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Abstract

BACKGROUND: Erythropoietin (EPO) is the main stimulator of erythropoiesis, but EPO also has non-hematopoietic
effects. The recent data show the positive effects of EPO on tissue regeneration.

AIM: This review aims to know highlights the pathophysiological mechanisms of EPO at different stages of tissue
regeneration, and possible clinical applications in wound healing.

METHODS: A review of the literature considering reviews, clinical studies, original papers, and articles from
electronic data has been used.

RESULTS: Analysis of animal studies and several clinical trials using EPO in context of wound healing revealed that
EPO has a positive effect on all stages of regeneration process and may be a promising therapeutic strategy for the
treatment of chronic wounds.
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Introduction

Recombinant human erythropoietin (EPO) is a
glycoprotein hormone that belongs to the hematopoietic
cytokines. Itis responsible for controlling the mass of red
blood cells, provoking the proliferation, and differentiation
of progenitor cells and inhibiting the programmed death
(apoptosis) of erythroid cells in the bone marrow, but the
role of EPO in the healing of skin wounds is also being
studied [1], [2], [3]. EPO has a number of functions
other than hematopoietic. EPO receptors are found
not only on the erythroid elements of the bone marrow
but also on the cells of the nervous tissue, ovaries
and testes, uterus, vascular smooth muscle cells,
cardiomyocytes, endotheliocytes, epithelium of the
lungs and renal tubules, and other cells [4]. Considering
that EPO receptors are expressed on endothelial cells,
macrophages, fibroblasts, mast cells, melanocytes, and
hair follicles, it has been suggested that EPO is able to
accelerate the regeneration of skin wounds by stimulating
angiogenesis, the formation of extracellular matrix and
collagen, as well as limiting inflammatory mediators and
apoptosis [5], [6], [7], [8]- The increasing importance of

CONCLUSION: An improved understanding of the functions and regulatory mechanisms of EPO in the context of
wound healing may lead to new considerations of this growth hormone for its regular clinical application in patients.

EPO is represented by its non-hematopoietic action of
interest for regenerative medicine, moreover its ability to
enhance wound healing.

Influence of EPO on Pathophysiological
Regeneration Process

Below is an overview of the pleiotropic
spectrum of activity of the glycoprotein hormone EPO
in the treatment of experimental wounds (Table 1). In a
recent study by Hamed et al. studied the ability of high
doses of EPO to influence the healing of burn wounds in
diabetic. It was found that EPO accelerates the healing
of burns by activating angiogenesis, triggering collagen
synthesis and the formation of extracellular matrix, and
also stimulates re-epithelialization by keratinocytes [9].

Growth factors play an important role in tissue
regeneration, for example, transforming growth factor
(TGF)-b is one of the main modulators of wound
healing, capable of enhancing fibroblast proliferation,
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Table 1: Studies investigating the use of EPO for the treatment of experimental wounds

Authors Wound type Species EPO dose I1U/kg bw Mode of administration Duration of administration in days Enhance healing
Hamed [9] burns pigs 2000 slc 14 A
burns pigs 500 ilv 14 A
Siebert [10] full-thickness wounds mice 5000 ilv 12 gH A
Javadmoosavi [11] full-thickness wounds mice 500 ilv 14 A
Sayan [12] full-thickness wounds mice 500 slc 7 A
Bader [13] Burns mice 500 slc 14 A
Erbayraktar [14] Infected wounds rats Karbamyl-3rNMO 10 mg/kg bw ilv 8 A
Hamed [18] Diabetic wounds mice 3000 topical 12 A
Imam [19] burns rats 500 slc 21 A
Galeano [20] burns mice 400 s/c 14 A

IU: International units; A: Positive effect; s/c: Subcutaneous administration; i/v: Intravenous administration.

extracellular matrix deposition, and angiogenesis. In an
experimental study by Siebert, the introduction of EPO
accelerated the epithelialization of wounds and induced
the expression of TGF-b1 in mice [10].

According to the results of another study in
mice, conducted by Javadmoosavi et al., there was a
decrease in the inflammatory response in the wounds
treated with EPO systemically compared to the group
with subcutaneous administration of EPO and the
control group. Moreover, in the EPO-treated groups,
there was an increase in the number of fibroblasts
in wounds and an acceleration of angiogenesis [11].
Sayan et al. presented a study that examined the
effect of EPO administration in mice with full-thickness
wounds to analyze wound tear strength and vascular
endothelial growth factor (VEGF) expression. The
results demonstrated better tissue re-epithelialization,
significantly increased tensile strength, higher collagen,
and VEGF content in wounds [12]. Bader et al. studied
the topical application of EPO for the treatment of burns
in mice, the results showed statistically significant
faster wound healing and re-epithelialization, improved
proliferation of the extracellular matrix, and increased
angiogenesis with high VEGF levels [13]. One study
by Erbayraktar examined the role of EPO in various
models of wound healing, such as chronic ischemic
wounds, traumatized wounds, and infected wounds.
EPO was able to significantly reduce the inflammatory
response and accelerate the regeneration of blood
vessels in healing skin [14].

Skin regeneration is regulated by vertical
migration and differentiation of stem cells originating
from hair follicles. Hair follicles are among the cells
with the highest cellular turnover in the human body
and thus were the basis of the next study, in which
the human hair follicle was first considered as a non-
renal source of EPO synthesis. This study showed
that the outer root layer of growing hair follicles and
newly developed blood vessels of the skin were able
to synthesize EPO and induce apoptosis in the hair
follicle [15]. In this context, Paus et al. further suggested
that the skin may play a much more important role in
EPO synthesis than previously thought. It was found
that the skin directly affects the levels of EPO in the
blood plasma in an order corresponding to the level
of hypoxia in the dermis. Moreover, the skin, as the
largest organ of the human body, can compensate for
the insufficient synthesis of EPO in conditions of renal

failure [16]. A study by Buemi et al. demonstrated that
on the regenerated tissue of ischemic wounds in rats,
EPO administration was associated with increased
VEGF expression, thus increasing the density of newly
formed microvessels, as well as a higher density
of collagen fibers [17]. In addition, EPO was able to
accelerate wound healing in diabetic mice, which was
manifested in an increase in the rupture strength of
the scar compared to the control, which correlated
with the induced overexpression of VEGF [18]. In
a study by Hamed et al. analyzed the local effect of
EPO on the wounds of diabetic rats. Reported EPO-
induced VEGF production was associated with an
increased angiogenic response and improved delivery
of oxygen and nutrients to the wound [19]. In the
Imam study, burns in rats were treated with EPO with
mesenchymal stem cells, and a histological picture
of improved epithelialization was noted, although
differentiation of stem cells into keratinocytes was not
always detected by infrared fluorescence, it was also
found to a significant increase in immunoexpression
of VEGF compared with the control group, probably
due to the anti-inflammatory, immunomodulatory, and
angiogenic effects [20]. Galeano et al. in their study
also examined the effect of EPO on deep second-
degree skin burns in mice. A significant acceleration
of wound epithelialization associated with improved
maturation of the extracellular matrix, an increased rate
of formation of new microvessels, and an increased
rate of epithelial cell proliferation were noted [21].

To date, the function of hematopoietic
receptors in wound healing has not been studied.
Furthermore, the use of EPO can have side effects due
to its effect on hematopoietic receptors, which can lead
to thrombosis [22]. To circumvent these problems, new
compounds have been developed that have specificity
forinnate tissue repairreceptors (IRR)[23]. Forexample,
cibinetide is an 11 amino acid IRR peptide agonist
that has been studied in a large number of preclinical
studies [8]. These results indicate the need for studies
to evaluate the clinical efficacy of cibinetide in tissue
regeneration. Table 1 presents studies examining the
use of EPO for the treatment of experimental wounds.

Thus, EPO-mediated increased wound
healing capacity may be associated with the following
mechanisms: First, EPO is an angiogenic factor
leading to a mitogenic response of endothelial cells.
The formation of new functional capillary structures
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includes activation, migration, proliferation of
endothelial cells, maturation of intercellular junctions,
and the surrounding basement membrane. Each
of these phases is influenced by VEGF, which has
also been described synergistically with EPO for
neovascularization and angiogenesis [17], [18].
Second, successful tissue repair includes both the
formation of granulation tissue in the early stages of
wound healing and its remodeling at later stages of
regeneration. The use of EPO was associated with an
accelerated remodeling of granulation tissue, which
is due to the lower cellularity of the wound contents
and, especially, the lower levels of inflammatory
cells. Moreover, human leukocytes and monocyte-
macrophage cell lines have shown that EPO is able to
inhibit the production of pro-inflammatory cytokines and
TNF-o [10], [21]. Third, the anti-apoptotic environment
created by EPO can further improve wound healing
ability. Accordingly, endogenous delivery of EPO to
the area immediately surrounding damaged tissues
can reduce the death of apoptotic cells by inhibiting
the activity of inflammatory cells and suppressing the
production of pro-inflammatory cytokines, including
TNF-a [2]. Fourth, changes in the rheology of blood
cells due to an increase in the mass of erythrocytes
and leukocytes were important features of the use of
EPO. In this context, more efficient delivery of oxygen
to the tissues due to the increased mass of red blood
cells can lead to accelerated cell growth. EPO data,
which did not show any increase in hematocrit or
hemoglobin, with improved healing ability, indicate
hematopoietic independent tissue protection mediated
by this hormone [24], [25]. Taken together, there is
a sufficient amount of experimental data confirming
the effectiveness of EPO on the pathomorphological
processes of skin wound healing, but it is still
impossible to determine a single mechanism or cellular
function that could be responsible for the ability of
tissue regeneration mediated by EPO.

Premise for Using EPO for Wound Healing

The introduction of EPO into everyday clinical
practice about 25 years ago not only revolutionized the
treatment of anemia but also became a new area of
research related to its non-hematopoietic properties. To
date, extensive studies describe the interaction of EPO
with various cells, which is not limited to the production
of red blood cells. However, the use of EPO as a non-
hematopoietic agent in daily clinical practice is still
very limited. One of the reasons may be based on the
fact that the pleiotropic effects of EPO open up new
therapeutic possibilities that have not yet been clinically
proven. The use of EPO to accelerate skin regeneration
is based on the following mechanisms of its influence at
all stages of regeneration (Figure 1):

ERYTHROPOETIN IN WOUND HEALING
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Figure 1: Effects of Erythropoietin on skin wound healing

There is a positive effect on all phases of wound
regeneration. Reducing the phase of inflammation is
associated with increased phagocytosis, which reduces
the inflammatory response in wounds and has a positive
effect on healing; the accelerated formation of granulation
tissue during the proliferation phase in EPO-treated
wounds is most likely the result of three different effects:
EPO improves cell motility and thus increases the rate
of migration, especially in keratinocytes and fibroblasts,
resulting in faster wound closure. During the proliferation
stage, an increased angiogenic response, accelerated
microvascular formation and improved maturation are
associated with improved nutrition and metabolism of the
wound and the environment. In the stage of remodeling,
an increase in the content of collagen fibers in the wound
is noted. In this context, there are few clinical studies that
have examined the efficacy of EPO for wound healing
(Table 2). In a randomized clinical trial (RCT) Chatzikyrkou
et al. studied the regenerative effects of EPO in diabetic
ulcers, noted better healing compared to controls. It is
noted that the administration of low doses of EPO improves
wound healing in patients with diabetes without affecting
the hematocrit level [26]. In RCTs, Guenter EPO was used
to treat burns [27]. However, the results (epithelialization
of burn wounds) were inconclusive. Hamed et al. used
topical EPO treatment of diabetic ulcers in the description
of a series of cases, and noted a significant improvement
in wound healing, compared with controls [28]. In a series
of cases of Ferri, EPO was used to treat skin ulcers in
systemic scleroderma; an improvement in epithelialization
was noted with intradermal application [29]. In another
study of a series of Giri cases, EPO treatment was given
to three patients with diabetic ulcers, and the treatment
showed an improvement in tissue regeneration [30].
In a case series study of Keast EPO was used to treat
pressure ulcers in anemic patients, resulting in improved
tissue epithelialization [31].

Table 2: Studies investigating the use of EPO for the treatment
of chronic wounds

Authors Wound EPO dose  Mode of Duration of Efficiency
types 1U/kg bw administration administration
in days
Chatzikyrkou Diabetic 30 slc 84 A
et al. [26] ulcers
Guenter Burn 150 slc 21 =
etal. [27] wounds
Hamed [29] Diabetic 2000 topically 84 A
ulcers
Ferri [30] Skin 150 slc 56 A
ulcers
Giri [31] Diabetic 2000 Topically 21 A
ulcers 175
63
Keast [32] Pressure 75 slc 42 A

ulcers

1U: International units; A: Positive effect; s/c: Subcutaneous administration; =: No reliable efficiency; i/v:
Intravenous administration.
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An understanding of the basic molecular
mechanisms associated with tissue regeneration with
EPO will facilitate the widespread clinical use of this
hormone for wound healing.

Conclusion

The use of the glycoprotein hormone EPO
in the context of animal studies has providing tissue
and cellular protection, pro-angiogenic, and anti-
inflammatory activity on all stages of the wound healing
process. A few clinical trials identified a positive effect
of EPO on skin regeneration it may be a promising
therapeutic strategy for the healing of chronic wounds.
Treatment by EPO has shown itself as a bright future
for efficient wound regeneration. However, more RCT
and systematic reviews are needed to better our
understanding of limitations and benefits associated
with the clinical use of EPO. Further research on
regenerative properties of EPO is essential to improve
patient care and may reduce the substantial burden of
chronic wounds.
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