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ABSTRACT

Diabetic foot ulcers (DFUs) present as a debilitating complication of diabetes which approximately
affects 6.3% of the global population with significant mortality and morbidity consequences. While
one-third of the total cost of diabetic care goes to DFU treatment, 20% patients have unresolved
ulcers, while 40% experience recurrency within one year. To improve outcomes in DFU care, ac-
tivated autologous platelet-rich plasma (aaPRP) is one of the adjuvant therapies proposed. Con-
taining various bioactive proteins such as growth factors and cytokines, it possesses regenerative,
antioxidative, anti-inflammatory, and antimicrobial qualities. Furthermore, its autologous nature,
which also makes it a highly safe treatment modality, is also promising. In this review, we shortly
discuss the pathogenesis of DFUs and how aaPRP may tackle the key players in DFU pathogenesis
to improve wound healing outcomes. We also briefly describe its method of isolation and the cur-
rent views on aaPRP from an authoritative source. Lastly, we summarize the existing evidence for
the utilization of aaPRP in the treatment of DFUs.
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INTRODUCTION

Diabetic foot ulcers (DFUs) present as a debilitating
complication of diabetes which affects 6.3% of the
global population. Some of the cited risk factors of
DFUs include lower body mass index, longer diabetic
duration, hypertension, and a history of smoking!.
It is a severe public health issue which carries with it
an immense burden of mortality and morbidity. Ap-
proximately 90,000 amputations are performed annu-
ally as a result of DFUs. This condition may also lead
to other complications such as infection, abscesses,
and pedal deformities 2. The mortality rate associated
with the development of DFUs is approximately 5% in
1 year, and 42% in 5 years>.

Given the current standard practices in the manage-
ment of DFUs, it is estimated that DFU treatment
takes up one-third of the total cost of diabetic care,
which translated to US $176 billion in 2012. In spite
of this high cost, around 20% of DFU patients have
wounds that remain unhealed after one year. Besides
resolution, recurrence is also an issue as about 40% of
patients experience recurrency within one year>.

To improve outcomes in DFU care, several adjuvant
therapies have been proposed, among which is acti-
vated autologous platelet-rich plasma (aaPRP). Ad-
vances in biotechnology has enabled scientists to uti-

lize platelets for a wide array of uses, such as alope-
cia?, tendinopathy®, and even cytokine storm ®-8. By
processing blood samples from the patients, various
bioactive proteins which possess favorable properties
such as regeneration, can be released>°. This review
aims to evaluate the current evidences regarding the
efficacy of aaPRP in the treatment of DFUs.

REVIEW

For this review, the author assembled credible liter-
ature from various databases such as PubMed, Sco-
pus, and Wiley Online Library. The keywords used
were “Diabetic Foot Ulcer”, “Platelet-Rich Plasma’,
and “Platelet-Rich Plasma AND Diabetic Foot Ulcer”.
Afterwards, the author handpicked relevant articles to
be included in the review. Articles not written in En-
glish or that were deemed to be irrelevant were ex-
cluded.

In the end, a total of 50 studies were referenced in this
review, of which eight are research articles focused on
presenting current evidence of aaPRP in the treatment
of DFUs. The other 42 are mainly review articles ref-
erenced in other parts of this article.

Pathogenesis of Diabetic Foot Ulcers

The pathogenesis of DFUs is complicated as it is a
combination of several risk factors, such as peripheral
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neuropathy, peripheral vascular disease, pedal defor-
mity, trauma, weakened resistance to infection, and
moreZ. Here, some of the most dominant risk factors
in the pathogenesis of DFU are discussed.

Diabetic Peripheral Neuropathy

Diabetic peripheral neuropathy (DPN) afflicts up to
66% and 59% of patients with type 1 and type 2 di-
abetes respectively . The peripheral neurons sup-
plying the feet are the longest cells in the body. As
such, they require adequate vascularization, mito-
chondrial support, and glucose and lipid metabolism,
all of which are unfortunately disturbed in diabetes !!.
As pointed out by experimental and clinical and stud-
ies, the most important factor in DPN pathogenesis is
hyperglycemia-mediated cellular-injury >3, Other
factors include obesity, dyslipidemia, impaired neu-
rotrophic support, and microangiopathy which in-
duce oxidative stress, mitochondrial dysfunction, and
inflammation 1.

One way that hyperglycemia causes DPN is through
the polyol pathway, wherein excessive intracellular
neuron glucose is converted into sorbitol, and into
fructose afterwards by aldose reductase and sorbitol
dehydrogenase, respectively. The ultimate increase in
polyol flux causes intracellular hyperosmolarity and
compensatory efflux of osmolytes, one of which is my-
oinositol, resulting in phosphatidylinositol depletion,
hindering the creation of adenosine triphosphate. All
of these processes result in Na*/K* ATPase and pro-
tein kinase C dysfunction, impaired axonal trans-
port, and neuronal breakdown. Furthermore, the re-
duction of glucose to sorbitol is also associated with
NADPH consumption (which is required for the glu-
tathione regeneration), thus contributing to oxidative
stress 1415,

In the presence of excess glucose, shunting to the
hexosamine pathway also occurs. The conversion of
fructose-6-phosphate to glucosamine-6-phosphate by
glutamine: fructose-6-phosphate amidotransferase
increases the production of uridine diphosphate N-
acetylglucosamine that in turns modifies the tran-
scription factor Spl. This change results in altered
gene expression and protein function. Consequently,
vascular dysfunction, inflammation, and oxidative
occurs 1116,

Other than that, in a hyperglycemic environment,
proteins, lipids, and nucleic acids can undergo ir-
reversible non-enzymatic reactions which form ad-
vanced glycation products. These group of molecules,
which are generated via the attachment of reactive
carbohydrate groups, tend to affect cellular function

negatively by disrupting the biological tasks of pro-
teins. They also bind to their receptors which acti-
vates the intracellular signaling pathway, leading to
inflammation, oxidative, stress, and nuclear degrada-
tion. This chain of events results in vascular dysfunc-

tion and deficits in neuronal conduction 114,

Peripheral Vascular Disease

Peripheral vascular disease (PVD) isan important risk
factor in the development of DFU. PVD is responsi-
ble for about 50% of DFU cases and 70% of deaths
in type 2 diabetes?. Hyperglycemia, dyslipidemia,
and insulin resistance found in diabetics foster the
development of PVD through mechanisms similar to
those found in coronary artery disease!”. The risk
of PVD is higher and earlier in patients with diabetes
due to endothelial dysfunction, vascular smooth mus-
cle dysfunction, inflammation, and hypercoagulabil-
ity. Other than diabetes, high blood pressure, smok-
ing, dyslipidemia, and older age are also risk factors
for PVD '8,
atherosclerosis, may suffer from acute or chronic is-

Diabetics, who are at a higher risk of

chemia which may also lead to gangrene. Poor pe-
ripheral vascularization also leads to a poor wound
healing process and further worsens the situation.”
Once it has become a neuroischemic ulcer, the wound
is at risk of infection. While ischemia is not an in-
dependent risk factor for amputation, simultaneous
occurrence with infection greatly increases the risk
of limb amputation. Deep infections, such as os-
teomyelitis or soft tissue infection, are an immediate

cause of amputation in 25 — 50% of DFU cases '°.

Other Risk Factors

Other risk factors identified by studies include Char-
cot joints, a long duration of diabetes, retinopathy,
nephropathy, hypertension, overweight, obesity, low
socioeconomic level, foot deformity, and a history of
previous DFUs and/or amputation 2022,

Current Views on Platelet-Rich Plasma in
the Treatment of Diabetic Foot Ulcers

In 2016, the Wound Healing Society released guide-
lines regarding the treatment of DFUs?3. The guide-
lines cover diagnosis, oftloading, infection control,
wound bed preparation, dressings, surgery, adjuvant
agents, and the prevention of the recurrence of DFU.
The evidence-based guidelines used well-controlled
The
strength of the evidence was then listed as Level I,

animal studies in addition to clinical studies.

Level II, or Level III with Level I evidence being the
strongest due to being derived from meta-analyses or
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multiple laboratory studies supported by at least two
clinical series.

Of interest to this review is the “Adjuvant Agents”
section of the guidelines which cover topical, device,
and systemic adjuvants for the treatment of DFUs.
Level I evidence (very strong) was given to the appli-
cation of platelet derived growth factor (PDGF)>4-26,
cytokines, and growth factors?’~*’to improve DFU
healing outcomes.

However, the guidelines stated that a systematic re-
view of multiple trials studying the effects of aaPRP in
the treatment DFU have not demonstrated improve-
ments in the wound healing effects *°. This finding is
contradictory to the current literature and principles
regarding the mechanism of aaPRP which will be dis-
cussed in a later part of this manuscript.

Isolation of Activated Autologous Platelet-
Rich Plasma

There exists an abundance of aaPRP technique pre-
sented in the literatures but the end products are gen-
erally classified, as proposed by Ehrenfest et al.,3! as
follows:

o Pure platelet-rich plasma or leukocyte-poor
platelet-rich plasma

« Leukocyte- and platelet-rich plasma

o Pure platelet-rich fibrin or leukocyte-poor
platelet-rich fibrin

« Leukocyte- and platelet-rich fibrin

Current evidence shows that aaPRP preparations rich
in leukocytes may impede healing by inducing in-
flammation through pro-inflammatory cytokines 2.

One example of aaPRP isolation involves drawing
whole blood from a patient through venipuncture into
sodium citrate tubes, centrifuging the blood, sepa-
rating the supernatant, and centrifuging it again at a
faster speed. After this step, the lower-third of the
tube will be considered platelet-rich plasma and the
rest platelet-poor plasma, which would later be re-
moved. The final product is a concentrated pellet of

platelets suspended in plasma®.

Current Evidence for The Utilization of Au-

tologous Platelet-Rich Plasma in Diabetic
Foot Ulcers

Principles and Molecular mechanism

In DFUs, the lack of oxygen and nutrients hinders the
epithelial cells from expressing growth factors, such
as vascular endothelial growth factor (VEGF) and
PDGE, which are vital for wound healing 3334 With

over 1500 bioactive factors found in platelets, aaPRP
contains the much-needed growth factors which are
beneficial for DFUs as the wounds are deficient in
growth factors. Some examples of the growth factors
include PDGF which has the ability to enhance col-
lagen synthesis, fibroblast chemotaxis, and prolifer-
ation; VEGF which stimulates angiogenesis, the mi-
tosis of endothelial cells, and increases vascular per-
meability; and the insulin-like growth factor (IGF)
which promotes cell growth and differentiation, and
also works with PDGF to stimulate collagen synthe-
sis. Other growth factors such as transforming growth
factor-B (TGF-f), epidermal growth factor (EGF),
and fibroblast growth factor (FGF) are also present 35,
A summary of the regenerative functions of some of
the bioactive molecules found in aaPRP are summa-
rized in Table 1.

Other than growth factors, a diverse array of cy-
tokines are also present in platelets. These proteins
can help in the modulation of inflammation and re-
generation. Some of these include interleukin (IL)-
1 receptor antagonist, IL-10, tumor necrosis factor-
o, IL-12p70, and IL-84%45 For example, IL-10 is an
anti-inflammatory cytokine that is essential in wound
healing as observed in models of fetal wound healing.
The tissue repair observed is also not limited to cuta-
neous but also tendon and myocardial regeneration.
Clinical trials have also demonstrated that wounds
treated with IL-10 have less scarring °.

In the case of leukocyte-rich aaPRP, it is hypoth-
esized that the neutrophils present in the prepara-
tion may impede wound healing by releasing massive
amounts of reactive oxygen species and nitric oxide.
While these secretions are useful to prevent micro-
bial infection and to clear debris from the wound, the
high number of leukocytes may delay wound heal-
ing. One possible way to control the amount of neu-
trophils in leukocyte-rich aaPRP is to increase the
number of macrophages in the preparation as they in-
duce neutrophil apoptosis. Nevertheless, leukocyte-
rich aaPRP has its own uses and benefits outside the
context of DFU healing®>.

Safety and Accessibility

Accessibility-wise, the study carried out by Linertova,
et al.*! in Spain deemed that aaPRP treatment for
DFUs is a cost-saving alternative in most cases when
obtained manually as opposed to commercial kits
when compared to usual care.

aaPRP is highly safe for human administration. Being
autologous in nature, aaPRP has virtually no chance
for rejection, cross-contamination, or disease trans-
mission. Safety-wise, there is no rejection and it is
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Table 1: Brief summary of the functions of select bioactive molecules 33-35

Bioactive molecule

Function

Platelet Derived Growth
Factor (PDGF)

Vascular Endothelial Growth

Factor (VEGF)

Insulin-like Growth Factor

(IGF)

Transforming Growth
Factor-f8 (TGF-f3)

Fibroblast Growth Factor

(FGF)

Collagen synthesis, bone cell proliferation, macrophage activation, fibroblast activity

macrophage and neutrophil chemotaxis

PDGF

Promotes angiogenesis, endothelial cell replication and migration, stimulates

Promotes cellular growth and differentiation, stimulates collagen synthesis with

Collagen synthesis, promotes angiogenesis, inhibition of osteoclast activity, stimulates

leukocyte chemotaxis

Stimulates the replication of mesenchymal cells, chondrocytes, and osteoblasts, also

chondrocyte and osteoblast differentiation

Table 2: Summary of current evidence in this literaturereview of aaPRP for treating DFU

Author (year) Intervention Control Outcome

Parameter: Efficacy on Wound Healing

Driver, et al. aaPRP gel dressing Saline gel dressing  Significantly higher healing rate and shorter
(2006) 3¢ time-to-heal in intervention

Ahmed, et al. aaPRP gel activated Antiseptic oint-  Significantly better healing rate and less in-
(2017)%7 with thrombin ment gel fection in intervention group

Gupta, et al
(2021)38

Yarahmadi, et al.

(2021)%

aaPRP dressing and
total-contact casting

fibrin

along with

aaPRP

dressing

glue

oral vitamin E and
vitamin C

Parameter: Safety and Accessibility

Karina, et al.
(2021) 40

Linertova, et al.
(2021)4!

Parameter: Others

Hassanien, et al
(2020) #2

Nolan, et al.
(2020) 3

Intravenous aaPRP

Saline dressing and
total-contact dress-

ing
aaPRP fibrin glue
dressing

N/A

Usual care + manually obtained aaPRP vs.

usual care + kit-obtained aaPRP vs. usual care

Perineural aaPRP in-

jection

Medical treatment

aaPRP + fat graft vs. fat graft vs. usual care

Intervention is no more efficacious than con-
trol in treating diabetic foot

Significant reduction of wound size in both
groups. Significant decrease in inflammatory
and oxidative markers in intervention group

No observed adverse event (allergic reaction,
infection, coagulation)

PRP for the management of DFU may be
cost-effective or cost-saving if implemented
appropriately

Significant improvement in pain and numb-
ness in DFU patients treated with interven-
tion

Better fat graft survival and neovasculariza-
tion in aaPRP + fat graft group. No clinical
difference between the three groups.
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minimally invasive. Interestingly, Karina, et al.*? for-
mulated an aaPRP preparation protocol that is also
suitable for systemic administration via intravenous
infusion. The study also proved that aaPRP prepared
with such a technique is devoid of leukocytes and
platelets after the last stage of activation. Additionally,
the aaPRP in the study was also administered through
a blood transfusion set to eliminate any potential cel-
lular debris. Out of the more than 600 patients, none
reported any adverse effects related to the systemic
aaPRP administration.

Current Evidence and Study Results

A double-blind randomized controlled trial (RCT) in
2021 by Yarahmadi et al. found that aaPRP adminis-
tration in a fibrin glue dressing (along with oral vi-
tamin E and C supplementation) has the capability
to help in DFU wound healing. This is evidenced
by a significant wound size reduction and decrease
in prooxidants compared to the control group>’.
This study results prove that aaPRP can decrease the
immense oxidative stress brought about by hyper-
glycemia. On a side note, another RCT involving per-
ineural aaPRP injection for DPN also showed an im-
provement in pain and numbness *2. This encourag-
ing result for improved peripheral nerve function may
suggest that the benefits of aaPRP in DFU also extend
beyond its antioxidative and anti-inflammatory prop-
erties.

Ahmed et al.>’ also found that aaPRP in gel form
is superior to a local antiseptic dressing in terms of
healing rate and infection prevention in clean ulcers.
In a previous canine study, aaPRP preparations have
exhibited antimicrobial activity against methicillin-

47 'This antimicro-

resistant Staphylococcus aureus
bial property may be attributed to the presence of a
chemokine (C-C motif) ligand (CCL)-3, CCL5, and
chemokine (C-X-C motif) ligand (CXCL)-1. Along
with CCL3, CCL5, and CXCL1, transforming growth
factor-B1 is also present and reported to be bacte-
riostatic. Furthermore, synergistic activity between
aaPRP and antibiotics have also been observed 8.
However, a recent RCT concluded that a PRP dressing
is no more efficacious than a placebo of normal saline
in DFU managed with total-contact casting®. The re-
sults of said study contradicts an older RCT done in
2006 by Driver et al.>® which found that 81.3% pa-
tients in the DFU group treated with aaPRP gel saw
wound resolution compared to 42.1% patients in the
saline gel group. The difference in administration and
the presence of a total-contact cast may play a role in
the difference of results; this is to be explored in future
studies.

Studies combining aaPRP to enhance the regenera-
tive potential and graft survival rates of mesenchy-
mal stem cells also exist. The combination of aaPRP
with stromal vascular fraction (SVF) may be imple-
mented as a non-animal source of growth factors to
support stem cell proliferation and differentiation*®.
A murine study of wound healing has also procured
promising results, with the group of rats treated with
SVF and aaPRP having the most accelerated wound
healing compared to aaPRP or SVF alone®’. An RCT
further confirmed this dynamic between aaPRP and
stem cells. Histological analyses demonstrated im-
proved neovascularization and graft survival in DFU
wounds, although these results are not accompanied
by a shortened wound healing time 3.

The findings of this literature review have been sum-
marized in Table 2.

CONCLUSIONS

Along with the current principles of treatment, i.e.,
offloading, infection control, wound bed preparation,
and others, aaPRP poses as an attractive adjunct treat-
ment to DFU due to its efficacy, as well as its economic
and safety profiles. As shown by its ability to improve
wound closure, reduce oxidative stress, improve pe-
ripheral nerve function, prevent debilitating deep tis-
sue infections, and overall improve safety, more clin-
icians should test aaPRP as an adjunct or alternative
treatment for refractory DFUs. Future studies should
explore the optimal form and dosage of aaPRP for
DFU treatment.

ABBREVIATIONS

aaPRP: Activated autologous platelet-rich plasma
CCL: Chemokine (C-C motif) ligand
CXCL: Chemokine (C-X-C motif) ligand
DFU: Diabetic foot ulcer

DPN: Diabetic peripheral neuropathy

IL: Interleukin

PVD: Peripheral vascular disease

PDGEF: Platelet derived growth factor
RCT: Randomized controlled trial

SVEF: Stromal vascular fraction

VEGF: Vascular endothelial growth factor
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