. EGF, secreted by platelets and osteoblasts, pro-
motes mitosis in mesenchymal cells, fostering tissue re-
generation and repair in wound healing contexts [11, 15,
16]. VEGEF, derived from platelets and endothelial cells,
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is instrumental in angiogenesis, promoting endothelial
cell proliferation and new blood vessel formation [11,
16, 17]. IGF, produced by platelets, macrophages, osteo-
blasts, and mesenchymal cells, stimulates mesenchymal
cell mitogenesis and activates osteoblasts, thereby con-
tributing to bone health and growth [11, 18, 19]. HGF,
primarily sourced from platelets and mesenchymal cells,
regulates cell growth and is crucial for tissue regenera-
tion and repair processes [20]. KGF, originating from
endothelial cells and fibroblasts, is essential in epithelial
cell migration and proliferation, impacting wound clo-
sure and skin healing [20]. Ang-1, produced by platelets
and neutrophils, plays a pivotal role in angiogenesis, en-
hancing blood vessel stability and integrity [20]. Platelet
factor 4 (PF4), another platelet-derived GF, recruits leu-
kocytes, aiding in immune response modulation at injury
sites [20]. SDF-1a, produced by platelets, endothelial
cells, and fibroblasts, is known for its ability to attract
CD34+ stem cells, thereby supporting angiogenesis and
tissue regeneration [20]. TNF, derived from neutrophils,
T lymphocytes, and mast cells, is involved in regulating
monocyte migration and fibroblast proliferation. These
functions are critical for immune responses and inflam-
mation control [20].

Multiple dosage protocols for PRP therapies have been
established, revealing dose-dependent effects on tissue
healing and cellular responses. Elevated platelet concen-
trations in PRP formulations are anticipated to enhance
the release of bioactive factors, thereby influencing
therapeutic outcomes. Research indicates that cellular
responses to PRP can vary based on platelet dosage, sug-
gesting that an optimal concentration is crucial for effec-
tive tissue repair and angiogenesis. For example, studies
recommend a minimum platelet concentration of 1x10%/
pL to facilitate healing in bone and soft tissues, with
even higher doses associated with improved spinal fu-
sion outcomes. Furthermore, the timing of PRP admin-
istration has been shown to affect treatment efficacy, as
prolonged exposure may diminish the positive impact on
cellular functions [21-28] (Figure 1).

Current techniques for preparing PRP commonly uti-
lize calcium and bovine thrombin to induce gel forma-
tion. Although the use of bovine thrombin has been asso-
ciated with only a few reported cases of bleeding, it has
been implicated in the production of antibodies against
human coagulation factors V, XI, and thrombin, poten-
tially resulting in serious coagulopathies. To address
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Figure 1. Fine-tuning platelet dosage in PRP therapies
PRP: Platelet-rich plasma.

these concerns, alternative PRP activation agents have
been introduced, such as autologous human thrombin,
and synthetic compounds, like thrombin receptor ago-
nist peptide-6 [29]. Autologous PRP therapy is gener-
ally considered safe for appropriately selected patients.
Before initiating treatment, candidates should undergo a
comprehensive hematological evaluation to rule out un-
derlying coagulopathies or platelet dysfunction. Patients
presenting with anemia or thrombocytopenia may be
suboptimal candidates for PRP administration. Further-
more, contraindications may encompass clinical scenar-
ios, such as hemodynamic instability, marked hypovole-
mia, active sepsis, unstable angina, and the concurrent
use of anticoagulant or fibrinolytic agents.

The anterior cruciate ligament (ACL) is classified as
an extrasynovial structure, and fibroblasts play a crucial
role in its repair and continuous maintenance [30]. This
ligament also functions to prevent excessive rotation of
the tibia and to limit angulation in both varus and valgus
directions [31]. ACL rupture is recognized as a prevalent
injury associated with physical activity and is one of the
leading causes of knee treatment requirements among
young individuals [32, 33]. ACL rupture leads to dimin-
ished knee stability and can adversely affect a patient’s
athletic performance. Additionally, it increases the likeli-
hood of subsequent meniscus injuries and raises the risk
of early-onset degeneration of the knee joint [34, 35].
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The clinical use of PRP is based on its ability to enhance
the concentration of GFs and stimulate protein secretion,
thereby optimizing the healing process at the cellular
level. PRP has been widely employed in the treatment
of musculoskeletal injuries to facilitate recovery [36].
Despite its considerable potential for clinical application,
the therapeutic use of PRP encounters challenges stem-
ming from a lack of studies on technique standardization
and inadequate descriptions of the procedures used. This
highlights the urgent need to establish standardized crite-
ria for producing high-quality PRP and to conduct further
research to identify the optimal platelet concentration for
various clinical scenarios. Clinical trials examining PRP
for tendon injuries demonstrate significant variability in
their approaches to preparation, quality control, dosage
administration, and injection frequency. This inconsis-
tency complicates the assessment of therapeutic efficacy.
Additionally, differences in the types of cells involved,
the release of inflammatory cytokines upon platelet acti-
vation, and the various methodologies used for PRP ac-
tivation or non-activation further complicate the analysis
[37]. The clinical outcomes associated with PRP treat-
ments for chronic tendinopathy vary widely, ranging
from significantly positive short- and long-term effects to
positive outcomes that do not achieve statistical signifi-
cance. This variability in results may be attributed to the
differing stages of chronic tendinopathy, suggesting that
PRP could be beneficial for certain stages while proving
less effective for others (Table 1).
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Table 1. Overview of clinical trials investigating the use of PRP

Lesion Site and Condition Outcomes Ref.

Rotator cuff No significant difference [38]

Knee, patellar tendinopathy Improvement [39]

Knee, patellar tendinosis Significant reduction of pain [40]

Rotator cuff No significant difference [41]

Elbow, epicondylitis Improvement [42]

Knee, patellar tendinopathy Improvement [43]

Knee, patellar tendinosis Improvement [44]

Knee, patellar tendinopathy Improvement [45]

Achilles tendon, chronic tendinopathy No significant difference [46]

Elbow, epicondylitis Improvement [47]

Achilles tendon, chronic tendinopathy Without changing the MRI [48]

Elbow, epicondylitis No significant difference [49]

Rotator cuff No significant difference [50]

Elbow, epicondylitis Improvement [51]

Rotator cuff No significant difference [52]

Achilles tendon, chronic tendinopathy Improvement [53]
PRP: Platelet-rich plasma. Orthopedic Science

the timing of ACL surgery is often postponed. This delay
is implemented to mitigate the risk of arthrofibrosis [60,

In general, the management of ACL injuries can be 61]. The management of complete ruptures can be ap-
categorized into non-surgical and surgical approaches. proached through two surgical methods: i) Repair, which
Physiotherapy plays a significant role in both treatment  typically yields poor outcomes and is often unsuccessful,
modalities—often enhancing the quality of care and ex- and ii) Reconstruction, which can be performed either
pediting recovery, sometimes even prior to surgical in- intra-articularly or extra-articularly. During ligament re-
tervention [54]. The primary objectives of physiotherapy construction, an alternative tissue is utilized, such as the
include alleviating pain, inflammation, and swelling, patellar tendon or the tendons of the hamstring muscles
enhancing the range of motion in the joint, strengthen- [62]. The reconstruction method generally yields superi-
ing muscles in accordance with the severity of the in- or outcomes. The primary objective of ACL reconstruc-
jury, conducting proprioceptive training, implementing tion is to stabilize the knee joint. To accomplish this goal
closed-chain exercises, improving balance and function- and reduce the complications associated with tendon

ality, and facilitating a quicker return to daily activities resection, researchers have explored various techniques
or competitive sports [55-57]. In elderly patients with an and approaches [63]. Various approaches, including

ACL rupture, surgical intervention is generally not ad- autografts, allografts, and synthetic grafts, have been
vised due to their lower activity levels and the presence utilized for ACL reconstruction [64]. At present, autolo-
of knee osteoarthritis. However, surgery is typically rec- gous patellar tendon grafts, hamstring tendon grafts, and
ommended for younger individuals, particularly those gracilis tendon grafts are the most frequently employed
who are active or professional athletes, in cases of com- options for ACL reconstruction via an intra-articular ap-
plete ligament rupture [58, 59]. In patients who experi- proach. However, each of these methods is associated
ence an injury to ACL along with a rupture of the medial with potential side effects [65]. Also, PRP is an effective
collateral ligament (MCL), which is also quite common, treatment modality for inflammatory conditions in or-
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Table 2. A selection of studies conducted on the effectiveness of PRP in ACL reconstruction over the past 10 years

Outcomes Year Ref.

One study showed better clinical outcomes

Five studies showed no benefits 2015 [66]

No support for improving graft healing, reducing donor-site morbidity, and decreasing postoperative pain 2020 [81]

Some short-term benefits are noted, but there is no support for significant long-term functional improvement 2022 [82]

It has been shown to alleviate postoperative pain and enhance knee function in the short- and medium-term periods; 2022 (79]
however, its effectiveness does not persist over the long term

PRP did not accelerate graft remodeling and bone ingrowth into the tendon 2015 [83]

No benefits 2018 [84]

The addition of PRP alone was not sufficient to enhance any of the outcomes 2021 [85]

JPS enhancement at angles of 30°and 45, whereas no significant improvement was observed in TTDPM. 2017 [86]

Significant reduction in the inflammatory response 2023 [87]

All patients regained ligament continuity except for one 2024 [78]

Improvement of knee symptoms and function at 12 months 2024 [88]

Facilitation of the initial phases of healing at the tendon-to-bone interface. 2019 [89]

Improvement of range of motion, reduced pain, and less lameness over a six-month period 2016 [90]
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Abbreviations: PRP: Platelet-rich plasma; ACL: Anterior cruciate ligament; JPS: Joint position sense; TTDPM: Threshold to

detect passive motion.

thopedics. PRP consists of autologous plasma enriched
with a higher concentration of platelets compared to
baseline levels, along with a variety of GFs that play a
role in biosynthetic processes [66]. Administering con-
centrated PRP into the targeted area may activate various
GFs that trigger regenerative processes in the context of
acute injuries [67]. Despite the numerous studies on vari-
ous methods of ACL reconstruction and their outcomes,
a consensus regarding the superiority of one method or
graft over others remains elusive. The debate continues
over which graft type is optimal. Research indicates that
PRP treatment may serve as a viable alternative to sur-
gical intervention, enhancing patient performance and
reducing disability [67, 68].

On the other hand, ACL reconstruction is generally
regarded as a successful procedure, yielding excellent
outcomes and high levels of patient satisfaction [69].
The maturation of the graft is crucial for achieving bio-
mechanical strength and facilitating a return to activity.
This process may be enhanced by the presence of GFs,
such as PDGF, TGF-B1, and IGF-1 [69]. Research has
demonstrated that PRP can enhance the viability and
functionality of ACL cells, potentially accelerating the
healing process of ACL grafts [70].

A prospective single-blind study involving 50 partici-
pants examined the effects of PRP on the recovery of
patients who underwent ACL autograft surgery. The re-
sults indicated that those who received PRP gel during
the procedure demonstrated significantly faster biologi-
cal maturation as observed through MRI scans after one
year (P<0.001) [69].

In another Level 1 study, the addition of platelet con-
centrate to both the semitendinosus graft and the femo-
ral tunnel resulted in a significantly higher rate of graft
maturation at the six-month mark, as evidenced by
MRI scans [71].

In another study involving 30 patients, PRP was admin-
istered to the femoral tunnels; however, at the three-month
mark, there were no significant differences in MRI find-
ings related to graft maturation. This outcome may be a
result of the shorter follow-up period and the smaller num-
ber of participants compared to previous studies [72].

A systematic review that analyzed eight trials found that
the addition of PRP to ACL reconstruction could lead to
an improvement in graft maturation of 20% to 30% [66].
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Outcomes of Use in ACL Reconstruction Studies (2015-2024)

Number of studies

Neutral

Negative

Positive

Outcomes

Figure 2. Studies conducted on the effectiveness of PRP in ACL reconstruction over the past 10 years

PRP: Platelet-rich plasma; ACL: Anterior cruciate ligament.

Other studies have investigated the structural changes
in the ACL graft following PRP administration. One such
study examined 37 patients who underwent ACL recon-
struction with hamstring grafts, comparing outcomes be-
tween those treated with PRP and those without. Second-
look arthroscopies revealed that the patients who received
PRP exhibited enhanced graft remodeling, characterized by
connective tissue enveloping the graft and increased graft
thickness. The researchers hypothesized that PRP may fa-
cilitate the “ligamentization” process in tendon grafts [73].

In contrast, a Level 1 randomized study involving 100
patients evaluated the effects of platelet-enriched gel in
ACL reconstruction. At the two-year follow-up, no sig-
nificant differences were found between the intervention
and control groups in terms of functional or radiological
outcomes. The authors suggested that this lack of observed
benefit may have been influenced by multiple variables,
such as the methods of PRP preparation and centrifugation,
the type of graft utilized, variations in postoperative reha-
bilitation protocols, and the specific technique employed
for PRP application [74]. Similar findings were reported
by another research group, which observed no significant
differences at the two-year follow-up following the use of
PRP in ACL reconstruction with allografts [75].

PRP has been utilized at the harvest sites of patellar
and tibial bone plugs. In a Level 1 study with 40 partici-
pants, the incorporation of PRP gel at these sites led to a
significant enhancement in knee function at the one-year
follow-up (P=0.041) [76].
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In a separate study, 12 patients underwent PRP treat-
ment for patellar tendon defects following the harvest for
ACL reconstruction, while a control group of 15 patients
did not receive PRP. Six-month MRI evaluations dem-
onstrated that the patients who received PRP exhibited a
significantly smaller gap in the patellar tendon compared
to those in the control group [44].

In a study of 100 patients, those who underwent ar-
throscopic ACL tendon repair experienced significantly
greater pain relief (mean VAS score of 3.05) and better
range of motion (120.33°) compared to the PRP group
(mean visual analogue scale [VAS] score of 4.39, range
of motion 109.31%), with both differences being statisti-
cally significant (P=0.03) [77].

In a study on PRP therapy for ACL injuries, patients
seeking an early return to sports received treatment
within six weeks post-injury while wearing a brace that
allowed weight bearing. MRI confirmed ligament con-
tinuity in all cases. The average patient age was 32.7
years, and they underwent an average of 2.8 PRP ses-
sions. All patients returned to their pre-injury activity
level (Tegner activity scale (TAS) 7.0) within approxi-
mately 139.5 days, with only one case of re-rupture re-
ported. The results indicated that PRP therapy effective-
ly restored ligament continuity and enabled a successful
return to sports [78].

Bagherifard A et al. PRP in ACL Injury. J. Res Orthop Sci. 2024; 11(1):1-14.
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A systematic review of 14 randomized controlled tri-
als examined the effects of PRP on ACL reconstruc-
tion (ACLR). The results showed that PRP injection
improved pain (visual analog scale [VAS]) and knee
function (International Knee Documentation Commit-
tee [IKDC]) significantly at three months post-surgery
(P=0.0003 and P<0.00001, respectively). The pain was
notably reduced in the first six months when PRP was
applied at the bone—patellar tendon—bone harvest sites.
However, long-term benefits were not observed, as PRP
did not improve knee stability, prevent tunnel widen-
ing, or enhance graft healing. The study indicates that
while PRP can provide short-term relief and functional
improvement, further research is needed to understand
its long-term impact [79].

A systematic review highlights the controversial clini-
cal outcomes of using PRP for ACL augmentation. While
the intraoperative application of PRP is considered safe
and may reduce surgical morbidity by enhancing healing
at the graft harvest site, its role in graft maturation is less
favorable. Most studies indicate that PRP does not sig-
nificantly improve graft integration, particularly in pre-
venting bone tunnel widening. Additionally, PRP does
not demonstrate superior clinical outcomes in the short
term, and there is insufficient long-term data to evaluate
its overall benefits in ACL surgery [80].

The outcomes of some of the most significant studies
conducted on the effectiveness of PRP in ACL recon-
struction over the past 10 years are presented in Table 2
and Figure 2.

The convergence of osseous and tendinous structures
is critical in the context of ACL reconstruction, serving
as a hallmark of successful surgical results [91]. While
osseous integration represents the ideal healing process,
the issue of donor site morbidity raises the need to ex-
plore effective alternatives [92]. A study has revealed
a variety of promising alternatives, including innova-
tive fixation substrates, osteogenic cytokines, hyperoxic
therapies, and extracorporeal pulse activation techniques
[93]. Among these options, PRP, enriched with GFs,
stands out as a potential leader in promoting healing by
enhancing cellular proliferation, matrix deposition, vas-
culogenesis, and collagen synthesis [93]. Several studies
highlight the promising role of PRP in strengthening the
integration of neo-ACLs; however, a consensus among
orthopedic professionals is still lacking. Histomorpho-
metric analyses indicate a positive trend, emphasizing
improved bone-tendon integration in the presence of
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PRP [94]. Nonetheless, these studies had limitations,
particularly the lack of biomechanical assessments and
thorough evaluations of anchoring techniques. In con-
trast, a study involving lagomorphs presented a prom-
ising finding, demonstrating that PRP-enhanced tendon
graft integration produced significantly better results
compared to controls that did not receive PRP, which
showed poorer integration [95]. In conclusion, PRP’s
influence, ranging from rotator cuff repairs to ACL re-
constructions, shows considerable promise. However,
to definitively establish its superiority in orthopedic ap-
plications, there is a strong need for comprehensive and
rigorous research.

Previous studies have shown that PRP promotes ACL
healing by increasing the expression of type I and type
III collagen genes, enhancing the metabolism of ACL fi-
broblasts, and reducing cellular apoptosis [96, 97]. The
blood supply to ACL originates from the small blood
vessels of the middle genicular artery, as well as the sub-
patellar fat pad [98]. Following an ACL injury, a hypoxic
microenvironment rapidly develops due to the rupture
of blood vessels supplying the ligament [99, 100]. The
low-oxygen microenvironment (3% oxygen concentra-
tion) negatively affects the proliferation and survival
of ACL fibroblasts. This hypoxic condition is typically
regarded as a catalyst for the accumulation of HIF-1a
in ACL fibroblasts [101]. Numerous studies have shown
that HIF-1a plays a role in the progression of cell apop-
tosis by enhancing the stability of p53 and promoting
the overexpression of Bcl-2 [102, 103]. Elevated HIF-
la expression triggered apoptosis in ACL fibroblasts by
upregulating pro-apoptotic proteins, including Bax and
cleaved caspase-3, while downregulating anti-apoptotic
proteins, such as Bel-2 [101].

Trauma inevitably damages blood vessels, leading to
an ischemic and hypoxic microenvironment follow-
ing ACL injury [99]. Recently, with advancements in
regenerative medicine, primary repair of the ACL has
increasingly emerged as a viable treatment option for
ACL injuries [104].

Fibroblasts responsible for forming the ACL com-
prised 60—70% of all cells within the ACL tissue. The
survival and migration of these intrinsic ACL fibroblasts
are regarded as essential prerequisites for effective ACL
healing [105]. Effective ACL healing requires not only a
sufficient blood supply but also the production of extra-
cellular matrix and cellular proliferation [106].
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ACL fibroblasts are abundant and synthesize ECM
components, including collagen types I and III, which
impart mechanical strength to the ACL tissue. Research
indicates that PRP has a beneficial impact on ACL fi-
broblasts, significantly upregulating the gene expression
of collagen types I and III and enhancing cell viability
and metabolic activity [96]. They utilized 1% oxygen to
create hypoxic conditions in human ligament-forming
fibroblasts. A study demonstrated that these hypoxic
environments resulted in a significant increase in the
expression of collagen types I and III [107]. PRP may
promote cell proliferation and migration in ACL fibro-
blasts, processes that necessitate significant ATP produc-
tion. Furthermore, PRP has been shown to elevate the
expression of VEGF in ACL tissue [108].

It was found that PRP significantly improved the migra-
tory ability of ACL fibroblasts, especially at 72 hours fol-
lowing cell seeding [109]. GFs present in PRP, such as
TGF-B and FGF, have been demonstrated to promote cell
growth and migration [110, 111]. PDGF, a key bioactive
constituent of PRP, interacts with PDGF receptors to initi-
ate multiple intracellular signaling cascades, notably the
MAPK and PI3K/Akt pathways [112]. These signaling
pathways are essential regulators of cellular proliferation
and apoptosis. Similarly, FGF-2 influences various cellu-
lar activities, particularly by promoting the proliferation
and migration of ligament-derived cells [113, 114].

Both hypoxia and ATP depletion are necessary to trigger
cell apoptosis. Sha et al. found that hypoxic conditions el-
evated HIF-1a expression, inducing apoptosis by upregu-
lating pro-apoptotic proteins, such as cleaved caspase-3
and Bax while downregulating anti-apoptotic proteins,
like Bcl-2 [101]. By utilizing an mTOR inhibitor, it was
determined that HIF-1a functions as a downstream effec-
tor in the PI3K/Akt/mTOR signaling cascade [115].

A study revealed that PRP can safeguard ACL fibro-
blasts in hypoxic conditions by decreasing apoptosis and
promoting cell viability, migration, and proliferation.
However, PRP did not significantly influence the syn-
thesis of collagen types I and IIT under hypoxia. The pro-
tective effects of PRP were attributed to the activation of
the PI3K/Akt/mTOR signaling pathway [116].

Conclusion

Many studies on PRP have yielded varied and some-
times conflicting results regarding its effectiveness in
ACL reconstruction, particularly concerning the opti-
mal dosage and influencing factors. Recognizing these
variations, this review underscores the importance of
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precise platelet dosing and other critical factors to maxi-
mize PRP’s efficacy. This analysis provides orthopedic
surgeons with a comprehensive understanding of the
controversies surrounding PRP application, aiding them
in making evidence-based decisions for enhancing tis-
sue repair and patient outcomes in ACL reconstruction.
Well-powered clinical studies are essential for under-
standing PRP’s therapeutic effects fully.
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