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Heparin and Related Substances: Physiology and 
Pathophysiology in General and in 

Human Reproduction – Part 1*

W. Würfel

Although heparin is usually associated with blood clotting and thrombosis prevention, its anti-coagulatory properties play an extremely significant role in 
clinical routine. However, it appears to have little importance in rheological homeostatis, particularly since heparin and related substances can also be found 
in simpler organisms without clotting mechanisms. In fact, heparin and heparan sulfate glycans are proteoglycans that have a long history in the develop-
ment of species. Accordingly, their primary effects are electrostatic, not receptor-mediated, and they exhibit binding via their pronounced electronegativity. 
They exist in free form and as membrane-bound molecules. In physiological terms, heparin and heparinoids are immunological co-factors involved in inflam-
mation and wound healing; they play significant roles in embryo development and organogenesis, serve as “homing factors,” and are involved at various 
points in carcinogenesis. They show diverse interactions with cytokines, growth factors and other mediators that are important in the implantation process 
and its control and continue to be so throughout pregnancy. It can be assumed that reproduction is a key focus of physiological functions; this would explain 
why heparin is so effective above and beyond its anti-coagulatory effects, e.g. in treating anti-phospholipid syndrome. To date no clear confirmation of the 
existence of a heparin deficiency syndrome has been possible, although initial results from studies concerning the general administration of heparin during 
pregnancy point in this direction. J Reproduktionsmed Endokrinol_Online 2016; 13 (2): 38–48.

Key words: heparin, heparinoids, heparan sulfate glycans, history, measurement, human reproduction, rheology,
endometrium, embryonic and fetal development, immunology, antiphospolipid syndrome, cancer

  Introduction

Heparin is used routinely as a “blood 
thinner,” and heparin’s anti-coagulatory 
properties are doubtless its most promi-
nent characteristic [1]. However, heparin 
and heparan sulfate glycans can also be 
found – in some cases, in high concen-
trations – in organisms without a blood 
clotting system [1], such as fresh-water 
clams [2], prawns [3], and other inverte-
brates [1]. This indicates on the one hand 
that the anti-coagulatory properties of 
heparin (or related substances) reflect 
only part of their physiological signifi-
cance [4, 5], while also proving that this 
family of substances has an extremely 
long phylogenetic history [4, 5].

  History of the Discovery 

of Heparin

Jay McLean (1890–1957), a 4th-semester 
student at John Hopkins University un-
der Professor William Howell, had been 
assigned the task of extracting a stable 
thrombophilic substance based on ceph-
alin prepared by Howell from rabbit 
brains [6, 7]. He used procedures already 
described by Erlandsen in 1907 for iso-

lating cuorin (from ox heart) [8], and by 
Baskoff for identifying heparophospha-
tides (from horse liver) [9]. However, the 
ether-based extraction performed by 
McLean in 1916 resulted in the isolation 
not of a thromboplastic, but an anti-co-
agulant substance, initially believed by 
McLean to be anti-thrombin [10]. Ad-
mittedly, in his memoirs he claims to 
have soon realized the substance was a 
heparophosphatide and cites this as the 
reason for its later name of heparin [6]. 
The name was first used in 1918, by 
which time McLean had left the univer-
sity for financial reasons [11]; his work 
was continued under William Howell, 
primarily by Emmett Holt jr. [12]. How-
ever, the fat-soluble substance extracted 
from canine liver by Holt and named 
“heparin” naturally had a different bio-
chemical makeup from McLean’s hepa-
rophosphatide. In 1922 the the two sci-
entists and their working group described 
a water-soluble polysaccharide [11], pre-
senting a more advanced version in 1925 
[13]. Clinical tests were performed at in-
stitutions including the Mayo Clinic and 
revealed frequent side-effects such as 
headache, fever and nausea [14]. Yet 
heparin was commercially available 

from 1924, albeit without any significant 
medical role. In Canada, a group of sci-
entists which formed around Charles 
Best from 1929 [15] published an im-
proved procedure for isolating heparin 
from horse liver in 1933 (Arthur Charles 
und David Scott, 1933 [16–18]). This 
heparin, produced by Connaught Labo-
ratories in Toronto, had significantly 
fewer side-effects, although still proving 
relatively toxic in individual cases [15]. 
Not until 1937 was a crystalline heparin 
produced, virtually free from side-effects 
and linked with the name of Gordon 
Murray [19, 20]. Its molecular structure 
was identified in 1935 by Eric Jorpes 
from the Karolinska Institute in Sweden, 
who had visited the Connaught Labora-
tories around 1929 [21]. One year later, 
the company Vitrum AB launched the 
first heparin for IV use, which was still 
relatively toxic [22]. The development of 
heparin preparations for human use that 
were largely free from side-effects took 
place in parallel in Canada and Sweden.

Jay McLean later also resumed his study 
of heparin, focusing on its clinical use in 
cases such as venous occlusion and en-
docarditis [23, 24].
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  Molecular Structure

Heparin and its related substances such as 
heparan sulfate are proteoglycans, or “pro-
tein-carbohydrate hormones” (proteo-poly-
saccharides). These polysaccharides form 
linear chains in a polydisperse structure; 
the main constituents are pyranosyl-uron-
ic acid (L-iduronic acid + D-glucoronic 
acid) + 2-amino glucosamine (Fig. 1), 
with variable acetyl or sulfo groups [25].

Heparan sulfates show far higher vari-
ability than heparin itself, with dominat-
ing glucoronic acid and reduced sulfo 
groups [26].

For this reason the level of sulfation is a 
popular method for distinguishing be-
tween heparin and heparan sulfates; 
however, no precise biochemical distinc-
tion has ever been successfully made.

Heparan sulfate proteoglycans (HSPG) 
are classified into three families based on 
their biochemical and/or physiological 
characteristics:
 – Membrane-spanning HSPGs (e. g. 

syndecan [27], betaglycan [28] and 
CD 44 [29])

 – Glycophosphatidylinositol-anchored 
HSPGs (e.g. glypicans [30])

 – ECM (extracellular matrix) proteo-
glycans (e.g. agrin [31], perlecan [32] 
and collagen XVII [33]), which may 
be soluble or transmembrane (such as 
collagen XVII)

See also Figure 2.

Heparin and heparan sulfate glycans both 
belong to the family of glycosaminogly-
cans (GAGs) and have the highest electro-
negative charge known of any physiologi-
cal molecules in our organism [4]: hepa-
rin has approx. 2.7 negatively charged 
groups per disaccharide (sulfo and car-
boxyl groups) whereas HSPGs have few-
er than two. Accordingly, ion binding and 
not receptor binding is the focus of inter-
action with other molecules, and thus also 
of mediation of the effect. This makes 
clear that heparin/HSPG activity is strong-
ly dependent on molecule size.

For example, a minimum of 17–18 sac-
charide groups are required for sufficient 
bioactivity response to thrombin (coagu-
lant factor II). This does not apply to, 
say, ultra-low-molecular-weight (ulmw) 
heparins, so that their “general” bioactiv-

ity is lower than that of native heparin. 
However, the anticoagulation effect of 
ulmw heparins is only selective and this 
is often delivered via pentasaccharide, 
the “core ligand” (see below).

The high electronegative charge results 
in high binding affinity which extends to 
all proteins, particularly:
 – Growth factors [35, 36]
 – Chemokines and cytokines [37, 38]
 – Lipoproteins [39]
 – Receptor (protein) complexes [40]
 – Proteases/esterases and their inhibi-

tors [41, 42]
 – Enzymes [43, 44]
 – Viral coat proteins [45, 46]

An overview is given in Table 1.

As already mentioned, a type of ligand/re-
ceptor-mediated interaction exists, based 
on that of L-iduronic acid and its steric 
plasticity, creating a definable pentago-
nal structure: GlcNAc/NS(6S) – GlcA-
GlcNS(3S,6S)-IdoA(2S)-GlcNS(6S) 
[48]. It is named DEFGH (the letters are 
historical abbreviations of the active 
groups or molecular positions in this 
pentasaccharide) [49], and is also known 
as high-affinity heparin (HAH). This 
pentasaccharide is essential for clinically 
significant interaction with activated co-
agulation factor Xa.

Where highly selective Xa suppression is 
desired, this pentasaccharide is actually 

all that is needed – the rationale behind 
the develop of the synthetic “heparin” 
Fondaparinux (Arixtra®) [50].

Only around 30% of naturally occurring 
heparins function using HAH, while 
around 70% use ion binding [50].

  Synthesis of Heparin and 

Heparan Sulfates

Heparin is present in humans in the liver 
(approx. 25 IU/100 mg), lungs, and mus-
cular tissue, and at lower levels also in the 
intestine (intestinal mucous membrane), 
spleen and thymus gland [25]. Similar 
conclusions were reached by Charles and 
Scott in 1933 [17], who also found that 
heparin is virtually undetectable in serum – 
contrary to Howell’s assumptions [12]. 
Synthesis can be clearly detected in neu-
trophilous granulocytes and – especially – 
in mastocytes, i.e. immune system cells, 
and in endothelial cells [25, 51].

Synthesis of heparan sulfates can be 
proven for an extremely large number of 
cell types, which is only logical given 
their importance for membranes and the 
extracellular matrix (ECM) [51].

Intracellular synthesis occurs in the Gol-
gi apparatus. The initial step is synthesis 
of a tetrasaccharide comprising gluc-
uronic acid, 2 molecules of galactose and 
a molecule of xylose bonded to a core 
protein [52]. When chain formation is 

Figure 1: Monosaccharide compo-
nents of heparin and heparinoids. The 
bracketed groups are relatively rare. 
SO3 and NH2 groups may be found as 
substituents in the D-glucosamines.
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initiated, further saccharides are gradual-
ly added to form a polymer. In a third 
stage, the chain is modified, e.g. by sul-
fation or epimerization (into iduronic 
acid) [52].

The synthesis paths of heparin and hepa-
ran sulfates are thus virtually identical, 
making it harder to provide evidence of 
types of tissue where heparin synthesis 
does and does not take place. One theory, 
certainly worthy of serious consider-
ation, states that synthesis takes place 
only in immunocompetent cells and in 
the endothelium (see below).

Unfractionated heparin (uf heparin) has a 
molecular weight of approx. 12–40 kilo-
daltons (kDa), with an average of approx. 
14 kDa [50]. Uf heparins for clinical use 
are generally produced from bovine lung 
or porcine (intestinal) mucous mem-
brane; biological activity of both organ-
isms is similar, although the mean mo-
lecular weight of bovine heparins is 
slightly higher [53].

Low-molecular-weight heparin (lmw 
heparin), i.e. “fractionated” heparin, is 
produced from uf heparin (preferably 
porcine) by means of chemical or enzy-
matic depolymerization (heparinases, 
see below) and various fractionation 
methods [54]. Uf heparin already con-
tains around 20–30% lmw heparins [53]. 

Low-molecular-weight heparins have 
better bioavailability and longer-lasting 
effects, and also cause fewer undesirable 
side-effects – presumably because they 
undergo far less (unspecific) binding 
with proteins, tissues and, primarily, 
blood cells (principally HIT-2, see be-
low) [55]. Anticoagulation activity gen-
erates 80–120 anti-Xa units (i.e. U/mg or 
35–45 anti-IIa U/mg [55]).

It is the uf heparins that show varying 
pharmacological and anti-coagulatory 
properties depending on their source ma-
terial and production method. Anti-coag-
ulatory units (IU) were defined to guar-
antee comparability of anti-thrombotic 
effects and express the in-vitro effect 
(5th International Standard for Unfrac-
tionated Heparin, NIBSC-Code 97/578). 
According to the standard, parenterally 
applied heparin must show specific anti-
coagulatory activity of 150 IU/mg.

By contrast, anti-Xa activity is used as 
the basis for measuring effectiveness of 
lmw heparins (aXa-IU/mg); anti-IIa ac-
tivity (aIIa-IU/mg) and the ratio of aXa/
aIIa must also be stated [56].

A definition of biological activity is dif-
ficult, even from a historical perspective. 
The “Howell unit” was the first attempt, 
defining the quantity of uf heparin neces-
sary to prevent coagulation of 1 ml of 

 feline blood for 24 h at 0 degrees, i.e. 
 approx. 0.002 mg [57]. The United States 
Pharmacopoeia Unit (USP Unit) defines 
it differently, as the quantity of heparin 
necessary to cause only 50% of coagu-
lation in 1 ml of ovine plasma in 1 h at 
37 degrees Celsius [57].

  Biodegradation of Heparin 

and Heparan sulfates

Heparan sulfates are broken down in the 
lysosomes. At present the assumption is 
a single heparanase (Hpa-1); the coded 
gene is located at chromosome 4 (q22) 
(approx. 40–50 kDa) [58]. A number of 
splicing variations exist [59]. Evidence 
of the presence of Hpa-1 is practically 
confined to lymphoid tissue, so that its 
effects can be assumed to be largely ex-
tracellular, e.g. in inflammation process-
es or during embryonal implantation 
[60]. Heparanase activity is also shown 
by CTAP-III (connective tissue activat-
ing peptide), present in thrombocytes 
[61], and by Hpa-2, shown to be present 
in non-lymphoid tissue [62]. The extent 
to which these are independent biodegra-
dation pathways is the subject of scien-
tific debate.

Numerous other enzymes are involved in 
biodegradation, including sulfatases, an 
iduronidase and a glucuronidase [60].

Hpa-1 is overexpressed in some human 
malignomas [63], with the degree of 
overexpression correlating to the nega-
tivity of the prognosis [64]. One reason 
could be that Hpa-1 biodegrades the hep-
aran sulfates in basal membranes and 
thus promotes invasion of the maligno-
ma [65].

A distinction must be made between 
heparanases and heparinases [66]; the 
latter were first identified in Pedobacter 
heparinus (previously Flavobacterium 
heparinum) and other sources [67]. 3 dif-
ferent heparinases – I, II and III (syn-
onyms: heparin lyases or heparitinases). 
They are able to break down polymers at 
different points [66, 67].

In humans, heparin is primarily broken 
down in the liver (lysosomes), but also in 
the kidney, in a process described as uro-
heparinase [67]. 20–30 % of heparin is 
excreted unaltered; the degradation prod-
ucts of heparin and heparan sulfates are 
excreted in the urine.

Figure 2: The diagram shows transmembrane heparan sulfates each bound to protein complexes. Collagen XVII, which 
also has a transmembrane form, is not shown. Mod. from [4].
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  Coagulation

The anti-coagulatory effect of heparin is 
primarily based on activation of anti-
thrombin  III (AT III) [68], part of the 
family of serine protease inhibitors (ser-
pins). They include
 – heparin cofactor II (HC II),
 – plasminogen activator inhibitor 1 

(PAI-1),
 – protease nexin-1 (PN1) and
 – protein-C inhibitor (PCI, also known 

as PAI-3).

These serpins can bind to heparin or hep-
arin-like glycosamin glycanes (GAG) 
[69] and this influence coagulation, al-
though activation of AT III is the domi-
nant factor in the effect of heparin.

Antithrombin III is an inhibitor of acti-
vated factor X (Xa) and activated throm-
bin (IIa) [69]. In addition, a significantly 
lower effect is exercised via HC II, 
which, however, only inhibits thrombin 
[70]. Although antithrombin III and 
HC II have very similar structures [71], 
AT III only binds to heparin, while HC II 
also binds to further heparinoid, i.e. 
GAGs, such as dermatan sulfate [72].

Antithrombin III inhibits further serine 
proteases including factor IXa, as well 
as factors XIa and XIIa and kallikrein. 
AT III has no effect on factor V and fac-
tor VIII [69].

Electropositive domains known as 
exosites mediate the electrostatic bond 
between heparin and antithrombin III 
[73]. They show concentrations of the 
aminoacids arginine and lysine [74]. The 
conformation changes upon binding with 
heparin, forming a complex that has 
higher potential for coagulation factor 
inhibition than antithrombin alone [71]. 
Relatively long-chain heparins are nec-
essary to generate a sufficiently inhibito-
ry effect, which also applies to HC II 
[75]. However, serpin activation by the 
pentasaccharide (HAH) is sufficient for 
the inhibition of factor Xa alone [76], 
forming the basis for the consideration 
of fondaparinux as already described 
(see above).

TFPI (tissue factor pathway inhibitor) 
drives a different mechanism of action of 
heparin [77]. This inhibitor is primarily 
synthesized in the vascular endothelium 
[78] and inhibits factors Xa and VIIa in a 

two-stage reversible reaction [79]. Like 
other GaGs, heparin can release TFPI 
[80]. Around one-third of heparin’s anti-
coagulatory effect is determined by TFPI 
[81], causing higher TFPI levels to show 
in serum after heparin treatment [77, 81]. 

Heparin is known to trigger forms of 
thrombocytopenia, namely heparin-in-
duced Type 1 and Type 2 thrombocyto-
penia (HIT-1 and HIT-2). HIT-2 can take 
on life-threatening forms by inducing 
thrombosis and embolism [82] (Fig. 2).

The pathophysiological focus here is 
the increased release of platelet factor 4 
(PF-4) from thrombocytes and subse-
quent formation of a PF-4/heparin com-
plex [82]. HAH plays a particularly sig-
nificant role in platelet activation, as 
does the density of the receptor status on 
the thrombocytes [83]. A major role is 
played by heparin’s high electronegativ-
ity, while PF-4 shows high electroposi-
tivity [84]. This electrostatic bond also 
explains why such complex formation is 
found more frequently in long-chain 
heparins (uf) than short-chain heparins 
(nm) or even pentasaccharide alone 
[82].

A decisive element in the further patho-
physiological cascade is the formation of 
antibodies (IgG) against the PF-4/hepa-
rin complex, albeit virtually exclusively 
directed against PF-4 [85]. Once such 
antibodies form, they in turn activate the 

thrombocytes. This increases the release 
of PF-4, which can antagonize heparin 
and bind HSPGs to cell membranes [84, 
86].

Differential diagnosis of both HITs is 
clinically significant as the consequenc-
es for treatment differ (Tab. 2). HIT-2 
 occurs far more rarely in fractionated, 
i.e. low-molecular heparins [88, 89], and 
is extremely unusual during pregnancy; 
accordingly, there is only one publica-
tion on the subject [89].

Protamine is a mixture of strongly alka-
line peptides and has a discrete anti-co-
agulatory effect. However, formation of 
a heparin complex is essential to trigger 
this effect. Upon heparin complex for-
mation it inhibits heparin-induced anti-
Xa effect completely, and anti-IIa effect 
partially. Fondoparinux remains unaf-
fected [90].

Protamines are produced from the sperm 
or roe of some salmonids. The neutral 
water-soluble salts such as protamine 
sulfate and protamine hydrochloride are 
used [90]. The effect develops rapidly 
(5-15 min). Given the slight anti-coagu-
latory effect, overdosing may cause 
haemorrhage [91].

No essential physiological significance 
of heparin for coagulation has yet been 
proved [92, 93], despite its frequent use 
as an anti-coagulant. Heparins are cur-

Table 1: Summary of the main interactions of heparin and HPSG. Mod. from [47].

Growth factors

– FGF (fi broblast growth factor)
– HB-EGF (heparin-binding epidermal 

growth factor)
– EGF (epidermal growth factor)
– IGF-2 (insulin-like growth factor)
– TGF- (transforming growth factor)
– Hepatocyte growth factor
– PGF-4 (platelet growth factor)
– VEGF (vaso-endothelial growth factor)
– G(M)-CSF (granulocyte (macrophage) 

colony stimulating factor)

Proteases/esterases and their inhibitors

– Antithrombin (serpins), primarily III
– HC II
– Protein C inhibitor
– PAI (plasminogen activator inhibitor)
– Complement/complement inhibitors
– Nexin-1
– TFPI (tissue factor pathway inhibitor)
– Secretory leukocyte protease inhibitor

Chemokines, further cytokines

– IL-6, IL-8 (GP-130-cytokines
– IFN-
– SDF-1a (stromal-derived factor)

Receptor (protein) complexes

– EGF receptor

Enzymes

– Factors Xa, IIa (thrombin) IXa
– Neutrophil elastase
– Kathepsin G
– Superoxide dismutase

Viral envelope proteins

– HIV envelope protein GB-120
– HSV envelope proteins B (gB), gC and gD
– Dengue virus envelope protein

Lipoproteins

– Apolipoprotein E
– Lipid-binding proteins

Further proteins

– Malaria proteins
– Endotoxin
– Annexin V
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rently assumed to be non-essential for 
physiological hemostasis [94]. The same 
appears to apply to HSPGs, which are 
generally membrane-bound and assumed 
to have a local effect [95]. Given the di-
verse and, in some cases, widely differ-
ing (co-) effects, the term “multivalent 
biomodulators” is applied to heparin and 
GaGs [96].

  Immune System

Significant levels of heparin synthesis 
takes place in mastocytes. Synthesized 
heparin is stored in granules in the mas-
tocytes and, together with histamine, is 
their most important (exocrine) synthe-
sized product [96, 97]. Synthesis has 
also been shown to occur in neutrophile 
granulocytes [92, 93].

Mastocytes are found in high concentra-
tions near blood and lymph vessels, 
along nerve cells, and particularly in mu-
cous membranes and skin [93].

An often-repeated theory is that heparin 
synthesis only exists in mastocytes and 
endothelial cells and that the heparin 
content of e.g. lung or liver tissue is de-
rived from these cells [98]. This is, how-
ever, not the case, as mastocytes are vir-
tually absent from mucous membranes 
in various intestinal sections where hepa-
rin is found in relatively high concentra-
tions [100].

The complement system, comprising ap-
proximately 25 different proteins [100], 
is an important partner for the effect of 
heparin. The main task of the comple-
ment system is opsonization, i.e. interac-
tion with the surface of pathogens to 
 enable phagocytes to destroy them. In 
addition, the complement system can 
trigger general inflammatory reactions, 

may develop chemokine effects trig-
gered by individual fragments, and may 
also attack bacterial envelopes [100, 
101].

The complement system can be activated 
in three ways [101]:
 – the classic method,
 – the lectin method,
 – the alternative method.

The classic method focuses on activation 
of glycoproteins C1-C9 by IgG or IgM 
antibodies, while IgA, IgE and IgD anti-
bodies are ineffective. Another possibil-
ity is activation by direct binding of C1q 
to pathogen surfaces or to collagen or 
CRP [102].

In the lectin method, mannose-binding 
lectin (MBL) binds to mannose or gly-
cans on the pathogen surface and thus 
activates proteases MASP-1 to -3, trig-
gering the same cascade reaction as the 
classic method [100, 102].

The alternative method, also known as 
the properidin method, is activated by 
degradation of relatively unstable factor 
C3 into C3a and C3b. C3a has a chemo-
tactic effect as an inflammatory ana-
phyla toxin. With other factors such as 
factor B, Cb3 can form the C3 convertase 
of the alternative method and trigger cas-
cade reactions in the presence of patho-
genic surfaces [101].

Heparin leads to partial inhibition of the 
complement system and its activation in 
both the classic activation method [103] 
and the properidin method [104]. The fo-
cus is on C3, which is of central impor-
tance in all activation paths [104] even 
though other complement factors [105, 
106] such as C2, C4 or HI are the target 
of the inflammation.

In addition, binding activity of specific 
proteins involved, e.g. C4 binding pro-
tein (decreases) or vitronectin (increas-
es) is modulated [107, 108].

Individual factors of the complement 
system are also known to be activated. 
However, the inhibitory effects predomi-
nate overall, so that the effect of heparin 
on the complement system can best be 
characterized as immune-suppressive, as 
was identified as early as 1929 [109].

Formation of free radicals or reactive 
oxy gen species (ROS) is also inhibited 
[110, 111], as is synthesis of pro-inflam-
matory cytokines in leukocytes, primari-
ly neutrophil leukocytes [112], as well as 
in mononuclear cells and macrophages. 
The most important effect is inhibition of 
TNFa synthesis and release; in addition, 
heparin is a potent antagonist of the en-
dotoxin [113, 114]. A further noteworthy 
effect is the inhibition of migration in 
 eosinophil granulocytes [115].

Heparin therefore has anti-inflammatory 
properties, as has been shown in clinical 
studies. Positive therapeutic effects are 
found for e.g. rheumatoid arthritis [116], 
allergic bronchial asthma, allergic rhini-
tis [117], ulcerating colitis and Crohn’s 
disease [118].

Heparin’s somewhat general anti-inflam-
matory properties are countered by spe-
cific virostatic, bacteriostatic and even 
bacteriocidal effects caused by heparin’s 
powerful negative charge. Heparin there-
fore binds to many proteins, including 
pathogenic proteins such as HIV enve-
lope protein [119], the envelope protein 
of the herpes simplex virus (HSV) [120] 
and the envelope protein of the Dengue 
virus [121]; in the latter, the HAH com-
plex evidently plays an important part in 
binding. There is now good evidence for 
heparin’s anti-malarial activity [122, 
123].

In this context HSPGs must be evaluated 
differently; for example, syndecan-3, a 
membrane-bound HSPG (see below), 
has a supporting effect in binding and 
cell transmission of the HI virus (HIV) 
and filoviridae [124, 125]. However, this 
need not result in aggravation of the dis-
ease, as it is perfectly possible that im-
proved intracellular absorption of the 
 viruses actually helps to eliminate them 
more rapidly [126].

Table 2: Heparin-induced thrombocytopenias (HIT). Mod. from [87, 88].

 HIT-1 HIT-2

Cause Direct thrombocyte activation by Formation of antibodies (et al.),
 heparin PF-4 activation
Start 1–2 days after 1st dose of heparin 5–14 days after 1st dose of hepa-
  rin, or earlier if dose administered
  previously
Thrombocytes Rare < 100,000/ml Decline > 50% of starting value
Frequency Approx. 10% Approx. 1%, rarer in pregnancy
Clinical Generally asymptomatic Possible thromboembolic vascular
  occlusions, embolism
Treatment None Discontinue immediately, switch to
  alternative anticoagulant where ap-
  plicable
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Mastocytes play a major role in the bac-
teriostatic and bacteriocidal effect of 
heparin. They are shown to occur in 
many organs in contact with the external 
environment – such as lungs and dermis, 
where they occur in proximity to blood 
vessels, nerves and hair follicles – often 
in high concentrations [overview in 127]. 
Mastocyte activation is effected by bac-
teria or bacterial excretory products via 
specific receptors, e.g. CD 85 or toll-like 
receptors (TLR) 2, 4, 6, 7, 9) or inflam-
mation mediators such as complement 
factors, endothelin-1 and neurotensin.

Mastocytes release various cytokines 
(e.g. TNF), enzymes and proteases 
(e.g. chymase, tryptase or carboxypepti-
dase) and/or chemokines, but primarily 
histamine and heparin. Heparin in partic-
ular establishes communication with 
other immunocompetent cells and thus 
influences differentiation of dendritic 
cells from monocytes [128].

Mastocytes are therefore extremely im-
portant for combating bacterial and para-
sitical infections (pruritis) and are close-
ly involved in the innate immune system 
(cf. TLRs, see above). Heparin and hista-
mine promote circulation in inflamed ar-
eas by vasodilation and anti-coagulation 
(flushing).

Mastocytes are also able to limit inflam-
matory reaction once triggered. This is 
useful given that proliferating and pro-
longed inflammation has a destructive 
potential that is hazardous to the organ-
ism. Heparin also appears to be extreme-
ly significant here [cf. 127].

Heparin thus possesses a pronounced 
immunomodulating effect.

It develops intrinsic effects in warding 
off infections, and communicates with 
various cells involved in specific immu-
nodefence, e.g. dendritic cells. Together 
with other substances such as histamine, 
heparin ensures good local perfusion in 
the initiation and maintenance of inflam-
mation; however, given its general anti-
inflammatory properties it also plays a 
role in containing inflammation.

  Cell Proliferation and Cel-

lular Differentiation

HSPGs (and, to a lesser extent, heparin) 
in particular interact with a variety of 

growth factors and hence modulate their 
effect on cell growth, cell differentiation, 
and thus cell development [129]. The 
majority of studies in existence focus on 
FGF (fibroblast growth factor) and 
VEGF (vascular endothelial growth fac-
tor [130].

In their inactive forms, both these growth 
factors can be identified on the surface of 
endothelial cells or in the extra-cellular 
matrix, where they are bound to HSPGs 
[131]. This bond is broken by physiolog-
ical or pathological stimulus, whereupon 
the growth factors form complexes with 
the HSPGs; these complexes significant-
ly increase the binding affinity of the 
growth factors to their receptor [132].

This was particularly clearly shown for 
FGF-2. To date 22 different FGF variants 
have been identified, which differ – in 
some cases, considerably – in terms of 
their activation and receptor affinity 
[133].

The HAH complex with a minimum of 
one iduronic acid molecule in the 2-O 
position is critically important for this 
binding [134]. However, longer-chain 
HS fragments are necessary to initiate 
contact with the receptor [135]. This ex-
plains why some growth factor-HS com-
plexes have an activating effect and oth-
ers are inhibitory [135]. The same ap-
plies to heparin binding and the biologi-
cal activity it triggers [136], for which 
reason the effects of uf heparins and 
fractionated or short-chain heparins dif-
fer (see above).

Similar mechanisms have been shown 
for further growth factors [overview in 
137], e.g.
 – members of the EGF (epidermal 

growth factor) family,
 – PDGF (platelet-derived growth fac-

tor),
 – TGF- (transforming growth factor) 1 

and 2 and binding protein,
 – HGF (hepatocellular growth factor), 
 – IGF-2 (insulin-like growth factor) and 

IGF binding proteins 3 and 5,
 – G(M)-CSF (granulocyte-macrophage 

colony-stimulating factor) and
 – heparanases.

They are essential for the breakdown of 
heparin and HSPGs (see above). Howev-
er, heparin and some HS fragments also 
have an intrinsic effect on these enzymes 

[138], whereby increasing concentra-
tions of heparin result in inhibition of 
heparanase activity [139]. This means 
that heparin bioactivity does not increase 
in a linear fashion, but exponentially 
from a specific concentration.

Direct influence on cell growth thus ex-
ists. Growth inhibition of smooth muscle 
cells has been shown both in culture me-
dium [140] and directly on the endothe-
lial wall [141, 142].

The fact that heparin binds specifically 
to smooth muscle cells has given rise to 
the question of whether a specific hepa-
rin receptor exists [142, 143]. It is as-
sumed that no such receptor exists and 
that in fact, heparin and various HSPG 
fragments are capable of activating intra-
cellular signal transduction in a similar 
way to extra-cellular activation (of growth 
factors, proteases, cytokines etc.).

Proven interactions include the following:
 – Suppression of serum and glucocorti-

coid-regulated kinase (SGK), an early 
gene response to cell proliferation 
[144],

 – Selective regulation of tyrosine kinase, 
a key protein in e.g. angiogenesis 
[145],

 – Inhibition of mitogen-activated pro-
tein kinases [146],

 – Inhibition of calcium/calmodulin-reg-
ulated protein kinase II [147].

Here too, the structure of the heparin or 
HPSGs is critically important; many bio-
logical effects can only be shown for lon-
ger-chain (generally unfractionated) 
heparins and heparinoids, not for their 
short-chain counterparts [148]. In turn, 
contrasting effects can accordingly be 
observed, i.e. activation instead of inhi-
bition and vice versa [149].

This modulating influence on cell growth 
and cell differentiation shows that hepa-
rin plays an important role here. This is 
proven for e.g. cell repair processes with 
cicatricial build-up [150], embryo im-
plantation followed by pregnancy [4, 
151] and malignant infiltration [152, 
153].

The important role of numerous mem-
brane-bound HSPGs, such as syndecane 
[154], glypicane [155] and perlecan 
[156], has also been shown for these pro-
cesses.
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  Membranous Heparan 

Sulfate Glycans

Membranous HPSGs have a different 
physiological significance than soluble 
HPSGs.

In general, it may be assumed that mem-
brane-bound structures target cell inter-
action and regulation of substrate metab-
olism between extra-cellular and intra-
cellular space and vice versa. In addition, 
it can be assumed that membrane-bound 
molecules extending far into extracellu-
lar space have an affinity for various ex-
tra-cellular ligands.

The following groups or molecules are 
distinctly defined:
 – Syndecans
 – Glypicans
 – Betaglycans
 – CD44

Syndecans
Syndecans are transmembranous HPSGs 
anchored with a CoR protein and associ-
ated with chondroitin sulfate chains (see 
Fig. 2). Four members of this HSPG 
family are currently known (1–4), speci-
fied in their sequence of cloning [157]. 
While the transmembranous and intra-
cellular part is extremely similar through-
out all species, the extracellular part var-
ies considerably [158].

Distribution in tissue varies, in some cas-
es widely:

 – Syndecan-1 is primarily found in epi-
thelial tissues, but also in mesoder-
mal tissue e.g. skeletal muscle [157, 
159].

 – Syndecan-2 primarily occurs in mes-
enchymal cells/tissues, e.g. fibro-
blasts and hepatocytes [160].

 – Syndecan-3 is primarily found in 
nerve and muscle tissue [161].

 – Syndecan-4 is found the most fre-
quently in the organism and occurs 
in epithelial and endothelial cells, e.g. 
fibroblasts, myocytes, chondrocytes 
and nerve cells [157, 162].

Syndecans bind to various substances, 
particularly growth factors (see above) 
and primarily FGF-2, but also TGF- 
(syndecan-2) [163], EGF, VEGF, and 
HBF [157]. Their actual function is that 
of a co-receptor (see: FGF bindung), 
principally for g-protein coupled recep-
tors; a further function is cell adhesion 

(primarily syndecan-1), with noteworthy 
interactions with integrin and fibronectin 
[164].

Syndecans are also important during 
phylogenesis [165]. Their presence can 
first be shown from the 16-32-cell stage 
of the preimplantation embryo, when 
they are found on all cells of the inner 
cell mass (ICM) of the blastocyst and 
they are among those responsible for cell 
adherence [166]. They are also important 
in advanced embryo development, par-
ticularly in development of epithelial tis-
sue.

The same applies to neurogenesis, pri-
marily with respect to syndecan-2 and 
syndecan-3 [167], i.e. development of 
neurons (from neural stem cells) and 
neural synapses [168]. Syndecans also 
play a role in muscular development, 
particularly syndecan-4, which partly de-
velops its effect through growth factors 
FGF-2 and TGF- [169]. Myogenic sat-
ellite cells, found between the basal 
membrane and the sarcolemma, are cru-
cial in this context. They are activated in 
proliferation processes including repair. 
This results in expression of syndecan-3 
and -4 [170] at all stages of life, includ-
ing embryos [171].

Glypicans
Glypicans are not transmembranous 
HPSGs, but are anchored to the cell sur-
face by the GPI (glycosylphosphoinosi-
tol) anchor [172].

Six different glypicans (1–6) have been 
identified in vertebrates, with widely 
varying expression in tissues:
 – Glypican-1 is primarily found in the 

brain, kidneys and skeletal muscula-
ture [173].

 – Glypican-2 is important for the devel-
opment of the nervous system [174].

 – Glypican-3 is primarily found in me-
sodermal tissue and is strongly ex-
pressed during intestinal development 
[175].

 – Glypican-4 primarily occurs in blood 
vessels [176].

 – Glypican-5 occurs in brain and kidney 
tissue [177].

 – Glypican-6 is the most frequently 
found, particularly in adult ovarian 
tissue, in fetal and adult kidneys, in 
smooth muscle tissue, in intestinal 
mesenchymal cells, in the lungs and 
in the teeth [178].

Similarly to syndecans, glypicans play 
an important role in regulating cell 
growth, e.g. in inducing cell apoptosis 
[179].

Although many aspects of the different 
interactions are still unclear, regulation 
of IGF-2 by glypicans, primarily glypi-
can-3, appears to be important [173, 175, 
178]. This is demonstrated by e.g. muta-
tions in glypican-3 that can lead to ex-
cessive cell growth [180]. Here Simp-
son-Golabi-Behmel syndrome (SGBS) 
should be mentioned, characterized by 
features including pre- and post-natal 
overgrowth [181]. In this respect it is 
very similar to Beckwith-Wiedemann 
syndrome, and indeed both syndromes 
involve over-expression of IGF-2. This 
forms the basis for the theory that this 
syndrome is also caused by glypican-3 
insufficiency (resulting from polymor-
phism) [180].

Syndecan-1 and glypican-1 have a syner-
getic effect on musculature by means of 
activation of FGF-2, resulting in in-
creased cell proliferation with simultane-
ous inhibition of differentiation [173].

Like many other growth factors, FGF-2 
is also involved in neurogenesis, primar-
ily where stem cell differentiation is con-
cerned [182]. Glypicans are also in-
volved here; the precise nature of the in-
teractions is unclear [182]. High expres-
sion of glypican-4 in the ventricular zone 
of the developing brain has been proven, 
particularly in neural cells with stem cell 
properties. After completion of differen-
tiation, however, this expression recedes 
to the point of negligibility [183], al-
though other glypicans (e.g. -1, -2, -5) 
show high expression in differentiated 
and post-mitotic neurons [174, 177].

Beta Glycan
Unlike alpha glycans, beta glycan (see 
Fig. 2) is an HSPG which has transmem-
brane localization, a CoR protein and an 
extra-cellular domain.

Beta glycan is basically a co-receptor for 
members of the TGF- superfamily 
[184], particularly TGF-2. Its effect 
does not result from its own intrinsic ac-
tivity but from increased receptor affinity 
for TGF- at both its receptors (TRI 
and TRII) [185]. For this reason, beta 
glycan is also known as T-receptor-III 
(TRIII) [186].
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The CoR protein shows particularly high 
affinity for members of the TGF- su-
perfamily; HS side chains can also bind 
alkaline FGF (FGF) [185].

Beta glycan also exists in soluble form in 
serum and the ECM, albeit in low concen-
trations. Unlike the membrane-bound 
beta glycans, this soluble type has an in-
hibitory effect on the TGF- family [187].

CD44
CD44 is a glycoprotein occurring on cell 
surfaces. It exists in various forms that 
all originate from a single gene, [188] 
and are thus splicing variants (CD44v 
and the longer form of CD44E [on some 
epithelial cells]) [189]. The various (iso-)
forms show differing concentrations of 
heparan, chondroitin and keratan sulfate 
[188, 189].

The physiological function of the CD44 
family is primarily cell-to-cell adhesion. 
They can thus bind collagens and osteo-
pontin, interact with metalloproteinases 
(MMP) and in some cases bind growth 
factors, albeit with low affinity [189, 190].

HCELL (e-selectin/l-selectin ligand of 
hematopoetic cells) is a sialated and gly-
cosylated variant with functions includ-
ing a “homing receptor” for bone mar-
row, i.e. (re-)directs hematopoetic and 
mesenchymal stem cells there [191]. It 
also appears to be important in carcino-
mas [192], particularly types of leuke-
mia, in which it was first shown to occur 
on blast cells [193]. (Over-) expression 
on endometrial cells, particularly in foci 
of endometriosis, has also been shown. 
This higher expression is designed to 
promote peritoneal adherence [194].

  Pericellular HPSGs

Unlike the HPSGs previously described, 
which are primarily limited to cell surfac-
es, pericellular HSPGs do not have CoR 
protein, are not anchored to cell mem-
brane and are thus mainly found in the 
ECM, often in close proximity to cells or 
their membranes (“pericellular”).

They include perlecan, agrin and colla-
gen XVIII.

Perlecan
Perlecan takes its name from its appear-
ance under an electron microscope, 
where it resembles a string of pearls.

Perlecan is a relatively widespread 
HPSG and has been identified in virtual-
ly all basal membranes [195]. It forms 
reticular structures with a profound fil-
tering effect (strongly negative charge), 
e.g. in the kidneys.

Perlecan is coded by the HSPG2 gene. It 
comprises a core protein with approx. 
660 KDa, has a high negative charge 
from residual sulfate, and has five do-
mains which differ widely in some re-
spects [196–198]: 
 – Domain I has HSPG chains – a do-

main for sperm protein enterokinase. 
 – Domain II contains receptors includ-

ing one LDL receptor.
 – Domain III has close similarity to the 

short arm of laminin A.
 – Domain IV contains neural cell adhe-

sion molecules and binds to nido-
genes, fibronectin and heparin.

 – Like domain IV, domain V also has 
molecular arrangements which corre-
spond to EGF and bind to nidogenes, 
fibulin-2 and heparin.

Perlecan is crucial to normal embryonic 
growth [199]. Analyses of knock-out 
mice have shown that perlecan deficien-
cy causes abnormal brain development 
and relatively premature mortality from 
skeletal dysplasia [200].

Development of the embryonic myocar-
dium is a similar case [201]. Perlecan de-
ficiency causes holes to form in the myo-
cardium [201].

In both developing embryos and adults, 
perlecan deficiency prevents correct lo-
calization of acetylcholinesterase at neu-
romuscular junctions [202] yet without 
affecting actual acetylcholinesterase 
synthesis [203]. It can therefore be as-
sumed that perlecan plays an important 
role in localizing and concentrating this 
vital neurotransmitter [204].

In combination with syndecan-1, per-
lecan anchors the lipoprotein lipase 
which splits triglycerides from chylomi-
crons. Given this mechanism, both HSP-
Gs are involved in the lipid transport of 
chylomicrons to the epithelium [159, 
199].

Mutations in the HSPG2 gene (1p36) are 
the cause of Schwartz-Jampel syndrome 
(chondrodystrophic myotonia) [205], 
dyssegmental dysplasia, Silverman-

Handmaker type [206] and probably also 
Roland-Debuquois syndrome [205, 206]. 
These overall extremely rare, but severe 
disorders differ in their level of perlecan 
synthesis, which is virtually absent in 
dyssegmental dysplasia but relatively 
high in Roland-Debuquois syndrome. 
The different perlecan synthesis rates 
would also correlate with the different 
clinical manifestations and their severity.

Agrin
Agrin is a larger proteoglycan which, 
like syndecan and glypican, contains 
chondroitin and has three different bind-
ing sites for heparan sulfate [207]. It is 
coded by the AGRN gene [208].

Agrin derives its name from the synthe-
sis or clustering of the acetylcholinester-
ase receptor (AChR) and aggregation of 
AChR during synaptogenesis, and from 
the importance of this proteoglycan in 
these processes [209, 210]. On the one 
hand, agrin inhibits cell overgrowth in 
the development of the nervous system, 
both peripheral and central (e.g. hippo-
campus, retina) [210]; on the other, agrin 
deficiency in knock-out mice impairs 
synapse development extensively or 
completely [211].

The same evidently applies to the MuSK 
receptor (receptor for muscle-specific ki-
nase); agrin also binds to it and is thus re-
sponsible for (re-)phosphorylation [212]. 
Further muscle proteins to which agrin 
binds include laminin and dystroglycan.

Collagen XVIII
Collagens (from the Greek for “glue-
producing”) are structural proteins pri-
marily found in the ECM. They are com-
posed of -helical peptide chains (600–
3000 amino acids) which are, unusually, 
left-handed and join to form a right-
handed triple helix or superhelix (“coiled 
coil”).

29 types of collagen are currently known 
(I-XXIX), classified as fibrillar, reticu-
late, facit and short-chain, as well as col-
lagens with anchoring fibrils and trans-
membrane collagens [213].

Collagen XVIII is a further HPSG for 
which 8 different glycosylation varia-
tions have been described.

Collagen XVIII is primarily found in en-
dothelial and epithelial basal membrane 
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[214]. Individual glycosylation varia-
tions show anti-angiogenetic and anti-tu-
morous properties [215], primarily end-
ostatin [215]. This is a split product of 
collagen XVIII with molecular weight of 
approx. 20 kDa, which is also endogeni-
cally effective as an angiogenesis inhibi-
tor (198). Clinical studies have shown 
benefits from combining recombinant 
(rh) endostatin with chemotherapeutic 
agents in treatment of various types of 
malignoma [217, 218].

  Conflict of Interest

The authors have no conflict of interest 
to disclose.

References

1. Garg HG. Linhardt RJ, Hales CA (eds). Chemistry and biology 
of heparin and heparansulfat – preface. Elsevier, Oxford 2005; 
VII–VIII.
2. Hovingh P, Linker A. Glycosaminoglycans in Anodonta califor-
niensis, a freshwater mussel. Biol Bull 1993; 185: 263–76.
3. Dietrich CP, Paiva JF, Castro RA, Chavante SF, Jeske W, et al. 
Structural features and anticoagulant activities of a novel natu-
ral low-molecular-weight heparin from the shrimp Penaeus 
brasiliensis. Biochem Biophys Acta 1999; 1428: 273–83.
4. Nelson SM, Greer IA. The potential role of heparin in assisted 
conception. Hum Reprod Update 2008; 14: 623–45.
5. Lever R, Page CP. Novel drug development opportunities for 
heparin. Nat Rev Drug Discov 2002; 1: 140–8.
6. McLean J. The discovery of heparin. Circulation 1959; 19: 75–
8.
7. Howell WH. The factors concerned in the process of the clot-
ting of blood. Therapeutic Gazette 1912; 36: 95–8.
8. Erlandsen A. Untersuchungen über die lecithinhaltigen Subs-
tanzen des Myocardiums und der quergestreiften Muskeln. 
Hoppe-Seyler’s Ztschr physiol Chemie 1907; 51: 71–155.
9. Baskoff A. Über das Jecorin und andere lecithinhaltige Pro-
dukte der Pferdeleber. Hoppe-Seyler’s Ztschr physiol Chemie 
1908; 57: 395–460.
10. Böttiger LE. The heparin story. Acta Med Scand 1987; 222: 
195–200.
11. Wardrop D, Keeling D. The story of the discovery of heparin 
and warfarin. Brit J Haematol 2008; 141: 757–63.
12. Howell WH, Holt E jr. Two new factors in blood coagulation 
– heparin and pro-Thrombin. Am J Physiol 1918; 47: 328–41
13. Howell WH. The purifi cation of heparin and its presence in 
blood. Am J Physiol 1925; 17: 553–62.
14. Mason MC. A note on the use of heparin in blood transfu-
sion. J Lab Clin Med 1924; 10: 203–6.
15. Rutty CJ. Miracle blood lubricant: Connaught and the story 
of heparin, 1928–1937. Conntact 1996; 9: 4–8.
16. Charles AF, Scott DA. Studies on heparin I: the preparation 
of heparin. J Biol Chem 1933; 102: 425–9.
17. Charles AF, Scott DA. Studies on heparin II: heparin in vari-
ous tissues. J Biol Chem 1933; 102: 431–5.
18. Charles AF, Scott DA. Studies on heparin III: the purifi cation 
of heparin. J Biol Chem 1933; 102: 437–48.
19. Murray GW, Jacques LB, Perett TS, Best CH. Heparin and 
the thrombosis of veins following injury. Surgery 1937; 2: 163–
87.
20. Murray GW. Heparin in thrombosis and embolism. Br J Surg 
1940; 27: 324–36.
21. Jorpes E. The chemistry of heparin. Biochem J 1935; 29: 
1817–20.
22. Jorpes EJ. Heparin: a mucopolysaccharide and an active an-
tithrombotic drug. Circulation 1959; 19: 87–91.
23. McLean J, Meyer BBM, Griffi th JM. Heparin in subacute 
bacterial endocarditis. Reduction of cases and critical review of 
the literature. J Am Med Assoc 1941; 117: 1870–5.

24. McLean J, Johnson AB. Gangrene following fracture treated 
with heparine, papaverine, and intermittent venous occlusion. 
Surgery 1946; 20: 324–36.

25. Casu B, Lindhal U. Structure and biological interactions of 
heparin and heparansulfate. Adv Carbohydr Chem Biochem 
2001; 57: 159–66.

26. Linhardt RJ. Heparin: structure and activity. J Med Chem 
2003; 46: 2551–64.

27. Carey DJ. N-Syndecan: structure and function of a trans-
membrane heparin sulphate proteoglycan. Perspct Dev Neuro biol 
1996; 3: 331–46.

28. Andres JL, Stanley K, Cheifetz D, Massagué J. Membrane-
anchored and soluble forms of betaglycan, a polymorphic pro-
teoglycan that binds transforming growth factor-beta. J Cell Biol 
1989; 109: 3137–45.

29. Goodison S, Urquidi V, Tarin D. CD 44 cell adhesion mole-
cules. Mol Pathol 1999; 52: 189–96.

30. Filmus J. Glypican in growth control and cancer. Glycobiology 
2001; 11: 19R–23R.

31. Kallunki P, Eddy RL, Byers MG, Kestilä M, Shows TB. Cloning 
of human heparin sulphate proteoglycan core protein, assignment 
of the gene (HSPG2) tp 1p36.1-p.35 and identifi cation of a BamHI 
restriction fragment length polymorphism. Genomics 1991; 11: 
389–96.

32. Tsen G, Halfter W, Kröger S, Cole GJ. Agrin is a heparin sul-
phate proteoglycan. J Biol Chem 1995; 270: 3392–9.

33. Franzke C, Bruckner P, Bruckner-Tuderman L. Collagenous 
transmenbrane proteins: recent insights into biology and pathol-
ogy. J Biol Chem 2005; 280: 4005–8.

34. Petitou M, Hérault JP, Bernat A, Driguez PA, Duchaussoy P, 
et al. Synthesis of thrombin inhibiting heparin mimetics without 
side effects. Nature 1999; 398: 417–22.

35. Pillai SB, Turman MA, Besner GE. Heparin-binding EGF-like 
growth factor is cryoprotective for intestinal epithelial cells ex-
posed to hypoxia. J Pediatr Surg 1998; 33: 973–9.

36. Liang A, He X, Du Y, Wang K, Fung Y, Lin B. Quantitative in-
vestigation of the interaction between granulocyte-macrophage 
colony-stimulating factor and heparin by capillary zone electro-
phoresis. J Sep Sci 2006; 29: 1637–41.

37. Gutiérrez G, Sarto A, Berod L, Canellada, A, Gentile T, et al. 
Regulation of interleukin-6 fetoplacental levels could be involved 
in the protective effect of low-molecular weight heparin treat-
ment on murine spontaneous abortion. Am J Reprod Immunol 
2004; 51: 160–5.

38. Call Dr, Remick DC. Low molecular weight is associated 
with greater cytokine production in a stimulated whole blood 
model. Shock 1998; 10: 192–7.

39. Gigli M, Consonni A, Ghiselli G, Rizzo V, Naggi A, Torri G. 
Heparin binding to human plasma low-density lipoproteins: 
 dependence on heparin sulfation gegree and chin length. 
Biochemistry 1992; 31: 5996–6003.

40. Aviezer D, Yayon A. Heparin-dependent binding and auto-
phosphorylation of epidermal growth factor (EGF) receptor by 
heparin-binding EGF-like growth factor but not by EGF. Proc Natl 
Acad Sci USA 1994; 91: 12173–7.

41. Makrides SC. Therapeutic inhibition of the complement sys-
tem. Pharmacol Rev 1998; 50: 59–88.

42. Gettins PG. Serpin structure, mechanism, and function. 
Chem rev 2002; 12: 4751–804.

43. Ermolieff J, Duranton J, Petitou M, Bieth JG. Heparin accel-
erates the inhibition of catepin G by mucus proteinase inhibitor: 
potent effect of O-butyrylated heparin. Biochem J 1998; 15: 
1369–74.

44. Brown RA, Lever R, Jones NA, Page CP. Effect of heparin 
and related molecules upon neutrophil aggregation and elas-
tase release in vitro. Br J Pharmacol 2003; 139: 845–53.

45. Lin YL, Lei HY, Lin YS, Yeh TM, Chen SH, Liu HS. Heparin 
 inhibits dengue-2 virus infection of 5 human liver cell lines. 
Antiviral Res 2002; 56: 93–6.

46. de Witte L, Bobardt M, Chatterji U, Degeest G, David G, 
Geijtenbeek TBH, Gallay P. Syndecan-3 is a dendritic cell-specif-
ic attachment receptor for HIV-1. Proc Natl Acad Sci 1007; 104: 
19464–69.

47. Munoz EM, Linhardt RJ. Heparin-binding domains in vascu-
lar biology. Arterioscl Thromb Vasc Biol 2004; 24: 1549–57.

48. Lindhal U, Bäckström G, Thunberg L, Leder IG. Evidence for a 
3-0-sulfated D-glucosamine residue in the antithrombin-binding 
sequence of heparin. Proc Natl Acad Sci USA 1980; 77: 6551–5.

49. Atha DH, Stephens AW, Rimon A, Rosenberg RD. Sequence 
variation in heparin octasaccharides with high affi nity from anti-
thrombin III: Biochemistry 1984; 23: 5801–12.

50. Rabenstein DL. Heparin and heparin sulphate: structure and 
function. Nat Prod Rep 2002; 19: 312–31.

51. Esko JD, Selleck SB. Order out of chaos: assembly of ligand 
binding sites in heparan sulfate Annu Rev Biochem 2002; 71: 
435–71.

52. Perrimon N, Bernfi eld M. Specifi ties of heparan sulphate 
proteoglycans in developmental processes. Nature 2000; 404: 
725–8.

53. Hirsh J, WarkentinTE, Shaughnessy SG, Anand SS, Halperin 
JL, et al. Heparin and low molecular weight heparin. Mechanism 
of action, pharmacokinetics, dosing, monitoring, effi cacy, and 
safety. Chest 2001; 119: 64S–94S.

54. Beguin S, Welzel D, Al Dieri R, Hemker HC. Conjectures and 
refutations on the mode of action of heparins. The limited im-
portance of anti-factor Xa activity as a pharmaceutical mecha-
nism and a yardstick for therapy. Haemostasis 1999; 29: 170–8.

55. Weitz JL. Low molecular-weight heparins. N Engl J Med 
1997; 337: 688–98. 

56. Alban S. Pharmakologie der Heparine und der direkten Anti-
koagulanzien. Hämostaseologie 2008; 5: 400–20. 

57. Hemker HC, Béguin S. Standard and method independent 
units for heparin anticoagulant activities. Thromb Haemost 
1993; 70: 124–8.

58. Toyoshima M, Nakajima M. Human heparanase. Purifi cation, 
characterization, cloning and expression. J Biol Chem 1999; 
274: 24153–60.

59. Dong J, Kukula AK, Toyoshima M, Nakajima M. Genomic or-
ganization and chromosome localization of the newly identifi ed 
heparanase gene. Gene 2000; 253: 171–8.

60. Parish CR, Freeman C, Hulett MD. Heparanase: a key enzyme 
involved in cell invasion. Biochem Biophys Acta 2001; 1471: 
M99–M108. 

61. Hoogewerf AJ, Leone JW, Reardon IM, Howe WJ, Asa D, et 
al. CXC chemokines connective tissue activating peptide-III and 
neutrophil avtivating peptide-2 are heparin/heparan sulfate-de-
grading enzymes. J Biol Chem 1995; 270: 3268–77. 

62. McKenzie E. Cloning and expression profi ling of Hpa 2, a 
novel mammalian heparanase family member. Biochem Biophys 
Re Commun 2000; 276: 1170–7.

63. Simizu S, Ishida K, Osada H. Heparanase as a molecular tar-
get of cancer chemotherapy. Cancer Sci 2004; 95: 553–8. 

64. Rohloff J, Zinke J, Schoppmeyer K, Tannapfel A, Witzigmann 
H, et al. Heparanase expression is a prognostic indicator for post-
operative survival in pancreatic adenocarcinoma. Br J Cancer 
2002; 86: 1270–5.

65. Goldshmidt O, Zcharia E, Abramovitch R, Metzger S, Aingorn 
H, et al. Cell surface expression and secretion of heparanase 
markedly promote tumor angiogenesis and metastasis. Proc Natl 
Acad Sci USA 2002; 99: 10031–6.

66. Linhardt RJ, Turnbull JE, Wang HM, Loganathan D, Gallagher 
JT. Examination of the substrate specifi ty of heparin and hepa-
rin sulphate lyases. Biochemistry 1990; 29: 2611–7.

67. Desai UR, Wang HM, Linhardt RJ. Specifi city studies on the 
heparin lyases from Flavobacterium heparinum. Biochemistry 
1993; 32: 8140–5.

68. Sie P, Ofosu F, Fernandez F, Buchanan MR, Petitou M, 
Boneu B. Respective role of antithrombin III and heparin cofac-
tor II in the in vitro anticoagulant effect of heparin and various 
sulphated polysaccharides. Br J Haematol 1986; 64: 707–14.

69. Gettins PG. Serpin structure, mechanism, and function. 
Chem Rev 2002; 102: 4751–804.

70. Baglin TP, Carell RW, Church FC, Esmon CT, Huntington JA. 
Crystal structures of native and thrombin-complexed heparin co-
factor II reveal a multistep allosteric mechanism. Proc Natl Acad 
Sci USA 2002; 99: 11079–84.

71. Capila I, Linhardt RJ. Heparin-protein interactions. Angew 
Chem Int Ed 2002; 41: 390–412.

72. Bourin MC, Lindahl U. Glycosaminoglycans and the regula-
tion of blood coagulation. Biochem J 1999; 289: 313–30.

73. Rezaie AR. Identifi cation of basic residues in the heparin-
binding exosite of factor Xa critical for heparin and factor Va 
binding. J Biol Chem 2000; 275: 3320–7.

74. Schedin-Weiss S, Arocas V, Bock SC, Olson ST, Björk I. 
Specifi ty of the basic side chains of Lys114, Lys125 and Arg129 
of antithrombin in heparin binding. Biochemistry 2002; 41: 
12369–76.

75. Thunberg L, Lindahl U, Tengblad A, Laurent TC, Jackson CM. 
On the molecular-weight dependence of anticoagulant activity 
of heparin. Biochem J 1979; 181: 241–3.

76. Olson ST, Björk I, Sheffer R, Craig PA, Shore JD, Choay J. 
Role of the antithrombin-binding pentasaccharid in heparin ac-
celeration of antithrombin-proteinase reactions. Resolution of 
the antithrombin conformational change contribution to heparin 
rate enhancement. J Biol Chem 1992; 267: 12528–38.



47J Reproduktionsmed Endokrinol_Online 2016; 13 (2)

Heparin

77. Broze GJ. Tissue factor pathway inhibitor. Thromb Haemost 
1995; 74: 90–3.

78. Bajaj MS, Kuppuswamy MN, Saito H, Spitzer SG, Bajaj SP. 
Cultured normal human hepatocytes do not synthetise lipopro-
tein-associated coagulation inhibitor: evidence that epithelium 
is the principal site of synthesis. Proc Natl Acad Sci 1990; 87: 
8869–73.

79. Hoppenstaedt DA, Jeske W, Farsed J, Bermes EW jr. The 
role of tissue factor pathway inhibitor in the mediation of the 
antithrombotic actions of heparin and low molecular-weight 
heparin. Blood Coagul Fibrinolysis 1995; 6: S57–S64.

80. Cella G, Sbarai A, Mazzaro G, Motta G, Carraro P, et al. 
Tissue factor pathway inhibitor release induced by defi brotide 
and heparins. Clin Appl Thromb Hemost 2001; 7: 225–8.

81. Sandset PM, Bendz B, Hansen JB. Physiological function of 
tissue factor pathway inhibitor and interaction with heparins. 
Haemostasis 2000; 30 (Suppl 2): 48–56.

82. Warkentin TE. Heparin-induced thrombocytopenia: patho-
genesis and management. Br J Haematol 2003; 121: 535–55.

83. Savi P, Pfl ieger AM, Hérault JP, Michaux C, Duchaussoy P, 
et al. Comparative effects of two synthetic oligosaccharides on 
platelet activation induced by plasma from HIT patients. J Thromb 
Haemost 2003; 1: 2008–13.

84. Warkentin TE. An overview of heparin-induced thrombocyto-
penia syndrome. Semin Thromb Hemost 2004; 30: 273–83.

85. Greinacher A, Michels I, Mueller-Eckhardt C. Heparin-asso-
ciated thrombocytopenia: the antibody is not heparin-specifi c. 
Thromb Haemost 1992; 67: 545–9.

86. Raouva l, Zhai L, Kowalska MA, Arepally GM, Cines DB, 
Poncz M. Ultralarge complexes of PF4 and heparin are central to 
the pathogenesis of heparin-induced thrombocythopenia. Blood 
2005; 105: 131–8.

87. Würfel W. Habituelle Aborte. Diagnostik und Therapie der 
Thrombophilie. Gynäkol Prax 2010; 34: 427–36.

88. Greinacher A. Heparininduzierte Thrombozytopenie. Dtsch 
Ärztebl 2003; 100: A2220–9.

89. Harenberg J, Heilmann L, Rath W, Riess H, von Tempelhoff 
GF, et al. Niedermolekulare Heparine in der Schwangerschaft. 
Dtsch Ärztebl 2002; 99: A424–34.

90. Hardtke K, Böhme H (Hrsg). Kommentar zum Europäischen 
Arzneibuch Ph. Eur. 5.0, Protaminsulfat. Wissenschaftliche 
Verlagsgesellschaft, Stuttgart, 2005.

91. Hirsh J, Warkentin TE, Raschke R, Granger C, Ohman EM, 
Dalen JE. Heparin and low molecular weight heparin: mecha-
isms of action, pharmacokinetics, dosing considerations, moni-
toring, effi cacy, and safety. Chest 1999; 115: S489–510.

92. Lüllmann H, Mohr K, Hein L. Pharmakologie und Toxikologie. 
17. Aufl . Georg-Thieme-Verlag, Stuttgart New York, 2010.

93. Hänsel R, Sticker O (Hrsg). Pharmakognosie – Phytopharma-
zie. 9. Aufl . Springer Medizin Verlag, Heidelberg, 2010.

94. Lemmer B, Brune K (Hrsg). Klinische Pharmakologie. 14. Aufl . 
Springer Medizin Verlag, Heidelberg, 2010.

95. HajMohammadi S, Enjyoji K, Princivalle P, Lech M, Beeler D, 
et al. Normal levels of anticoagulant heparin sulphate are not 
essential for normal hemostasis. J Clin Invest 2003; 111: 989–
99.

96. Alban S. Pharmakologie der Heparine und der direkten Anti-
koagulanzien. Hämostaseologie 2009; 5: 400–20.

97. Rasche H. Niedermolekulare Heparine. Dtsch Ärztebl 1988; 
41: A1007–13.

98. Rabenstein DL. Heparin and heparan sulfate: structure and 
function. Nat Prod Rep 2002; 19: 312–31.

99. Jaques LB, Debnath AK. Simultaneous evaluation of tissue 
heparin and mast cells in small tissue samples. Am J Physiol 
1970; 219: 1155–60.

100. Müller-Eberhard HJ. Molecular organization and function 
of the complement system. Annu Rev Bioch 1988; 57: 321–47.

101. Bohana-Kashtan O, Ziporen L, Donin N, Kraus S, Fishelson 
Z. Cell signals transduced by complement. Mol Immunol 2004; 
41: 583–97.

102. Makrides SC. Therapeutic inhibition of the complement 
system. Pharmacol Rev 1998; 50: 59–88.

103. Edens RE, Linhardt RJ, Weiler JM. Heparin is not just an 
anticoagulant anymore: six and one-half decades of studies on 
the ability of heparin to regulate complement activity. Comple-
ment profi les 1993; 1: 96–120.

104. Pangburn MK. Analysis of recognition in the alternative 
pathway of complement. Effect of polysaccharide size. J Immunol 
1989; 142: 2766–70.

105. Strunk R, Colten HR. Inhibition of the enzymatic activity of 
the fi rst component (C1) by heparin. Clin Immunol Immunopath 
1976; 6: 248–55.

106. Weiler JM, Yurt RW, Fearon DT, Austen F. Modulation of 
the formation of the amplifi cation convertase of complement, 
C3b, Bb, by native and commercial heparin. J Exp med 1978; 
147: 409–21.

107. Sahu A, Pangburn MK. Indentifi cation of multiple sites of 
interaction between heparin and the complement system. Mol 
Immunol 1993; 30: 679–84.

108. Yu H, Munoz EM, Edens RE, Linhardt RJ. Kinetic studies on 
the interaction of heparin and complement proteins using 
Plasmon surface resonance. Biochim Biophys Acta 2005; 1726: 
168–76.

109. Ecker EE, Gross P. Anticomplementary power of heparin. 
J Infect Dis 129; 44: 250–3.

110. Itoh K, Nakao A, Kishimoto W, Takagi H. Heparin effects 
on superoxide production by neutrophils. Eur Surg Res 1995; 27: 
184–8.

111. Dandona P, Qutob T, Hamouda W, Bakri F, Aljada A, 
Kumbkarni Y. Heparin inhibits reactive oxygen species genera-
tion by polymorphonuclear cells and mononuclear leucocytes. 
Thromb Res 1999; 96: 437–43.

112. Attanasio M, Gori AM, Giusti B, Pepe G, Comeglio P, et al. 
Cytokine gene expression in human LPS- and IFN-gamma stimu-
lated mononuclear cells is inhibited by heparin. Thromb Haemost 
1998; 79: 959–62.

113. Lantz M, Thysell H, Nilsson E, Olsson I. On the binding of 
tumor necrosis factor (TNF) to heparin and the release in vitro of 
the TNF-binding protein I by heparin. J Clin Invest 1991; 88: 
2026–31.

114. Meyer J, Cox CS, Herndon DN, Nakazawa H, Lentz CW, et 
al. Heparin in experimental hyperdynamic sepsis. Crit Care Med 
1193; 21: 84–9.

115. Vancheri C, Mastruzzo C, Armato F, Tomaselli V, Magri S, et 
al. Intranasal heparin reduces eosinophil recruitment after nasal 
allergen challenge in patients with allergic rhinitis. J Allergy Clin 
Immunol 2001; 108: 703–8.

116. Gaffney A, Gaffney P. Rheumatoid arthritis and heparin. 
Br J Rheumatol 1996; 35: 808–10.

117. Bowler SD, Smith SM, Lavercombe PS. Heparin inhibits the 
immediate response to antigen in the skin and lungs of allergic 
subjects. Am Rev Respir Dis 1993; 147: 160–3.

118. Tyrrell DJ, Horne AP, Holme KR, Preuss JM, Page CP. Hepa-
rin in infl ammation: potential therapeutic applications beyond 
anticoagulation. Adv Pharmacol 1999; 46: 151–208.

119. Nassar RA, Browne EP, Chen J, Klibanov A. Removing hu-
man immunodefi ciency virus (HIV) from human blood using im-
mobilized heparin. Biotechnol Lett 2012; 34: 853–6.

120. Nahmias AJ, Kibrick S. Inhibitory effect of heparin on her-
pes simplex virus. J Bacteriol 194; 87: 1060–6.

121. Lin YL , Lei HY, Lin YS, Yeh TM, Chen SH, Liu HS. Heparin 
inhibits dengue-2 virus infection of fi ve human liver cell lines. 
Antiviral Res 2002; 56: 93–6.

122. Dennis LH, Conrad ME. Anticoagulant and antimalarial ac-
tion of heparin in simian malaria. The Lancet 1968; 291: 769–
71.

123. Boyle MJ, Richarsd JS, Gilson PR, Chai W, Beeson JG. 
Interactions with heparin-like molecules during erythrocyte in-
vasion by Plasmodium falciparum merozoites. Blood 2010; 115: 
4559–68.

124. De Witte L, Bobardt M, Chatterji U, Degeest G, David G, 
Geijtenbeek TB, Gallay P. Syndecan-3 is a dendritic cell-specifi c 
attachment receptor for HIV-1. PNAS 2007; 104: 19464–9.

125. Salvador B, Sexton NR, Carrion R jr, Nunneley J, Patterson 
JL, et al. Filoviruses utilize glycosaminoglycans for their attach-
ment to target cells. J Virol 2013; 87: 3295–304.

126. Bobardt MD, Chatterji U, Selvarajah S, Van der Schueren B, 
David G, et al. Cell-free human  immunodefi ciency virus type 1 
transcytosis through primary genital epithelial cells. J Virol 2007; 
81: 395–405

127. Metz, M. Physiologische Funktionen der Mastzellen. Habi li-
tationsschrift, Charité-Universitätsmedizin Berlin, 2009.

128. Xia CQ, Kao KJ. Heparin induces differentation of CD1a+ 
dendritic cells from monocytes: phenotypic and functional char-
acterization. J Immunol 2002; 168: 1131–8.

129. Shriver Z, Liu D, Sasisekharan R. Emerging views of hepa-
ransulfate glycosaminoglycan structure-activity relationships 
modulating dynamic biological functions. Trends Cardiovasc Med 
2002; 12: 71–7.

130. Ornitz DM, Itoh N. Fibroblast growth factors. Genome Biol 
2001; 2: R3005.

131. Cross MJ, Claesson-Welsh L. FGF and VEGF function in an-
giogenesis. Signaling pathways, biological responses and thera-
peutic inhibition. Trends Pharmacol Sci 2001; 22: 201–7.

132. Monsa SA, Kaiser B. Tissue factor pathway inhibitor in 
thrombosis and beyond: role of heparin. Drugs Future 1004; 29: 
751–6.

133. Ibrahimi OA, Zhang F, Hrstka SC, Mohammadi M, Linhardt 
RJ. Kinetic model for FGF, FGFR and proteoglycan signal trans-
duction complex assembly. Biochemistry 2004; 43: 4724–30.

134. Pye DA, Vives RR, Turnbull JE, Hyde P, Gallagher JT. Hepa-
ran sulfate oligosaccharides require 6-O-sulfattation for promo-
tion of basic fi broblast growth factor mitogenic activity. J Biol 
Chem 1998; 273: 22936–42.

135. Giumond S, Maccarana M, Olwin BB, Lindahl U, Rapraeger 
AC. Activating and inhibitory heparin sequences for FGF-2 (basic 
FGF). Distinct requirements for FGF-1, FGF-2, and FGF-4. J Biol 
Chem 1993; 268: 23906–14.

136. Fannon M, Forsten KE, Nugent MA. Potentiation and inhibi-
tion of bFGF binding by heparin. A model for regulation of cellu-
lar response. Biochemistry 2000; 39: 1434–45.

137. Forsten KE, Fannon M, Nugent MA. Potential mechanisms 
for the regulation of growth factor binding by heparin. J Theor 
Biol 2000; 205: 215–30.

138. Parish CR, Freeman C, Hulett MD. Heparanase: a key en-
zyme involved in cell invasion. Biochim Biophys Acta 2001; 1471: 
M99–108.

139. Gong F, Jemth P, Escobar Galvis ML, Vlodavsky I, Horner A, 
Lindahl U, Li JP. Processing of macromolecular heparin by hepa-
ranase. J Biol Chem 2003; 278: 35152–8.

140. Castellot JJ jr, Wong K, Herman B, Hoover RL, Albertini DF, 
et al. Binding and internalization of heparin by vascular smooth 
muscle cells. J Cell Physiol 1985; 124: 13–20.

141. Letourneur D, Caleb BL, Castelot JJ jr. Heparin binding, in-
ternalization, and metabolism in vascular smooth muscle cells. 
I. Upregulation of heparin binding correlates with antiprolifera-
tive activity. J Cell Physiol 1995; 165: 676–86.

142. Letourneur D, Caleb BL, Castelot JJ jr. Heparin binding, in-
ternalization, and metabolism in vascular smooth muscle cells. 
II. Degradation and secretion in sensitive and resistant cells. 
J Cell Physiol 1995; 165: 687–95.

143. Patton WA 2nd, Granzow CA, Getts LA, Thomas SC, Zotter 
LM, et al. Identifi cation of a heparin-binding protein using 
monoclonal antibodies that block heparin binding to porcine 
aortic endothelial cells. Biochem J 1995: 311 (II): 461–9.

144. Delmolino LM, Castellot JJ jr. Heparin suppresses sgk, an 
early response gene in proliferating vascular smooth muscle 
cells. J Cell Physiol 1997; 1783: 371–9.

145. Mishra-Gorur K, Castellot JJ jr. Heparin rapidly and selec-
tively regulates tyrosine phosphorylation in vascular smooth 
muscle cells. J Cell Physiol 1999; 178: 205–15.

146. Daum G, Hedin U, Wang Y, Wang T, Clowes AW. Diverse 
effects of heparin on mitogen-activated protein kinase depen-
dant signal transduction in vascular smooth muscle cells. Circ 
Re 1997; 81: 17–23.

147. Mishra-Gorur K, Singer HA, Castellot JJ jr. Heparin inhibirs 
phosphorylation and autonomous activity of Ca(2+)/calmodulin-
dependant protein kinase II in vascular smooth muscle cells. Am 
J Path 2002; 161: 1893–901.

148. Castelot JJ jr, Beeler DL, Rosenberg RD, Karnovsky MJ. 
Structural determinants of the capacity of heparin to inhibit the 
proliferation of vascular smooth muscle cells. J Cell Physiol 1984; 
120: 315–20.

149. Wright TC , Castellot JJ jr, Petitou M, Lormeau JC, Choay 
J, Karnovsky MJ Structural determinants of heparin’s growth in-
hibitory activity. Interpendence of oligosaccharide size and 
charge. J Bicol Chem 1989; 264: 1534–42.

150. Faham S, Linhardt RJ, Rees DC. Diversity does make a dif-
ference: fi broblast growth factor-heparin interactions. Curr Opin 
Struct Biol 2001; 11: 629–34.

151. De Agostini AI. An unexpected role for anticoagulant hepa-
ran sulfate proteoglycans in reproduction. Swiss Med Wkly 
2006; 136: 583–90.

152. Liu D, Shriver Z, Qi Y, Venkataraman G, Sasisekharan. 
Dynamic regulation of tumor growth and metastasis by heparin 
sulfate glycosaminoglycans. Semin Thromb Hemost 2002; 28: 
67–78.

153. Castelli R, Porro F, Tarsia P. The heparins and cancer: re-
view of clinical trials and biological properties. Vasc Med 2004; 
9: 2005–13.

154. Sanderson RD. Heparan sulfate proteoglycans in invasion 
and metastasis. Semin Cell Dev Biol 2001; 12: 89–98.

155. Filmus J. Glypicans in growth control and cancer. Glyco-
biol ogy 2001; 11: 19R–23R.

156. Jiang X, Couchman JR. Perlecan and tumor angiogenesis. 
J Histochem Cytochem 2003; 51: 1393–410.



48 J Reproduktionsmed Endokrinol_Online 2016; 13 (2)

Heparin

157. Bernfi eld M, Kokenyesi R, Kato M, Hinkes MT, Spring J, 
Gallo RL, Lose EJ. Biology of the syndecans: a family of trans-
menbrane heparin sulfate proteoglycans. Annu Rev Cell Biol 
1992; 8: 365–93.

158. Lander AD, Selleck SB. The elusive functions of proteogly-
cans: in vivo veritas. J Cell Biol 2000; 148: 237–42.

159. Liu X, McFarland DC, Nestor KE, Velleman SG. Develop-
mental regulated expression of syndecan-1 and glypican in pec-
toralis major muscle in turkeys with different growth rates. 
Develop Growth Differ 2004; 46: 37–51.

160. David G. Integral membrane heparin sulfate proteoglycans. 
FASEB J 1993; 7: 1023–30.

161. Kim CW, Golberger OA, Gallo RL, Bernfi eld M. Members of 
the syndecan family of heparin sulfate proteoglycans are ex-
pressed in distinct cell-, tissue-, and developmental-specifi c 
patterns. Mol Biol Cell 1994; 5: 797–805.

162. Baciu PC, Acaster C, Goetinick PF. Molecular cloning and 
genomic organization of chicken syndecan-4. J Biol Chem 1994; 
269: 696–703.

163. Chen I, KlassC, Woods A. Syndecan-2 regulates transform-
ing factor- signaling. J Biol Chem 2004; 279: 15715–8.

164. Woods A, Couchman JR. Syndecan-4 heparan sulfate pro-
teoglycan is a selectively enriched and widespread focal adhe-
sion component. Mol Biol Cell 1994; 5: 183–92.

165. Rapraeger AC. Molecular interactions of syndecan during 
development. Cell Dev Biol 2001; 12: 107–16,

166. Sutherland AE, Sanderson RD, Mayes M, Seibert M, 
Calarco PG, et al. Expression of syndecan, a putative low affi nity 
growth factor, in the early mouse embryo. Development 1991; 
113: 339–51.

167. Trautman MS, Kimelman J, Bernfi eld M. Developmental 
expression of syndecan, an integral membrane proteoglycan, 
correlates with cell differentiation. Development 1989; 111: 
213–20.

168. Yamaguchi Y. Heparan sulfate proteoglycans in the ner-
vous system: their diverse roles in neurogenesis, axon guidance, 
and synptogenesis. Sem Cell Dev Biol 2001; 12: 99–106.

169. Fuentalba L, Carey DJ, Brandan E. Antisense inhibition of 
syndecan-3 expression during skeletal muscle differentiation 
accelerates myogenesis through a basic fi broblast growth fac-
tor-dependant mechanism. J Biol Chem 1999; 274: 37878–84.

170. Cornelioson DD, Filla MS, Stanley HM, Rapraeger AC, 
Olwin BB. Syndecan-3 and  syndecan-4 specifi cally mark skele-
tal muscle satellite cells and are implicated in satellite cell 
maintenance and muscle regeneration. Dev Bio 2001; 239: 79–
94.

171. Casar JC, Cabello-Verrugio C, Olguin H, Aldunate R, 
Inestrosa NC, Brandan E. Heparan sulfate proteoglycans are in-
creased during skeletal muscle regeneration: requirement of 
syndecan-3 for successful fi ber formation. J Cell Sci 2004; 117: 
73–84.

172. Mertens G, Van der Schueren B, van den Berghe H, David 
G. Heparan sulphate expression in polarized epithelial cells: the 
apical sorting of glypican (GPI-anchored proteoglycan) is in-
versely related to its heparin sulphate content. J Cell Biol 1996; 
132: 487–97.

173. Liu X, McFarland DC, Nestor KE, Velleman SG. Develop-
mental regulated expression of syndecan-1 and glypican in pec-
toralis major muscle in turkeys with different growth rates. 
Develop Growth Differ 2004; 46: 37–51.

174. Stipp CS, Litwack ED, Lander AD. Cerebroglycan: an inte-
gral membrane heparin sulfate proteoglycan that is unique to 
the developing nervous system and expressed specifi cally dur-
ing neuronal differentiation. J Cell Biol 1994; 124: 149–60.

175. Pellegrini M, Pilia G, Pantano S, Lucchini F, Uda M, et al. 
Gpc3 expression correlates with the phenotype of the Simpson-
Golabi-Behmel syndrome. Dev Dyn 1998; 213: 431–9.

176. Watanbe K, Yamada H, Yamaguchi Y. K-glypican: a novel 
GPI-anchored heparin sulphate proteoglycan that is highly ex-
pressed in developing brain and kidney. J Cell Biol 1995; 130: 
1207–18.

177. Saunders S, Paine-Saunders S, Lander AD. Expression of 
the cell surface proteoglycan glypican-5 is developmentally reg-
ulated in kidney, limb and brain. Dev Biol 1997; 190: 78–93.
178. Veugelers M, De Cat B, Ceulemans H, Bruystens AM, 
Coomans C, et al. Glypican-6, a new member of the glypican 
family of cell surface heparin sulphate proteoglycans. J Biol 
Chem 1999; 38: 26968–77.
179. Gonzalez AD, Kaya M, Shi W, Song H, Testa JR, et al. OCI-
5/GPC3, a glypican encoded by a gene that is mutated in the 
Simpson-Golabi-Behmel overgrowth syndrome, induces apopto-
sis in a cell line specifi c manner. J Cell Biol 1998; 141: 1407–14.
180. Pilia G, Hughes-Benzie RM, MacKenzie A, Baybayan P, 
Chen EY, et al. Mutations in GPC3, a glypican gene, cause the 
Simpson-Golabi-Behmel overgrowth syndrome. Nat Genet 1996; 
12: 241–7.
181. Veugelers M, Cat BD, Muyldermans SY, Reekmans G, 
Delande N, et al. Mutational analysis of GPC3/GPC4 glypican 
gene cluster on Xq26 in patients with Simpson-Golabi-Behmel 
overgrowth syndrome: identifi cation of loss-of-function muta-
tions in the GPC3 gene. Hum Mol Genet 2000; 9: 1321–8.
182. Qian X, Davis AD, Goderle SK, Temple S. FGF2 concentra-
tion regulates the generation of neurons and glia from multipo-
tent cortical stem cells. Cell Biol 1997; 18: 81–93.
183. Hagihara K, Watanabe K, Chun J, Yamaguchi Y. Glypican-4 
is an FGF2-binding heparin sulphate proteoglycan expressed in 
neural precursor cells. Dev Dyn 2000; 219: 353–67.
184. Cheifetz S, Bellón T, Calés C, Vera S, Bernbeu C, et al. 
Endoglin is a component of the transforming growth factor-beta 
receptor system in human endothelial cells. J Biol Chem 1992; 
267: 19027–30.
185. Lopez-Casillas F, Wrana JL, Massague J. Betaglycan pres-
ents ligands to the TGF beta signaling receptor. Cell 1993; 73: 
1435–44.
186. Blobe GC, Liu X, Fang SJ, How T, Lodish HF. A novel mech-
anism for regulating transforming growth factor interaction with 
the PDZ domain protein, GIPC. J Biol Chem 2001; 43: 39608–17.
187. Velasco-Loyden G, Arribas J, Lopez-Casillas F. The shed-
ding of betaglycan is regulated by pervanadate and mediated by 
membrane type matrix metaloprotease-1. J Biol Chem 2004; 
279: 7721–33.
188. Screaton GR, Bell MV, Jackson DG, Cornelis FB, Gerth U, 
Bell JI. Genomic structure of DNA encoding the lymphocyte 
homing receptor CD44 reveals at least 12 alternatively spliced 
exons. Proc Natl Acad Sci USA 1992; 89: 12160–4.
189. Goodison S, Urquidi V, Tarin D. CD44 cell adhesion mole-
cules. Mol Path 1999; 52: 189–96.
190. Tukhanen AL, Tammi M, Tammi R. CD44 substituted with 
heparan sulfate and endo-beta-galactosidase-sensitive oligo-
saccharides: a major glycoprotein in adult human epidermis. 
J Invest Dermatol 1997; 109: 213–8.
191. Sackstein R, Merzaban JS, Cain DW, Dagia NM, Spencer 
JA, Lin CP, Wohlgemuth R. Ex vivo glycan engineering of CD44 
programs human multipotent mesenchymal stromal cell traffi ck-
ing to bone. Nat Med 2008; 14: 181–7.
192. Napier SL, Healy ZR, Schnaar RL, Konstantopulos K. Selectin 
ligand expression regulates the initial vascular interactions of 
colon carcinoma cells: the roles of CD44v and alternative sialo-
fucosylated selectin ligands. J Biol Chem 2007; 282: 3433–41.
193. Oxley SM, Sackstein R. Detection of an L-selectin ligand on 
hemopoetic progenitor cell line. Blood 1994; 84: 3299–306.
194. Griffi th JS, Liu YG, Tekmal RR, Binkley PA, Holden AEC, 
Schenken RS. Menstrual endometrial cells from women with 
endometriosis demonstrate increased adherence to peritoneal 
cells and increased expression of CD44 splice. Fertil Steril 2010; 
93: 1745–9.
195. Hassell JR, Robey PG, Barrach HJ, Wilczek J, Rennard SI, 
Martin GR. Isolation of a heparin sulfate-containing proteogly-
can from basement membrane. Proc Natl Acad Sci USA 1980; 
77: 4494–8.
196. Ledbetter SR, Fisher LW, Hassell JR. Domaine structure 
of the basement membrane heparan sulfate proteoglycan. 
Biochemistry 1987; 26: 988–95.

197. Hopf M, Göhring W, Kofeldt E, Yamada Y, Timpl R. Recom-
binant domain IV of perlecan binds to nidogens, laminin-nido-
gen complex, fi bronectin, fi bulin-2 and heparin. Eur J Biochem 
1999; 259: 917–25.
198. Brown JC, Sasaki T, Göhring W, Yamada Y, Timpl R. The 
C-terminal domain V of perlecan promotes beta1 integrin-medi-
ated cell adhesion, binds heparin, nidogen and fi bulin-2 and can 
be modifi ed by glycosaminoglycans. Eur J Biochem 1997; 250: 
39–46.
199. Olson BR. Life without perlecans has its problems. J Cell 
Biol 1999; 147: 90–911.
200. Arikawa-Hirshawa E, Watanabe H, Takami H, Hassell JR, 
Yamada Y. Perlecan is essential for cartilage and cephalic de-
velopment. Nat Genet 1999; 23: 354–8.
201. Costell M, Gustafsson E, Aszódi A, Mörgelin M, Bloch W, 
et al. Perlecan maintains integrity of cartilage and some base-
ment membranes. J Cell Biol 1999; 147: 1109–22.
202. Bayne EK, Anderson MJ, Farnborough DM. Extracellular 
matrix organization in developing muscle: correlation with ace-
tylcholine receptor aggregates. J Cell Biol 1984; 99: 1486–501.
203. Hassell JR, Yamada Y, Arikawa-Hirasawa E. Role of per-
lecan in skeletal development and diseases. Glycoconjugate J 
2003; 19: 263–7.
204. Arikawa-Hirasawa E, Rossi SG, Rotundo RL, Yamada Y. 
Absence of acetylcholinesterase at the neuromuscular junctions 
of perlecan-null mice. Nat Neurosci 2002; 5: 119–23.
205. Arikawa-Hirasawa E, Le AH, Nishino I, Nonaka I, Ho NC, et 
al. Structural and functional mutations of the perlecan gene 
cause Schwartz-Jampel syndrome, with myotonic myopathy and 
chondrodysplasia. A J Hum Genet 2002; 70: 1368–75.
206. Arikawa-Hirasawa E, Wilcox WR, Le AH, Silverman N, 
Govindraj P, et al. Dyssegmental dysplasia, Silverman-Handmaker 
type, is caused by functional null mutations of the perlecan gene. 
Nat Genet 2001; 27: 431–4.
207. Stetefeld J, Alexandrescu AT, Maciejewski MW, Jenny M, 
Rathgeb-Szabo K, et al. Modulation of agrin function by alterna-
tive splicing and Ca2+ binding. Structure 2004; 12: 503–15.
208. Kröger S, Schröder JE. Agrin in the developing CNS: new 
roles for a synapse organizer. News Physiol Sci 2002; 17: 202–
17.
209. Groffen AJ, Buskens CA, van Kuppevelt TH, Veerkamp JH, 
Monnens LA, van den Heuvel LP. Primary structure and high ex-
pression of human agrin in basement membranes of adult lung 
and kidney. Eur J Biochem 1998; 254: 123–8.
210. Mantych KB, Ferreira A. Agrin differentially regulates the 
rates of axonal and dendritic elongation in cultured hippocam-
pal neurons. J Neurosci 2001; 21: 6802–9.
211. Gautam M, Noakes PG, Moscoso L, Rupp F, Scheller RH, 
Merlie JP, Sanes JR. Defective neuromuscular synaptogenesis 
in agrin-defi cient mutant mice. Cell 1996; 85: 525–35.
212. Sanes JR, Apel ED, Gautam M, Glass D, Grady RM, et al. 
Agrin receptors at the skeletal neuromuscular junction. Ann NY 
Acad Sci 1998; 841: 1–13.
213. Franzke CW, Bruckner P, Bruckner-Tuderman L. Collagenous 
transmembrane proteins: recent insights into biology and pa-
thology. J Biol Chem 2005; 280: 4005–8.
214. Dong S, Cole GJ, Halfter W. Expression of collagen XVIII and 
localization of its glycosaminoglycan attachment sites. J Biol 
Chem 2003; 278: 1700–7.
215. O´Reilly MS, Boehme T, Shing Y, Fukai N, Vasios G, et al. 
Endostatin: an endogenous inhibitor of angiogenesis and tumor 
growth. Cell 1997; 88: 277–85.
216. Benezra R, Rafi i S. Endostatin’s endpoints-deciphering the 
endostatin antiangiogenic pathway. Cancer Cell 2004; 5: 2005–
6.
217. Jing Y, Lu H, Wu K, Subramanian IV, Ramakrishnan S. 
Inhibition of ovarian cancer by RGD-P125 A-endostatin-Fc fusion 
proteins. Int J Cancer 2011; 129: 751–6.
218. Huang G, Chen L. Recombinant human endostatin improves 
anti-tumor effi cacy of paclitaxel by normalizing tumor vascula-
ture in Lewis lung carcinoma. J Cancer Res Clin Oncol 2010; 
136: 1201–11.



Haftungsausschluss

Die in unseren Webseiten publizierten Informationen richten sich ausschließlich an geprüfte 
und autorisierte medizinische Berufsgruppen und entbinden nicht von der ärztlichen Sorg-
faltspflicht sowie von einer ausführlichen Patientenaufklärung über therapeutische Optionen 
und deren Wirkungen bzw. Nebenwirkungen. Die entsprechenden Angaben werden von den 
Autoren mit der größten Sorgfalt recherchiert und zusammengestellt. Die angegebenen Do-
sierungen sind im Einzelfall anhand der Fachinformationen zu überprüfen. Weder die Autoren, 
noch die tragenden Gesellschaften noch der Verlag übernehmen irgendwelche Haftungsan-
sprüche.

Bitte beachten Sie auch diese Seiten:

Impressum  Disclaimers & Copyright  Datenschutzerklärung

Mitteilungen aus der Redaktion

e-Journal-Abo
Beziehen Sie die elektronischen Ausgaben dieser Zeitschrift hier.

Die Lieferung umfasst 4–5 Ausgaben pro Jahr zzgl. allfälliger Sonderhefte.

Unsere e-Journale stehen als PDF-Datei zur Verfügung und sind auf den meisten der markt
üblichen e-Book-Readern, Tablets sowie auf iPad funktionsfähig.

 Bestellung e-Journal-Abo

Haftungsausschluss

Die in unseren Webseiten publizierten Informationen richten sich ausschließlich an geprüfte 
und autorisierte medizinische Berufsgruppen und entbinden nicht von der ärztlichen Sorg-
faltspflicht sowie von einer ausführlichen Patientenaufklärung über therapeutische Optionen 
und deren Wirkungen bzw. Nebenwirkungen. Die entsprechenden Angaben werden von den 
Autoren mit der größten Sorgfalt recherchiert und zusammengestellt. Die angegebenen Do-
sierungen sind im Einzelfall anhand der Fachinformationen zu überprüfen. Weder die Autoren, 
noch die tragenden Gesellschaften noch der Verlag übernehmen irgendwelche Haftungs
ansprüche.

Bitte beachten Sie auch diese Seiten:

Impressum  Disclaimers & Copyright  Datenschutzerklärung

Mitteilungen aus der Redaktion

e-Journal-Abo
Beziehen Sie die elektronischen Ausgaben dieser Zeitschrift hier.

Die Lieferung umfasst 4–5 Ausgaben pro Jahr zzgl. allfälliger Sonderhefte.

Unsere e-Journale stehen als PDF-Datei zur Verfügung und sind auf den meisten der markt
üblichen e-Book-Readern, Tablets sowie auf iPad funktionsfähig.

 Bestellung e-Journal-Abo

Besuchen Sie unsere Rubrik

  Medizintechnik-Produkte

InControl 1050 
Labotect GmbH

Aspirator 3 
Labotect GmbH

Philips Azurion:  
Innovative Bildgebungslösung

Neues CRT-D Implantat  
Intica 7 HF-T QP von Biotronik

Artis pheno 
Siemens Healthcare Diagnostics GmbH

https://www.kup.at/impressum/index.html
https://www.kup.at/impressum/disclaimer.html
https://www.kup.at/impressum/datenschutz.html
https://www.kup.at/cgi-bin/gratis-abo.pl
https://www.kup.at/perl/abbildungen.pl?q=Medizinprodukte+Labortechnik&ct=1&b=a

