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Abstract—The review considers complex, controversial, and individual effects of heparin and its derivatives
on the bone and circulatory systems in dependence of the dose, the state of the cells and tissues of the recip-
ient. General data on the anticoagulant activity of heparin and its derivatives are presented; special attention
is paid to the effect of heparin on mesenchymal cells and tissues and its role in angiogenesis. We also discuss
the ability of heparin to bind osteogenic and angiogenic biomolecules in the context of the development of
systems for their delivery and sustained controlled release and propose a schematic representation of the pos-
itive and side effects of heparin as a delivery system for biomolecules in tissue engineering.
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INTROUCTION
Injuries of bones and surrounding soft tissues are

inevitably accompanied by the dynamic activation of
the coagulation and anticoagulation systems of the
body. Damages of blood vessels result in hemorrhage
leading to hematoma formation. The clotted blood
fills the injured area and is thus associated with the
bone marrow, endosteum, cortical bone, periosteum,
and muscle tissue. A cellular and molecular environ-
ment, which plays an important role in the process of
reparative bone tissue regeneration, is formed. In the
focus of damage, immunocompetent cells, including
macrophages, secrete inflammatory mediators such as
TNF-α, IL-1, IL-6, IL-11, etc. These cytokines
mediate the recruitment of mesenchymal stem cells
and their differentiation into osteoblasts and chondro-
blasts [1, 2].

Activation of the hemostatic system in bone frac-
tures and their surgical treatment can provoke hyper-
coagulation with the risk of systemic thrombosis and
thromboembolism. Osteosynthesis, even with the use
of biocompatible materials and implants, and, more-

over, endoprosthetics of large joints, also increase the
probability of thrombus formation due to numerous
injuries of arterial and venous vessels, dissection of
soft tissues, and the possible effect of the surface of
medical devices on platelets and proteins of coagula-
tion hemostasis. The balance between the risk of
thromboembolism and bleeding is individual for each
patient. As a rule aged patients with traumatologi-
cal/orthopedic profile have chronic diseases (isch-
emic heart disease, angina pectoris, diabetes mellitus),
vascular diseases (thrombophlebitis, deep vein throm-
bosis, pulmonary embolism). The presence of such
complications requires thromboprophylaxis during
treatment, at the preoperative and postoperative stages
of management of this group of patients.

For the prevention of situations that threaten the
patient’s life, the therapeutic interventions in the
rehabilitation period (after operations with the use of
bone-substituting materials) include direct anticoagu-
lants, heparin derivatives, and various combinations of
heparin itself.
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Fig. 1. Positive and side effects of heparin as a delivery system for biomolecules in tissue engineering. AT-III—antithrombin III;
BMP-2—bone morphogenetic protein 2; BMP-4—bone morphogenetic protein 4; BMP-6—bone morphogenetic protein 6;
FGF—fibroblast growth factor; OPG, osteoprotegerin; TGF-β—transforming growth factor β-1; VEGF—vascular endothelial
growth factor; MSCs are mesenchymal stem cells.
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1. ANTICOAGULANT ACTIVITY OF HEPARIN 
AND ITS DERIVATIVES

Unfractionated heparin (UFH) for therapeutic use
in humans is usually prepared from extracts of intesti-
nal mucosa or lung tissue of cattle and pigs; it consists
of a heterogeneous mixture of glycosaminoglycans
(GAGs) with slightly different structure and molecu-
lar mass [3, 4]. Therefore, regardless of the method of
its production, UFH is capable of provoking hyper-
sensitivity reactions accompanied by thrombocytope-
nia, vascular disorders, and an increase in serum ala-
nine (ALT) and aspartate aminotransferase (AST) lev-
els, which are observed after 4–8 days of therapy [3]
(Fig. 1). Long-term administration of high doses of
heparin increases a risk of systemic osteoporosis [5].
In this regard, UFH is fractionated with isolation of
so-called low molecular weight heparins (LMWH)
with a molecular mass of 1000–10000 Da. These
include the following well-known preparations: Frax-
iparin (Aspen Notre Dame de Bondeville, France),
Clexane (Sanofi Winthrop Industrie, France) and
Fragmin (Vetter Pharma-Fertigung, Germany). One
of the methods of purification is gel chromatography
followed by precipitation in alcohol [4]. LMWH are
less active than UFH in provoking the development of
heparin-induced thrombocytopenia (HIT).

Heparin is not absorbed in the gastrointestinal tract
and therefore it should be administered intravenously
or subcutaneously; the parenterally administered hep-
arin exhibits rapid but short-term anticoagulant activ-
ity and low bioavailability, especially at low doses [4].
UFH is an effective anticoagulant, and its effects begin
to appear at low doses and with any route of adminis-
tration (including oral, intravenous, intramuscular,
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE
subcutaneous, intrarectal, inhalation and in the form
of ointments) [6]. It binds to all natural anticoagulants
and, in particular, to antithrombin III, an inhibitor of
activated blood coagulation factors (thrombin, IXa,
Xa, XIa, XIIa). This is accompanied by suppression of
activated blood coagulation factors II and X,
decreased conversion of prothrombin to thrombin,
inhibition of fibrin formation from fibrinogen, and a
decrease of platelet aggregation. UFH is mainly used
for the prevention and treatment of thromboembolic
diseases, acute coronary syndrome, atrial fibrillation,
and also as an anticoagulant in renal dialysis. Cur-
rently, it is also used for coronavirus infection
COVID-19 [7]. UFH has a number of limitations and
potential complications, including HIT, skin reac-
tions, and long-term osteoporosis [8, 9]. LMWH were
developed in the 1980s, and many of the disadvantages
associated with unfractionated heparin were overcome
by their use, including a lower risk of osteoporosis [9–
11]. In addition, the use of LMWH reduces the risk of
HIT, and monitoring of blood clotting parameters
may be performed less frequently than in the case of
therapy with UFH [9].

Heparin composed of repeating disaccharide units
(1 → 4) of α-D-glucosamine and α-iduric (less often
α-D-glucuronic) acid, belongs to the GAG family. It
has been found in the intercellular substance, tissues of
the lungs, liver, heart and is usually stored in the secre-
tory granules of mast cells; it is released into the vascu-
lar network at the sites of tissue damage, which indi-
cates heparin participation in the protection against
penetration of bacteria and foreign elements [12]. In
this regard, heparin is able to modulate the state of
cells and, thus, when administered for a long time after
S B: BIOMEDICAL CHEMISTRY  Vol. 15  No. 2  2021
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implantation and endoprosthetics, affect the osse-
ointegration of medical devices.

2. THE EFFECT OF HEPARIN 
ON MESENCHEMIC CELLS AND TISSUES

Numerous biochemical, cellular biological, and
genetic studies have shown that GAGs play a crucial
role in the regulation of most signaling pathways asso-
ciated with growth factors, including the transforming
growth factor-β (TGF-β) family and fibroblast growth
factors (FGFs) [13].

Long-term studies of the effect of heparin on mes-
enchymal cells performed using animal models and in
in vitro studies, gave controversial results. However, it
was found that the effects of heparin on healthy prolif-
erating cells and tissues depended on its concentra-
tion. For example, heparin has a stimulating effect on
cell proliferation at low and very low concentrations,
while increased concentrations inhibit cell prolifera-
tion [14] (Fig. 1). On the contrary, Khan et al.,
demonstrated that tumor cells responded to heparin
by increased proliferation and attenuated differentia-
tion mediated via BMP-4 signaling pathways [15]
(Fig. 1).

Binding of heparin to bone morphogenetic pro-
teins (BMPs) resulted in a limitation of the osteogenic
activity of BMP-6 in a 72-h culture of myoblasts,
recorded by a decrease in the expression of alkaline
phosphatase and osteocalcin [16]. In a test for ectopic
bone and cartilage formation in osteoporotic mice,
heparin also significantly inhibited regenerative activ-
ity of BMP-6. This suggests that interaction with
BMP-6 is one of the mechanisms of heparin-associ-
ated osteoporosis [16] (Fig. 1).

On the other hand, in vitro heparin stimulated
osteogenic differentiation of human dental pulp cells;
this effect appeared as early as 3 days of cultivation and
was characterized by an increase in alkaline phospha-
tase activity, expression of bone morphogenetic pro-
tein (BMP-2) and osteocalcin, and formation of min-
eralization nodules in the extracellular matrix (ECM)
[17] ( Fig. 1).

Modification with heparin of porous composite
scaffolds of type I collagen and hydroxyapatite (HAP)
showed a dose dependence but not on the mode
dependence of inclusion in the scaffold composition.
In a low concentration (30 mg/g collagen) heparin
stimulated proliferation, while in a high concentration
(150 mg/g collagen) it stimulated osteogenic differen-
tiation of human mesenchymal stem cells (MSC) [18].

Proliferation of human bone marrow MSCs
obtained from different donors demonstrated individ-
ual sensitivity to low doses of heparin (less than
200 ng/mL) and its pleutropic effect on signaling
pathways of cell growth and differentiation (including
the superfamilies of transforming growth factor-beta
(TGF-β) and BMPs, Fibroblast Growth Factors
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B:
(FGFs), Wnts). High doses of heparin (100 μg/mL or
more) had a clear inhibitory effect on cell growth [5].

Clinical studies of the effect of heparin on human
bone tissue, conducted mainly in pregnant women
gave controversial results. On the one hand, long-term
use of LMWH during pregnancy for 3 months or more
led to bone mass loss and fractures [19]. Other authors
reported that the absolute risk of fractures in this pop-
ulation of patients was rather small (1–2%) [20]. The
decrease in mean bone mineral density by 2–4%
caused by prophylactic doses of LMWH or UFH was
comparable to the bone mass loss during physiological
pregnancy [21].

These studies confirm the possible role of long-
term therapy with UFH in changes in bone metabo-
lism, as well as a decreased risk of fractures in patients
after UFH replacement for LMWH. However,
decrease in bone mineral density by 2–4% or an
increase in the fracture risk of up to 2% has clinical
implications for other populations, including cancer
patients or the elderly, who may require a long-term
course of LMWH therapy and also for individuals with
a higher baseline fracture risk due to for aging or con-
comitant somatic diseases [22–24].

There are a few studies performed in non-pregnant
adult populations, which gave controversial results.
Gajic-Veljanoski et al. reported that long-term ther-
apy with LMWH in patients with venous thromboem-
bolism associated with oncology and other diseases
reduced the mean bone mineral density to 4.8% after
3–24 months in 2 of 5 prospective observational stud-
ies [25]. The meta-analysis did not reveal an increase
in the risk of fractures in the LMWH group compared
with the control group, where patients took mainly
UFH or vitamin K antagonists (VKA). LMWH ther-
apy for 3–6 months may not increase the risk of frac-
tures, but long-term exposure up to 24 months can
negatively affect bone mineral density [26]. Important
considerations are the need for long-term LMWH
therapy to obtain sufficient amounts of calcium and
vitamin D to minimize bone loss and monitoring bone
mineral density in those patients who are at increased
risk of bone loss or fractures [25].

However, using histomorphometric analysis Muir
et al. demonstrated that UFH and LMWH caused a
dose-dependent decrease in the volume of cancellous
bone; the effects of UFH were more potent than those
of LMWH. Both substances (UFH and LMWH)
reduced bone formation by decreasing the surface area
of osteoblasts and osteoids, while bone resorption
increased only by UFH by increasing the area of
osteoclasts [27, 28]. These results were supported by
biochemical markers of bone homeostasis, suggesting
bone destruction and/or repair. Treatment with UFH
and LMWH resulted in a dose-dependent decrease in
serum alkaline phosphatase (a marker of bone forma-
tion); a short-term increase in the amount of type I
collagen associated with pyridinoline (a marker of
 BIOMEDICAL CHEMISTRY  Vol. 15  No. 2  2021
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bone resorption) in urine was observed only in the case
of UFH [27, 28] (Fig. 1).

Experiments in vitro have shown that heparin
enhanced osteoclastic bone resorption by inhibiting
the activity of osteoprotegerin (OPG) [19]. Heparin
specifically binds to OPG and prevents its interaction
with RANKL on the osteoblast membrane, thereby
promoting RANK-RANKL interaction and osteo-
clast activation. LMWH preparations (of about 4000–
6000 Da) produced a less pronounced osteoporotic
effect than the standard UFH (approximately 7000–
25000 Da). More active inhibition of OPG by UFH is
apparently due to the fact that its molecules are more
bulky and sterically interfere with the OPG-RANKL
interaction [19].

3. THE EFFECT OF HEPARIN 
ON ANGIOGENESIS

In porous type I collagen/HAP scaffolds low hepa-
rin concentration (30 mg/g collagen) promoted in
vitro growth of the capillary network from human
umbilical vein endothelial cells and its ingrowth into
the pores of the composite material [18]. At a higher
concentration (150 mg/g collagen), heparin inhibited
this process. In addition, the anticoagulant inhibited
the angiogenic effect of endothelial growth factor
(VEGF) [18].

VEGF and fibroblast growth factors (FGF1,
FGF2) are one of the main mediators of angiogenesis
[29, 30]. A functional interaction between FGF and
heparin was originally reported in 1983. In contrast to
the data of Quade et al. [18], a low concentration of
heparin enhanced the effect of the crude FGF1 prepa-
ration, thus maintaining the culture of endothelial
cells of adult blood vessels [31]. The observation that,
besides interaction with FGF, heparin could bind to a
specific domain of the FGF receptor (FGFR) led to
the elucidation of the molecular mechanism of the
involvement of heparan sulfate in angiogenesis [32].
Complex formation between FGF, FGFR and hepa-
ran sulfate is required for the activation of the angio-
genic FGF-dependent signaling pathway. This con-
ceptual framework influenced subsequent attempts to
identify specific modulators of the process and to
develop anti-angiogenic agents [33] required to limit
the development of tumors. Heparin or some of its
derivatives can act as such agents, which in high con-
centrations in biological body f luids are able to bind an
angiogenic factor, competing with heparan sulfate on
the cell membrane [33].

4. HEPARIN AS A DELIVERY SYSTEM 
OF OSTEOGENIC AND ANGIOGENIC 

MOLECULES
Natural biomacromolecules, including GAGs and

their derivatives, exhibit good compatibility, con-
trolled biodegradability, and long circulation time;
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE
they are non-toxic and non-immunogenic and there-
fore, they are considered as promising carriers for
therapeutic delivery of drugs, biomolecules, genes and
probes for imaging in various pathologies, as well as
for tissue engineering [34, 35]. Currently, protocols for
the use of heparin for the expansion and differentia-
tion of stem cells and for improving the targeted deliv-
ery of growth factors are actively developed. The
PubMed search by the keyword “heparin as a drug
delivery system” gives 1290 results, while the query
“heparin and bone bioengineering” yields only
206 references. The latter may be attributed to certain
concerns of researchers to variability of the results and
side effects of the heparin use as a delivery system for
biomolecules in the bioengineering of the musculo-
skeletal system [36].

Among 40 cytokines of the TGF-β superfamily,
about one-third may bind to heparin; these
include TGF-β1, TGF-β2, some BMPs (e.g. BMP-2;
BMP-6), growth and differentiation factors (GDFs),
and GDNF (Glial cell-derived neurotrophic factor)
and its two close homologues [37].

Heparin has a high affinity for growth factors such
as VEGF, basic FGF, and bone BMP-2 [38], which
makes heparin a potential carrier for the delivery and
local targeting of these biomolecules [39].

For example, the clinical application of BMP-2,
one of the most active osteoinductive molecules,
requires the use of supraphysiological doses due to its
instability and rapid enzymatic degradation, which
cause systemic toxicity and side effects [40]. Lee et al.
[41] developed a heparin-conjugated fibrin (HCF)
system for the delivery of recombinant human BMP-2
for bone bioengineering. Later, a heparin-polyelectro-
lyte (PEC)-based carrier was developed for BMP-2
delivery [42].

Decellularized heparinized mineralized small
intestinal submucosa (SIS) membranes loaded with
BMP-2 had a controlled long-term 40-day release of
the bone protein, promoted in vitro expression of
osteogenic genes in bone marrow MSCs, and healed a
jaw bone defect in osteoporotic rats. In this case, hep-
arin was used to improve immobilization and con-
trolled release of BMP-2 [43].

Recently, a synthetic hydrogel based on heparin
mimetic molecules, polyvinylsulfonic acid or poly-4-
styrenesulfonic acid, was developed for local concen-
tration and prolongation of the BMP-2 effect [40].
The heparin-mimetic sulfonated gel demonstrating
effective binding of BMP-2, stabilized its concentra-
tion, and prolonged the increase in osteogenic differ-
entiation of encapsulated bone marrow MSCs without
adding an exogenous growth factor to the culture.
Moreover, the gel increased its osteogenic activity by
localizing new BMP-2 molecules produced by MSCs.
This indicates that heparin-associated systems for the
delivery and release of biomolecules are promising for
enhancing bone tissue regeneration [40].
S B: BIOMEDICAL CHEMISTRY  Vol. 15  No. 2  2021
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At the same time, differentiation factor 5 (GDF5)
binds to heparin; however, clinical heparin concentra-
tions (>10 nM) suppress the activity of GDF5 towards
chondrogenic differentiation of human MSCs and
muscle cells of the ATDC5 line [36].

CONCLUSIONS
Surgical treatment of bone fractures by means of

osteosynthesis and endoprosthetics may cause a shift
in the dynamic balance of the hemostasis system
towards increased blood coagulability. The presence of
hematomas is a necessary stage in the reparative
regeneration of bone tissue. At the same time, the risk
of thrombosis and embolism, especially under condi-
tions of implantation of artificial materials, inevitably
leads to the prophylactic or therapeutic prescription of
heparin and its derivatives, which (according to vari-
ous authors) have an controversial and individual
effects on the bone and circulatory systems, depending
on the dosage, the state of the cells and tissues of the
recipient.

The ability of heparin to bind osteogenic and
angiogenic biomolecules is a promising feature for the
development of systems for their delivery and con-
trolled sustained release. At the same time, the prob-
lem is the intrinsic potential of heparin as a modulator
of osteo- and angiogenesis. In conditions of progres-
sive osteoporosis in a population (the expected prog-
nosis is up to 30% of hospital beds) [44], the use of
heparin alone or in combination with biomolecules
requires a personalized approach and careful monitor-
ing, primarily in patients with a burdened history and
concomitant somatic diseases.
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