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Abstract: Heparin, the widely used pharmaceutical anticoagulant, has been in clinical use for well
over half a century. Its introduction reduced clotting risks substantially and subsequent developments,
including the introduction of low-molecular-weight heparin, made possible many major surgical
interventions that today make heparin an indispensable drug. There has been a recent burgeoning
of interest in heparin and related glycosaminoglycan (GAG) polysaccharides, such as chondroitin
sulfates, heparan sulfate, and hyaluronate, as potential agents in various applications. This ability
arises mainly from the ability of GAGs to interact with, and alter the activity of, a wide range
of proteins. Here, we review new developments (since 2010) in the application of heparin and
related GAGs across diverse fields ranging from thrombosis and neurodegenerative disorders to
microbiology and biotechnology.
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1. Introduction

Heparin, a member of the glycosaminoglycan (GAG) family of sulfated polysaccharides, is one
of the most widely used pharmaceuticals, whose major role is in the inhibition of clot formation
and thrombi, especially during surgery or following trauma. Beyond referring to some important
historical literature, this review will attempt to survey recent (by which we mean from ca. 2010 to 2017)
applications for this important and widely used drug, and will include other GAG members, which
are being explored increasingly for other potential uses.

Heparin has been an established anticoagulant drug for more than 60 years for the prevention
and control of thrombotic events owing to its interaction with a number of proteins of the blood
clotting cascade, notably antithrombin and thrombin [1]. It consists of a linear, highly sulfated
polysaccharide chain of various lengths varying from 2000 to 40,000 Da [2–4], composed of repeating
disaccharide units of 1,4 linked α-L-iduronic or β-D-glucuronic acid (D-GlcA), and α-D-glucosamine
(D-GlcN). The predominant substitution pattern comprises 2-O-sulfation of the iduronate residues and
N- and 6-O-sulfation of the glucosamine residues [5]. Heparin is also closely related structurally to
heparan sulfate (HS), which is present on cell surfaces and in the extracellular matrix. HS is generally
less sulfated than heparin and is often considered to have a defined domain structure [6–8] and
a lower proportion of L-iduronate residues. There are also D-GlcA and N-acetylated glucosamine
(D-GlcNAc) residues, as well as variations in sulfation, including a small proportion of 3-O-sulfates
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on glucosamine residues. Hyaluronic acid (HA) is the only member of the GAG family that is
not sulfated, being a homo-polymer consisting of beta (1→4) linked disaccharides of D-GlcA β

(1→3) D-GlcNAc. Chondroitin sulfate (CS) encompasses various structures, based on repeating β

(1-4) linked disaccharides of GlcA β (1→3) GalNAc containing 6-(Chondroitin sulfate-C: CS-C) and
4-sulfates (CS-A), sulfation at position-2 of the GlcA residues (GlcA2S β (1→3) GalNAc6S) (CS-D), and
4,6-di-sulfated GalNAc (GlcA β (1→3) GalNAc4, 6diS (in CS-E). The polysaccharide, dermatan sulfate
(DS), which was formerly known as CS-B, contains repeating →4) L-IdoA β (1→3) D-GalNAc β (1→
units with 4-O-sulfation on the GalNAc moiety. GAG-like structures from non-mammalian sources,
often marine, have become the focus of attention recently, and these, while possessing similar backbone
structures, often include branches of fucose units [9], which can include non-reducing terminal fucose
with sulfation at positions-2 and -3 [10].

The discovery and development of heparin as an anticoagulant agent had a tremendous impact on
health because major surgical procedures became possible, especially those in which cardiopulmonary
bypass (CPB), which was first demonstrated in animals in 1939 [11], were necessary. Another important
medical procedure that is only possible due to the anticoagulant properties of heparin is dialysis.
Indeed, unfractionated (full-length) heparin (UFH) named heparin sodium, its antidote, protamine
sulfate [12], as well as a form of low-molecular-weight heparin (LMWH) [13] all appear in the World
Health Organization’s (WHO) List of Essential Medicines. The pharmacological activity of heparin
results mainly from its ability to bind and accelerate the AT activity, thereby considerably enhancing
the inhibition of coagulation factors Xa and IIa, although it interacts in concert with AT and other
members of the blood clotting cascade as well, including factor IXa, XIa, and XIIa [14]. In a biological
rather than a clinical context though, heparin action is more closely linked to defense against exogenous
pathogens [15] and responses following tissue damage. Heparin alters cytokine levels [16], and one of
its biological roles may be to dampen the effects of the sudden release of large numbers of cytokines
following infection or sudden trauma.

In recent times, the majority of pharmaceutical heparin has been sourced from the intestine of
pigs, and detailed studies of the sequence of heparin have involved laborious separation techniques.
Recent advances in the biosynthesis of heparin-related structures employing recombinant enzymes
and synthetic uridine-diphosphate-monosaccharide donors have been developed by Liu and Linhardt,
allowing not only for the production of heparin sequences but also for the systematic and controlled
preparation of heparin (and HS) analogues, which will be suitable for a wide-range of experimental
purposes and applications [17].

2. Applications in Anticoagulation and Cancer Treatments

In current clinical use, one of the most important forms of heparin is low-molecular-weight heparin
(LMWH) which consists of a complex mixture of fragments ranging from tetra to hexadecasaccharides
and somewhat higher oligosaccharides [18–20] obtained by various chemical and enzymatic
depolymerization processes. The main advantages of LMWHs over UFH are improved bioavailability
and higher anti-factor Xa/anti-factor IIa activity ratios, with decreased hemorrhagic risk during
prolonged treatments [21]. While UFH can be monitored effectively and reversed in patients
undergoing surgery with extracorporeal circulation, LMWHs cannot, because neutralization with
protamine sulfate is ineffective. The development of new anticoagulant agents with the beneficial
properties of both UFH and LMWH is therefore still pursued and is an important area in which
biosynthetic structures are being applied [22,23].

Aside from the well-known anticoagulant activities of heparin and related GAGs or GAG mixtures,
such as sulodexide (a mixture of LMWH and DS in the ratio 80:20), heparin is also active in a wide
range of activities in which the naturally occurring cell surface polysaccharide, heparan sulfate (HS),
is a participant. Many of the proteins with which heparin interacts originate in the extracellular
matrix, the best studied of which belong to the fibroblast growth factor (FGF) family. The potential
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use of heparin to interfere with aberrant cell–cell signaling by this route has been investigated and the
relationship between sequence and activity sought [24–27].

The importance of the FGF signaling system to development and regulation, and hence when its
function is impaired or altered, also to disease is one obvious area in which heparins, acting in this
case as analogues for HS, can be applied. One area in which modulating FGF signaling would be
desirable is cancer treatment. However, it is noteworthy that cancer-related thrombotic disorders are
also well known and were first described as long ago as 1865, when the clinical association between
thrombosis and an initially undiagnosed cancer was noted. Unfractionated heparin and LMWHs
have been used successfully for the prophylaxis and treatment of cancer-related hemostatic disorders;
however, since cancer patients have an increased risk of bleeding [28], LMWHs have gained significant
ground since they produce a more predictable anticoagulant response, display improved subcutaneous
bioavailability, and exhibit an extended half-life. Furthermore, heparin-induced thrombocytopenia
(HIT) incidence is lower when LMWHs and the synthetic pentasaccharide, Fondaparinux, are used.
Novel oral anticoagulants are under development, but their efficacy and safety in cancer-patients has
yet to be proved. Despite being well recognized now, the pathogenesis is complex and results from
the combination of several factors, but the expression of tumor cell-associated clotting factors is a
shared characteristic. The prevention and treatment of these conditions extends beyond the ease of
symptoms, it has a direct impact in cancer patient survival [29], and there are some known beneficial
effects of heparin, but elucidating these is hampered by the complexity of the systems involved.
The widespread use of heparin as a treatment is hindered by unwanted anticoagulant side-effects [30]
(see also review by Afratis et al. [31]); however, the possibility of correcting signaling defects caused by
altered HS structure (e.g., by sulf enzyme activity) in cancer [32,33] or the direct inhibition of the sulf
enzymes with heparin or heparin analogues is an area of potential interest. Of direct relevance to the
progression of the disease is the inhibition of a mammalian heparanase enzyme [34], while other routes
are thought to influence metastasis, acting via P- and L-selections [35–37], inhibiting galectins [38],
inhibiting tumorogenesis and angiogenesis through cellular receptors such as CD44 and growth factor
receptors [39], or, in the case of the use of heparin as a means of ameliorating resistance to cisplatin
treatment, acting through as-yet unidentified mechanisms [40], all of which are affected by heparin
or heparin analogues. Among other GAGs, an example of the treatment of cancer is the use of the
non-sulfated GAG, hyaluronate (HA) in pancreatic ductal adenocarcinoma [41].

3. Recovery from Nervous System Damage

Recent work shows that, while CS inhibits the regeneration of neurites in the CNS, CS-bound
HB-GAM (pleiotrophin) activates them, inducing dendrite regeneration in adult cerebral cortex and
axonal regeneration in adult spinal cord [42]. Chondroitin sulfate forms a barrier following nerve
injury [43], but can be digested by enzymes to improve repair [44–47]. Chondroitin sulfate-E (CS-E),
containing unusual 4,6 di-sulfated GalNAc residues and 4-sulfated CS in aggrecan, have been shown
to be inhibitory to neurite outgrowth [48], and CS-E mediates estrogen-induced osteoanabolism [49],
suggesting several potential future applications for CS and its derivatives.

4. Respiratory Diseases

GAGs and heparin in particular have been suggested as playing a protective roles in the
inflammation response [50], which has been interpreted as involving (among other things) the
inhibition of elastase and the interaction with several cytokines [51]. Heparin and its analogues
have been proposed for the application to elastase inhibition for cystic fibrosis treatment (or other
conditions, such as acute respiratory distress syndrome (ARDS). Although they do not originate from
a conventional mammalian GAG, oligosaccharide fragments of the fucosylated GAG structures from
the sea cucumber (Holothuria forskali) [9] were shown to lower neutrophil infiltration by reducing
selectin interactions.
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5. Neurodegenerative Diseases

There is an emerging role in Parkinson's Disease for heparin acting via cathepsin-d activity
affecting α-synuclein accumulation [52], while, in Alzheimer’s Disease, the inhibition of BACE-1,
the key protease responsible for the generation of toxic Aβ fragments (1–42) is inhibited by
heparin and its derivatives [53,54], some of which have been engineered to possess very low
anticoagulant activity [55,56]. Furthermore, it is known that heparin modulates fibril formation [57],
and understanding the mechanisms underlying such events may open new routes for the prevention,
for instance, of toxic fibril formation and deposition.

6. Roles as Antimicrobial Agents

6.1. Viruses

GAGs might be expected, on the basis of their universal presence on cell surfaces, to serve as
a broad spectrum and relatively non-specific receptors for virus binding [58]; [see also an earlier
review: [59]]. Such interactions are not unexpected, since virus envelope proteins present patches
of positively charged amino acids. While GAGs have been shown to attach to filoviruses [60] and
CS-E, but not CS-D, and inhibit dengue virus infection [61], it is clear that GAGs are indeed of
relevance to the mechanisms of viral attachment and invasion. The ability of viruses to bind cell
surface HSs and, by extension, bind heparin under experimental conditions has long been known in
the case of herpes simplex (HSV) and dengue (DENV) viruses. Heparin as a potential inhibitor of
viral attachment follows naturally from these observations and has been demonstrated for DENV [62].
What is less clear is whether and how this knowledge can be exploited to enable GAGs to be applied
as inhibitors of attachment, a process that may be able to be exploited for the well-known property
of multivalency to increase the avidity of the binding of the viral particles to the GAG, perhaps
immobilized in some device, or attached to multidentate ligands in a nanotechnology format (see also
a review of this field: [63]). The potential importance of such applications is difficult to over-emphasize,
however. Recently, viral attachment to GAGs was reported for IFNα/βBP from variola (smallpox
virus), monkeypox viruses [64], and GAGs have been shown to prevent measles virus infection in cell
lines via hemagglutinin protein [65]. Other viruses, including hepatitis B, have been found to bind to
heparin [66] as has Japanese encephalitis virus (JEV) [67]. Thus, the interest in GAG-based intervention
seems set to increase.

Heparin and derivatives have been shown to be effective in preventing the infection of cells by the
influenza virus, strain H5N1 [68], and to have effects on ZIKV-induced cell death that are independent
of adhesion and invasion [69]. In this case, heparin has only a modest ability to protect infection by
analogy with dengue virus, which is also of the flavivirus family, and which interacts with heparin
through the envelope glycoproteins [70]. Rather, heparin may be acting to protect infected cells from
cytotoxic effects and cell death via the activation of cell survival signaling pathways. The ability
of heparin to protect cells from programmed cell death had already been observed in human cells
(non-infected) [71], and this may form an interesting new avenue for the application of GAG derivatives
in itself.

6.2. Parasites

The involvement of GAGs in a parasitic disease has been studied relatively little. However, the
potential for the application of GAGs remains high in cases where GAGs form a major part of the means
of attachment and invasion, especially where there is the possibility of topical application. The ability
of heparin and derivatives to inhibit rosetting of parasite infected erythrocytes has been noted [72]
and, recently, effective inhibitors (comprising fucosylated CS (FucCS)) of cytoadherence (the process
of adhesion of infected red blood cells to vascular epithelia) derived from sea cucumber have been
reported [73]. Heparin is known to alter the activity of a cysteine protease in the parasite, L. mexicana,
that causes Leishmaniasis [74] and interacts with a metalloprotease from L.(v). braziliensis [75]. Heparin
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has also been shown to accelerate protein degradation by human neutrophil elastase [76]. Several
heparin-binding proteins have also been identified in T. cruzi, where some of them are implicated in
parasite adhesion to midgut epithelial cells [77].

6.3. Bacteria

Binding of GAGs facilitates Streptococcal entry into the CNS of Drosophila [78] and determines
disease progression [79]. In relation to the phenomenon of shock, GAGs seem to be elevated overall,
perhaps originating from damaged tissue, but they also seem to neutralize antimicrobial peptides [80].
Glycosaminoglycans were studied en masse, however, without paying attention to the individual
types involved. Heparin use in sepsis patients, where crosstalk between thrombosis and inflammation
plays a critical role, has also been recognized. The use of heparin prevents the development of
microthromboembolic disease during sepsis, impairing tissue hypoxygenation and further organ
damage and dysfunction [81]. There is also literature pointing to the use of heparin-coated stents for
the prevention of bacterial biofilm formation and subsequent microbe attachment [82].

7. Panceatitis

Acute pancreatitis has been reported independently by several groups to benefit from treatment
with heparin [83] in rats and in patients [84–86]. Furthermore, LMW heparin has also been shown to
be effective [87].

8. Roles in Rheumatoid Arthritis (RA)

Naturally occurring autoantibodies to GAGs are markers in rheumatoid arthritis [88]. The level
of IgM type Ab for CS-C in serum correlates with RA, although GAG concentration alone is not a good
indicator in knee injury [89] in agreement with earlier findings in horses [90].

9. Inflammation Reduction

Many of the applications of heparin mentioned in this review may stem, at least in part, from the
ability of heparin to moderate inflammation. This topic has itself been reviewed in 2013 [91] and, in
general, heparin is perceived as acting via several routes, which include interaction with cytokines and
as an inhibitor of heparanase, to achieve reduced leukocyte recruitment.

Applications in which these properties may be important include the treatment of burns [92]
and the proposed use of heparin in asthma treatment [93]. The potential, based on a projection of the
ability of heparin to inhibit bacterial infection and reduce inflammation, to improve the symptoms of
cystic fibrosis has also been investigated [94] but no marked improvement at low doses (50,000 IU) has
been shown.

While cystic fibrosis applications acting to reduce inflammation assist sputum clearance, inhibit
elastase, or act as an inhibitor of microbial attachment or growth have not been convincing, heparin
derivatives were shown to be capable of acting at several points in the inflammatory process [51].

10. Alternative Sources of GAG-Like Structures with Potentially Useful Activities

This review attempts to cover not only new applications for heparin but also potential new
sources of active agents among the GAGs for both old and new applications. Although not all of
these structures correspond to GAGs according to the classical definitions of mammalian GAGs
provided above, GAG-like structures are found in a wide range of organisms, including Cnidaria,
Arthropoda, Mollusca, Echinodermata, and Chordata [95]. A host of polysaccharides, either GAGs in
the conventional sense or polysaccharides with structural features closely resembling GAGs, usually
bearing additional ramifications have been identified and linked to a variety of biological activities.
These include Sea cucumber (S. hermanni) as an antiinflammatory [95], marine GAG analogues [96], fish
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cartilage as an antitumor and anti-pathognic agent [97], GAGs from starfish with antithrombotic and
anti-inflammatory activities [95], and mussels (Perna canaliculis) as an anti-inflammatory agent [98].

11. Biotechnological and Other Applications

An emerging use of GAGs is in biotechnological applications, particularly in the field of embryonic
stem cells, for the regulation of differentiation [reviewed in [99]] and neural speciation in mouse
embryonic stem cells [100]. The successful fractionation of a cell population by HS epitopes has also
been reported [101]. The prospect of incorporating GAGs into electrospun meshes for the purpose
of supporting stem cell applications has also been undertaken [102]. A possible role is emerging in
muscular dystrophy, following signs of involvement of HS sulfation in the disease process and ageing,
acting via FGF-2 [103].

12. Concluding Remarks

Many a student textbook of biochemistry once dismissed the role of GAGs as merely structural;
decades of intensive research led to a burgeoning of the biological roles ascribed to them and potential
practical applications. The precise nature of the relationship between their structure and function
remains a matter of debate, a fact that stems not only from their structural complexity, but also the
difficulty of analysis, which may also indicate that new approaches are required. These approaches
may need to be sensitive to as yet undefined properties, and one such property is their large-scale
vibrational modes [104]. Nevertheless, even without this detailed information, it is clear that the
number of roles of these versatile materials seem to set to increase in the future.

Conflicts of Interest: The authors declare no conflict of interest.
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Four heparin preparations: Anti-Xa potentiating effect of heparin after subcutaneous injection.
Thromb. Haemost. 1976, 35, 586–591. [PubMed]

14. Beeler, D.L.; Marcum, J.A.; Schiffman, S.; Rosenberg, R.D. Interaction of factor XIa and antithrombin in the
presence and absence of heparin. Blood 1986, 67, 1488–1492. [PubMed]

15. Straus, A.H.; Sant’anna, O.A.; Nader, H.B.; Dietrich, C.P. An inverse relationship between heparin content
and antibody response in genetically selected mice. Sex effect and evidence of a polygenic control for skin
heparin concentration. Biochem. J. 1984, 220, 625–630. [CrossRef] [PubMed]

16. Call, D.R.; Remick, D.G. Low molecular weight heparin is associated with greater cytokine production in a
stimulated whole blood model. Shock 1998, 10, 192–197. [CrossRef] [PubMed]

17. Liu, J.; Linhardt, R.J. Chemoenzymatic synthesis of heparan sulfate and heparin. Nat. Prod. Rep. 2014, 31,
1676–1685. [CrossRef] [PubMed]

18. Viskov, C.; Just, M.; Laux, V.; Mourier, P.; Lorenz, M. Description of the chemical and pharmacological
characteristics of a new hemisynthetic ultra-low-molecular-weight heparin, AVE5026. J. Thromb. Haemost.
2009, 7, 1143–1151. [CrossRef] [PubMed]

19. Bisio, A.; Vecchietti, D.; Citterio, L.; Guerrini, M.; Raman, R.; Bertini, S.; Eisele, G.; Naggi, A.; Sasisekharan, R.;
Torri, G. Structural features of low-molecular-weight heparins affecting their affinity to antithrombin.
Thromb. Haemost. 2009, 102, 865–873. [CrossRef] [PubMed]

20. Zhang, Z.; Weïwer, M.; Li, B.; Kemp, M.M.; Daman, T.H.; Linhardt, R.J. Oversulfated chondroitin sulfate:
Impact of a heparin impurity, associated with adverse clinical events, on low-molecular-weight heparin
preparation. J. Med. Chem. 2008, 51, 5498–5501. [CrossRef] [PubMed]

21. Hoppensteadt, D.; Iqbal, O.; Fareed, J. Chapter 21—Basic and clinical differences of heparin and low
molecular weight heparin treatment. Chem. Biol. Heparin Heparan Sulfate 2005, 1, 583–606.

22. Xu, Y.; Wang, Z.; Liu, R.; Bridges, A.S.; Huang, X.; Liu, J. Directing the biological activities of heparan sulfate
oligosaccharides using a chemoenzymatic approach. Glycobiology 2012, 22, 96–106. [CrossRef] [PubMed]

23. Xu, Y.; Pempe, E.H.; Liu, J. Chemoenzymatic synthesis of heparin oligosaccharides with both anti-factor Xa
and anti-factor IIa activities. J. Biol. Chem. 2012, 287, 29054–29061. [CrossRef] [PubMed]

24. Xu, R.; Ori, A.; Rudd, T.R.; Uniewicz, K.A.; Ahmed, Y.A.; Guimond, S.E.; Skidmore, M.A.; Siligardi, G.;
Yates, E.A.; Fernig, D.G. Diversification of the structural determinants of fibroblast growth factor-heparin
interactions: Implications for binding specificity. J. Biol. Chem. 2012, 287, 40061–40073. [CrossRef] [PubMed]

25. Li, Y.; Sun, C.; Yates, E.A.; Jiang, C.; Wilkinson, M.C.; Fernig, D.G. Heparin binding preference and structures
in the fibroblast growth factor family parallel their evolutionary diversification. Open Biol. 2016, 6, 150275.
[CrossRef] [PubMed]

26. Schultz, V.; Suflita, M.; Liu, X.; Zhang, X.; Yu, Y.; Li, L.; Green, D.E.; Xu, Y.; Zhang, F.; DeAngelis, P.L.; et al.
Heparan sulfate domains required for fibroblast growth factor 1 and 2 signaling through fibroblast growth
factor receptor 1c. J. Biol. Chem. 2017, 292, 2495–2509. [CrossRef] [PubMed]

27. Theodoraki, A.; Hu, Y.; Poopalasundaram, S.; Oosterhof, A.; Guimond, S.E.; Disterer, P.; Khoo, B.;
Hauge-Evans, A.C.; Jones, P.M.; Turnbull, J.E.; et al. Distinct patterns of heparan sulphate in pancreatic
islets suggest novel roles in paracrine islet regulation. Mol. Cell. Endocrinol. 2015, 399, 296–310. [CrossRef]
[PubMed]

28. Rickles, F.R.; Falanga, A. Molecular basis for the relationship between thrombosis and cancer. Thromb. Res.
2001, 102, V215–V224. [CrossRef]

29. Nishioka, J.; Goodin, S. Low-molecular-weight heparin in cancer-associated thrombosis: Treatment,
secondary prevention, and survival. J. Oncol. Pharm. Pract. 2007, 13, 85–97. [CrossRef] [PubMed]

30. Solari, V.; Jesudason, E.C.; Turnbull, J.E.; Yates, E.A. Determining the anti-coagulant-independent anti-cancer
effects of heparin. Br. J. Cancer 2010, 103, 593–594. [CrossRef] [PubMed]

31. Afratis, N.; Gialeli, C.; Nikitovic, D.; Tsegenidis, T.; Karousou, E.; Theocharis, A.D.; Pavão, M.S.;
Tzanakakis, G.N.; Karamanos, N.K. Glycosaminoglycans: Key players in cancer cell biology and treatment.
FEBS J. 2012, 279, 1177–1197. [CrossRef] [PubMed]

32. Solari, V.; Borriello, L.; Turcatel, G.; Shimada, H.; Sposto, R.; Fernandez, G.E.; Asgharzadeh, S.; Yates, E.A.;
Turnbull, J.E.; DeClerck, Y.A. MYCN-dependent expression of sulfatase-2 regulates neuroblastoma cell
survival. Cancer Res. 2014, 74, 5999–6009. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/989965
http://www.ncbi.nlm.nih.gov/pubmed/3486013
http://dx.doi.org/10.1042/bj2200625
http://www.ncbi.nlm.nih.gov/pubmed/6466293
http://dx.doi.org/10.1097/00024382-199809000-00007
http://www.ncbi.nlm.nih.gov/pubmed/9744647
http://dx.doi.org/10.1039/C4NP00076E
http://www.ncbi.nlm.nih.gov/pubmed/25197032
http://dx.doi.org/10.1111/j.1538-7836.2009.03447.x
http://www.ncbi.nlm.nih.gov/pubmed/19422447
http://dx.doi.org/10.1160/TH09-02-0081
http://www.ncbi.nlm.nih.gov/pubmed/19888521
http://dx.doi.org/10.1021/jm800785t
http://www.ncbi.nlm.nih.gov/pubmed/18754653
http://dx.doi.org/10.1093/glycob/cwr109
http://www.ncbi.nlm.nih.gov/pubmed/21835782
http://dx.doi.org/10.1074/jbc.M112.358523
http://www.ncbi.nlm.nih.gov/pubmed/22773834
http://dx.doi.org/10.1074/jbc.M112.398826
http://www.ncbi.nlm.nih.gov/pubmed/23019343
http://dx.doi.org/10.1098/rsob.150275
http://www.ncbi.nlm.nih.gov/pubmed/27030175
http://dx.doi.org/10.1074/jbc.M116.761585
http://www.ncbi.nlm.nih.gov/pubmed/28031461
http://dx.doi.org/10.1016/j.mce.2014.09.011
http://www.ncbi.nlm.nih.gov/pubmed/25224485
http://dx.doi.org/10.1016/S0049-3848(01)00285-7
http://dx.doi.org/10.1177/1078155207079169
http://www.ncbi.nlm.nih.gov/pubmed/17873108
http://dx.doi.org/10.1038/sj.bjc.6605808
http://www.ncbi.nlm.nih.gov/pubmed/20648011
http://dx.doi.org/10.1111/j.1742-4658.2012.08529.x
http://www.ncbi.nlm.nih.gov/pubmed/22333131
http://dx.doi.org/10.1158/0008-5472.CAN-13-2513
http://www.ncbi.nlm.nih.gov/pubmed/25164011


Molecules 2017, 22, 749 8 of 11

33. Vicente, C.M.; Lima, M.A.; Yates, E.A.; Nader, H.B.; Toma, L. Enhanced tumorigenic potential of colorectal
cancer cells by extracellular sulfatases. Mol. Cancer Res. 2015, 13, 510–523. [CrossRef] [PubMed]

34. Vlodavsky, I.; Elkin, M.; Ilan, N. Impact of heparanase and the tumor microenvironment on cancer metastasis
and angiogenesis: Basic aspects and clinical applications. Rambam Maimonides Med. J. 2011, 2, 1–17.
[CrossRef] [PubMed]

35. Laubli, H.; Varki, A.; Borsig, L. Antimetastatic properties of low molecular weight heparin. J. Clin. Oncol.
2016, 34, 2560–2561. [CrossRef] [PubMed]

36. Borsig, L.; Wong, R.; Feramisco, J.; Nadeau, D.R.; Varki, N.M.; Varki, A. Heparin and cancer revisited:
Mechanistic connections involving platelets, P-selectin, carcinoma mucins, and tumor metastasis. Proc. Natl.
Acad. Sci. USA 2001, 98, 3352–3357. [CrossRef] [PubMed]

37. Läubli, H.; Stevenson, J.L.; Varki, A.; Varki, N.M.; Borsig, L. L-selectin facilitation of metastasis involves
temporal induction of Fut7-dependent ligands at sites of tumor cell arrest. Cancer Res. 2006, 66, 1536–1542.
[CrossRef] [PubMed]

38. Duckworth, C.A.; Guimond, S.E.; Sindrewicz, P.; Hughes, A.J.; French, N.S.; Lian, L.-Y.; Yates, E.A.;
Pritchard, D.M.; Rhodes, J.M.; Turnbull, J.E.; et al. Chemically modified, non-anticoagulant heparin
derivatives are potent galectin-3 binding inhibitors and inhibit circulating galectin-3-promoted metastasis.
Oncotarget 2015, 6, 23671–23687. [CrossRef] [PubMed]

39. Karousou, E.; Misra, S.; Ghatak, S.; Dobra, K.; Götte, M.; Vigetti, D.; Passi, A.; Karamanos, N.K.; Skandalis, S.S.
Roles and targeting of the HAS/hyaluronan/CD44 molecular system in cancer. Matrix Biol. 2016, 59, 1–20.
[CrossRef] [PubMed]

40. Pfankuchen, D.B.; Stölting, D.P.; Schlesinger, M.; Royer, H.-D.; Bendas, G.; Bastian, D.; Philipp, D.;
Schlesinger, M.; Royer, H.-D.; Bendas, G. Low molecular weight heparin tinzaparin antagonizes cisplatin
resistance of ovarian cancer cells. Biochem. Pharmacol. 2015, 97, 147–157. [CrossRef] [PubMed]

41. Sato, N.; Cheng, X.-B.; Kohi, S.; Koga, A.; Hirata, K. Targeting hyaluronan for the treatment of pancreatic
ductal adenocarcinoma. Acta Pharm. Sin. B 2016, 6, 101–105. [CrossRef] [PubMed]

42. Paveliev, M.; Fenrich, K.K.; Kislin, M.; Kuja-Panula, J.; Kulesskiy, E.; Varjosalo, M.; Kajander, T.;
Mugantseva, E.; Ahonen-Bishopp, A.; Khiroug, L.; et al. HB-GAM (pleiotrophin) reverses inhibition
of neural regeneration by the CNS extracellular matrix. Nat. Publ. Gr. 2016, 6, 33916. [CrossRef] [PubMed]

43. Siebert, J.R.; Conta Steencken, A.; Osterhout, D.J. Chondroitin Sulfate Proteoglycans in the Nervous System:
Inhibitors to Repair. Biomed Res. Int. 2014, 2014, 845323. [CrossRef] [PubMed]

44. Kwok, J.C.F.; Yang, S.; Fawcett, J.W. Neural ECM in regeneration and rehabilitation. Prog. Brain Res. 2014,
214, 179–192.

45. Dick, G.; Liktan, C.; Alves, J.N.; Ehlert, E.M.E.; Miller, G.M.; Hsieh-Wilson, L.C.; Sugahara, K.; Oosterhof, A.;
Van Kuppevelt, T.H.; Verhaagen, J.; et al. Semaphorin 3A binds to the perineuronal nets via chondroitin
sulfate type E motifs in rodent brains. J. Biol. Chem. 2013, 288, 27384–27395. [CrossRef] [PubMed]

46. Orlando, C.; Ster, J.; Gerber, U.; Fawcett, J.W.; Raineteau, O. Perisynaptic chondroitin sulfate proteoglycans
restrict structural plasticity in an integrin-dependent manner. J. Neurosci. 2012, 32, 18009–18017. [CrossRef]
[PubMed]

47. Wang, D.; Ichiyama, R.M.; Zhao, R.; Andrews, M.R.; Fawcett, J.W. Chondroitinase Combined with
Rehabilitation Promotes Recovery of Forelimb Function in Rats with Chronic Spinal Cord Injury. J. Neurosci.
2011, 31, 9332–9344. [CrossRef] [PubMed]

48. Gilbert, R.J.; McKeon, R.J.; Darr, A.; Calabro, A.; Hascall, V.C.; Bellamkonda, R. V CS-4,6 is differentially
upregulated in glial scar and is a potent inhibitor of neurite extension. Mol. Cell. Neurosci. 2005, 29, 545–558.
[CrossRef] [PubMed]

49. Koike, T.; Mikami, T.; Shida, M.; Habuchi, O.; Kitagawa, H. Chondroitin sulfate-E mediates estrogen-induced
osteoanabolism. Sci. Rep. 2015, 5, 8994. [CrossRef] [PubMed]

50. Li, L.; Ling, Y.; Huang, M.; Yin, T.; Gou, S.M.; Zhan, N.Y.; Xiong, J.X.; Wu, H.S.; Yang, Z.Y.; Wang, C.Y.
Heparin inhibits the inflammatory response induced by LPS and HMGB1 by blocking the binding of HMGB1
to the surface of macrophages. Cytokine 2015, 72, 36–42. [CrossRef] [PubMed]

51. Veraldi, N.; Hughes, A.J.; Rudd, T.R.; Thomas, H.B.; Edwards, S.W.; Hadfield, L.; Skidmore, M.A.;
Siligardi, G.; Cosentino, C.; Shute, J.K.; et al. Heparin derivatives for the targeting of multiple activities in
the inflammatory response. Carbohydr. Polym. 2015, 117, 400–407. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/1541-7786.MCR-14-0372
http://www.ncbi.nlm.nih.gov/pubmed/25477293
http://dx.doi.org/10.5041/RMMJ.10019
http://www.ncbi.nlm.nih.gov/pubmed/23908791
http://dx.doi.org/10.1200/JCO.2016.66.4607
http://www.ncbi.nlm.nih.gov/pubmed/27185851
http://dx.doi.org/10.1073/pnas.061615598
http://www.ncbi.nlm.nih.gov/pubmed/11248082
http://dx.doi.org/10.1158/0008-5472.CAN-05-3121
http://www.ncbi.nlm.nih.gov/pubmed/16452210
http://dx.doi.org/10.18632/oncotarget.4409
http://www.ncbi.nlm.nih.gov/pubmed/26160844
http://dx.doi.org/10.1016/j.matbio.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27746219
http://dx.doi.org/10.1016/j.bcp.2015.07.013
http://www.ncbi.nlm.nih.gov/pubmed/26239805
http://dx.doi.org/10.1016/j.apsb.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/27006892
http://dx.doi.org/10.1038/srep33916
http://www.ncbi.nlm.nih.gov/pubmed/27671118
http://dx.doi.org/10.1155/2014/845323
http://www.ncbi.nlm.nih.gov/pubmed/25309928
http://dx.doi.org/10.1074/jbc.M111.310029
http://www.ncbi.nlm.nih.gov/pubmed/23940048
http://dx.doi.org/10.1523/JNEUROSCI.2406-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23238717
http://dx.doi.org/10.1523/JNEUROSCI.0983-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21697383
http://dx.doi.org/10.1016/j.mcn.2005.04.006
http://www.ncbi.nlm.nih.gov/pubmed/15936953
http://dx.doi.org/10.1038/srep08994
http://www.ncbi.nlm.nih.gov/pubmed/25759206
http://dx.doi.org/10.1016/j.cyto.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25562836
http://dx.doi.org/10.1016/j.carbpol.2014.09.079
http://www.ncbi.nlm.nih.gov/pubmed/25498652


Molecules 2017, 22, 749 9 of 11

52. Lehri-Boufala, S.; Ouidja, M.O.; Barbier-Chassefière, V.; Hénault, E.; Raisman-Vozari, R.; Garrigue-Antar, L.;
Papy-Garcia, D.; Morin, C. New roles of glycosaminoglycans in α-synuclein aggregation in a cellular model
of Parkinson disease. PLoS ONE 2015, 10, e0116641. [CrossRef] [PubMed]

53. Scholefield, Z.; Yates, E.A.; Wayne, G.; Amour, A.; McDowell, W.; Turnbull, J.E. Heparan sulfate regulates
amyloid precursor protein processing by BACE1, the Alzheimer’s β-secretase. J. Cell Biol. 2003, 163, 97–107.
[CrossRef] [PubMed]

54. Zhang, X.; Zhao, X.; Lang, Y.; Li, Q.; Liu, X.; Cai, C.; Hao, J.; Li, G.; Yu, G. Low anticoagulant heparin
oligosaccharides as inhibitors of BACE-1, the Alzheimer’s β-secretase. Carbohydr. Polym. 2016, 151, 51–59.
[CrossRef] [PubMed]

55. Patey, S.J.; Edwards, E.A.; Yates, E.A.; Turnbull, J.E. Heparin derivatives as inhibitors of BACE-1, the
Alzheimer’s β-secretase, with reduced activity against factor Xa and other proteases. J. Med. Chem. 2006, 49,
6129–6132. [CrossRef] [PubMed]

56. Ma, Q.; Cornelli, U.; Hanin, I.; Jeske, W.P.; Linhardt, R.J.; Walenga, J.M.; Fareed, J.; Lee, J.M. Heparin
Oligosaccharides as Potential Therapeutic Agents in Senile Dementia. Curr Pharm Des. 2007, 13, 1607–1616.
[CrossRef] [PubMed]

57. Stewart, K.L.; Hughes, E.; Yates, E.A.; Akien, G.R.; Huang, T.Y.; Lima, M.A.; Rudd, T.R.; Guerrini, M.;
Hung, S.C.; Radford, S.E.; Middleton, D.A. Atomic Details of the Interactions of Glycosaminoglycans with
Amyloid-β Fibrils. J. Am. Chem. Soc. 2016, 138, 8328–8331. [CrossRef] [PubMed]

58. Vigant, F.; Santos, N.C.; Lee, B. Broad-spectrum antivirals against viral fusion. Nat. Rev. Microbiol. 2015, 13,
426–437. [CrossRef] [PubMed]

59. Nonanticoagulant Actions of Glycosaminoglycans; Harenberg, J.; Casu, B., Eds.; Springer US: Boston, MA,
USA, 2012.

60. Salvador, B.; Sexton, N.R.; Carrion, R.; Nunneley, J.; Patterson, J.L.; Steffen, I.; Lu, K.; Muench, M.O.;
Lembo, D.; Simmons, G. Filoviruses utilize glycosaminoglycans for their attachment to target cells. J. Virol.
2013, 87, 3295–3304. [CrossRef] [PubMed]

61. Kato, D.; Era, S.; Watanabe, I.; Arihara, M.; Sugiura, N.; Kimata, K.; Suzuki, Y.; Morita, K.; Hidari, K.I.P.J.;
Suzuki, T. Antiviral activity of chondroitin sulphate E targeting dengue virus envelope protein. Antiviral Res.
2010, 88, 236–243. [CrossRef] [PubMed]

62. Lin, Y.-L.; Lei, H.-Y.; Lin, Y.-S.; Yeh, T.-M.; Chen, S.-H.; Liu, H.-S. Heparin inhibits dengue-2 virus infection of
five human liver cell lines. Antiviral Res. 2002, 56, 93–96. [CrossRef]

63. Sapsford, K.E.; Algar, W.R.; Berti, L.; Gemmill, K.B.; Casey, B.J.; Oh, E.; Stewart, M.H.; Medintz, I.L.
Functionalizing nanoparticles with biological molecules: Developing chemistries that facilitate
nanotechnology. Chem. Rev. 2013, 113, 1904–2074. [CrossRef] [PubMed]

64. Montanuy, I.; Alejo, A.; Alcami, A. Glycosaminoglycans mediate retention of the poxvirus type I interferon
binding protein at the cell surface to locally block interferon antiviral responses. FASEB J. 2011, 25, 1960–1971.
[CrossRef] [PubMed]

65. Terao-Muto, Y.; Yoneda, M.; Seki, T.; Watanabe, A.; Tsukiyama-Kohara, K.; Fujita, K.; Kai, C. Heparin-like
glycosaminoglycans prevent the infection of measles virus in SLAM-negative cell lines. Antiviral Res. 2008,
80, 370–376. [CrossRef] [PubMed]

66. Schulze, A.; Gripon, P.; Urban, S. Hepatitis B virus infection initiates with a large surface protein-dependent
binding to heparan sulfate proteoglycans. Hepatology 2007, 46, 1759–1768. [CrossRef] [PubMed]

67. Su, C.M.; Liao, C.L.; Lee, Y.L.; Lin, Y.L. Highly sulfated forms of heparin sulfate are involved in japanese
encephalitis virus infection. Virology 2001, 286, 206–215. [CrossRef] [PubMed]

68. Skidmore, M.A.; Kajaste-Rudnitski, A.; Wells, N.M.; Guimond, S.E.; Rudd, T.R.; Yates, E.A.; Vicenzi, E.
Inhibition of influenza H5N1 invasion by modified heparin derivatives. Med. Chem. Commun. 2015, 6,
640–646. [CrossRef]

69. Ghezzi, S.; Cooper, L.; Rubio, A.; Pagani, I.; Capobianchi, M.R.; Ippolito, G.; Pelletier, J.; Meneghetti, M.C.Z.;
Lima, M.A.; Skidmore, M.A.; et al. Heparin prevents Zika virus induced-cytopathic effects in human neural
progenitor cells. Antiviral Res. 2017, 140, 13–17. [CrossRef] [PubMed]

70. Kim, S.Y.; Zhao, J.; Liu, X.; Fraser, K.; Lin, L.; Zhang, X.; Zhang, F.; Dordick, J.S.; Linhardt, R.J. Interaction
of Zika Virus Envelope Protein with Glycosaminoglycans. Biochemistry 2017, 56, 1151–1162. [CrossRef]
[PubMed]

http://dx.doi.org/10.1371/journal.pone.0116641
http://www.ncbi.nlm.nih.gov/pubmed/25617759
http://dx.doi.org/10.1083/jcb.200303059
http://www.ncbi.nlm.nih.gov/pubmed/14530380
http://dx.doi.org/10.1016/j.carbpol.2016.05.050
http://www.ncbi.nlm.nih.gov/pubmed/27474542
http://dx.doi.org/10.1021/jm051221o
http://www.ncbi.nlm.nih.gov/pubmed/17004727
http://dx.doi.org/10.2174/138161207780765918
http://www.ncbi.nlm.nih.gov/pubmed/17504153
http://dx.doi.org/10.1021/jacs.6b02816
http://www.ncbi.nlm.nih.gov/pubmed/27281497
http://dx.doi.org/10.1038/nrmicro3475
http://www.ncbi.nlm.nih.gov/pubmed/26075364
http://dx.doi.org/10.1128/JVI.01621-12
http://www.ncbi.nlm.nih.gov/pubmed/23302881
http://dx.doi.org/10.1016/j.antiviral.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20851716
http://dx.doi.org/10.1016/S0166-3542(02)00095-5
http://dx.doi.org/10.1021/cr300143v
http://www.ncbi.nlm.nih.gov/pubmed/23432378
http://dx.doi.org/10.1096/fj.10-177188
http://www.ncbi.nlm.nih.gov/pubmed/21372110
http://dx.doi.org/10.1016/j.antiviral.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18812191
http://dx.doi.org/10.1002/hep.21896
http://www.ncbi.nlm.nih.gov/pubmed/18046710
http://dx.doi.org/10.1006/viro.2001.0986
http://www.ncbi.nlm.nih.gov/pubmed/11448173
http://dx.doi.org/10.1039/C4MD00516C
http://dx.doi.org/10.1016/j.antiviral.2016.12.023
http://www.ncbi.nlm.nih.gov/pubmed/28063994
http://dx.doi.org/10.1021/acs.biochem.6b01056
http://www.ncbi.nlm.nih.gov/pubmed/28151637


Molecules 2017, 22, 749 10 of 11

71. Hills, F.A.; Abrahams, V.M.; González-Timón, B.; Francis, J.; Cloke, B.; Hinkson, L.; Rai, R.; Mor, G.; Regan, L.;
Sullivan, M.; et al. Heparin prevents programmed cell death in human trophoblast. Mol. Hum. Reprod. 2006,
12, 237–243. [CrossRef] [PubMed]

72. Skidmore, M.A.; Dumax-Vorzet, A.F.; Guimond, S.E.; Rudd, T.R.; Edwards, E.A.; Turnbull, J.E.; Craig, A.G.;
Yates, E.A. Disruption of rosetting in Plasmodium falciparum malaria with chemically modified heparin and
low molecular weight derivatives possessing reduced anticoagulant and other serine protease inhibition
activities. J. Med. Chem. 2008, 51, 1453–1458. [CrossRef] [PubMed]

73. Bastos, M.F.; Albrecht, L.; Kozlowski, E.O.; Lopes, S.C.P.; Blanco, Y.C.; Carlos, B.C.; Castiñeiras, C.;
Vicente, C.P.; Werneck, C.C.; Wunderlich, G.; et al. Fucosylated chondroitin sulfate inhibits Plasmodium
falciparum cytoadhesion and merozoite invasion. Antimicrob. Agents Chemother. 2014, 58, 1862–1871.
[CrossRef] [PubMed]

74. Judice, W.A.S.; Manfredi, M.A.; Souza, G.P.; Sansevero, T.M.; Almeida, P.C.; Shida, C.S.; Gesteira, T.F.;
Juliano, L.; Westrop, G.D.; Sanderson, S.J.; et al. Heparin modulates the endopeptidase activity of Leishmania
mexicana cysteine protease cathepsin L-like rCPB2.8. PLoS ONE 2013, 8, 602–614. [CrossRef] [PubMed]

75. De Castro Côrtes, L.; de Souza Pereira, M.; da Silva, F.; Pereira, B.A.; de Oliveira Junior, F.; de Araújo
Soares, R.; Brazil, R.; Toma, L.; Vicente, C.; Nader, H.; et al. Participation of heparin binding proteins from
the surface of Leishmania (Viannia) braziliensis promastigotes in the adhesion of parasites to Lutzomyia
longipalpis cells (Lulo) in vitro. Parasit. Vectors 2012, 5, 142. [CrossRef] [PubMed]

76. Nunes, G.L.C.; Simões, A.; Dyszy, F.H.; Shida, C.S.; Juliano, M.A.; Juliano, L.; Gesteira, T.F.; Nader, H.B.;
Murphy, G.; Chaffotte, A.F.; et al. Mechanism of heparin acceleration of tissue inhibitor of metalloproteases-1
(TIMP-1) degradation by the human neutrophil elastase. PLoS ONE 2011, 6, e21525. [CrossRef] [PubMed]

77. Oliveira, F.O.R.; Alves, C.R.; Souza-Silva, F.; Calvet, C.M.; Côrtes, L.M.C.; Gonzalez, M.S.; Toma, L.;
Bouças, R.I.; Nader, H.B.; Pereira, M.C.S. Trypanosoma cruzi heparin-binding proteins mediate the adherence
of epimastigotes to the midgut epithelial cells of Rhodnius prolixus. Parasitology 2012, 139, 735–743.
[CrossRef] [PubMed]

78. Chang, Y.C.; Wang, Z.; Flax, L.A.; Xu, D.; Esko, J.D.; Nizet, V.; Baron, M.J. Glycosaminoglycan binding
facilitates entry of a bacterial pathogen into central nervous systems. PLoS Pathog. 2011, 7, e1002082.
[CrossRef] [PubMed]

79. Wang, Z.; Flax, L.A.; Kemp, M.M.; Linhardt, R.J.; Baron, M.J. Host and pathogen glycosaminoglycan-binding
proteins modulate antimicrobial peptide responses in Drosophila melanogaster. Infect. Immun. 2011, 79,
606–616. [CrossRef] [PubMed]

80. Nelson, A.; Berkestedt, I.; Schmidtchen, A.; Ljunggren, L.; Bodelsson, M. Increased levels of glycosaminoglycans
during septic shock: Relation to mortality and the antibacterial actions of plasma. Shock 2008, 30, 623–627.
[CrossRef] [PubMed]

81. Cornet, A.D.; Smit, E.G.M.; Beishuizen, A.; Groeneveld, A.B.J. The role of heparin and allied compounds in
the treatment of sepsis. Thromb. Haemost. 2007, 98, 579–586. [CrossRef] [PubMed]

82. Tenke, P.; Riedl, C.R.; Jones, G.L.; Williams, G.J.; Stickler, D.; Nagy, E. Bacterial biofilm formation on urologic
devices and heparin coating as preventive strategy. Int. J. Antimicrob. Agents 2004, 23, S67–S74. [CrossRef]
[PubMed]

83. Ceranowicz, P.; Dembinski, A.; Warzecha, Z.; Dembinski, M.; Cieszkowski, J.; Rembisz, K.; Konturek, S.J.;
Kusnierz-Cabala, B.; Tomaszewska, R.; Pawlik, W.W. Protective and therapeutic effect of heparin in acute
pancreatitis. J. Physiol. Pharmacol. 2008, 59, 103–125. [PubMed]

84. Berger, Z.; Quera, R.; Poniachik, J.; Oksenberg, D.; Guerrero, J. Heparin and insulin treatment of acute
pancreatitis caused by hypertriglyceridemia. Experience of 5 cases. Rev. Med. Chil. 2001, 129, 1373–1378.
[CrossRef] [PubMed]

85. Qiu, F.; Lu, X.S.; Huang, Y.K. Protective effect of low-molecular-weight heparin on pancreatic encephalopathy
in severe acute pancreatic rats. Inflamm. Res. 2012, 61, 1203–1209. [CrossRef] [PubMed]

86. Trzaskoma, A.; Kruczek, M.; Rawski, B.; Poniewierka, E.; Kempiński, R. The use of heparin in the treatment
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