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Abstract 

Introduction 

Unfractionated heparin (UFH) belongs to a class of linear, highly sulfated, acidic 

polysaccharides known as glycosaminoglycans. Low-molecular-weight heparins 

(LMWHs) are modified heparin fragments with a molecular weight range of 2000 to 

8000 Da. LMWHs are prepared by either chemical or enzymatic depolymerisation of 

UFH. In clinical practice, UFH is largely replaced by LMWHs because of their 

improved pharmacokinetic profiles as decreased risk of side effects. Heparins (UFH 

and LMWHs) are comprised of heterogeneous mixture of anticoagulant and non-

anticoagulant fractions. Much recently, these polysaccharides have shown to possess 

anti-inflammatory effects and such effects are strongly influenced by degree of 

sulfation, distribution of sulfate groups and chain length. Interestingly, the potential 

anti-inflammatory activities of heparins, such seen in asthma, are reported to be 

because of the interactions between their non-anticoagulant molecules and various 

biological molecules. Numerous studies highlight the role of heparins in the 

management of inflammatory disorders including asthma. Asthma is a common 

chronic inflammatory condition of the conducting airways. It is estimated that 

approximately 300 million people worldwide suffer from asthma and it is associated 

with severe morbidity, and sometimes even mortality. Asthma is known to be driven 

by various inflammatory cytokines including interleukin-(IL)-4, IL-5, IL-6, IL-8, IL-

13 and tumor necrosis factor-alpha (TNF-α). The current drug modalities used for the 

management of asthma are reported to have a number of drawbacks and it is also 

estimated that up to 10% asthmatic patients have difficult-to-treat asthma that is often 

resistant to first line treatment with inhaled corticosteroids. Some recent in vivo 
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studies have confirmed that heparins possess significant anti-asthmatic activity. 

However, the use of heparins for the management of asthma is hindered by the risk of 

bleeding associated with their anticoagulant fractions. For example, in one study, 

administration of LMWH resulted in massive haemorrhage in a patient with 

inflammation. Apart from this, the investigation of anti-inflammatory effects of 

LMWH is challenging because these activities are expressed with high LMWH 

concentrations where the anticoagulant effects predominate. Therefore, the overall 

aim of the study was to confirm that a LMWH (e.g. enoxaparin and dalteparin) can 

inhibit various inflammatory mediators involved in the pathogenesis of asthma with a 

view of identifying non-anticoagulant fraction(s) of the parent LMWH responsible for 

its anti-asthmatic effect.  

Methodology 

Stimulation of Cells: Peripheral blood mononuclear cells (PBMCs) were isolated 

from whole blood of asthmatic subjects and were cultured for 72 hours in the presence 

of phytohaemagglutinin for the release of IL-4, IL-5, IL-13 and TNF-α. Similarly, 

human respiratory pulmonary epithelial cells were cultured for 24 hours in the 

presence of trypsin for the release of IL-6 and IL-8.  

Identification of a LMWH exhibiting high anti-inflammatory activity: PBMCs were 

pre-treated in the presence of intact enoxaparin or dalteparin to investigate the effect 

of parent LMWHs to inhibit the release of tested cytokines.  
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Separation, isolation and desalting of parent LMWH exhibiting high anti-

inflammatory effects:  

Chromatographic separation of enoxaparin was carried out using ion-exchange 

chromatography (IC). Separations were performed on a semi-preparative CarboPac 

PA100 column (250 × 9 mm ID). The optimised sodium chloride (NaCl) eluent 

gradient was: 0-70 min: gradient from 32-74% 2 M NaCl in Milli-Q water (0.64-1.48 

M NaCl). Total flow rate of 2.0 mL/min was maintained and UV detection at 232 nm 

was performed. The collected fractions were concentrated on a centrifugal 

concentrator and desalted using PD MidiTrap G-10 columns. 

Determination of average molecular weight and anticoagulant activity of separated 

fractions:  

The average molecular weight of separated fractions was determined using a 

Superdex
TM

 peptide 10/300 GL (300×10 mm) size-exclusion column. Isocratic elution

of intact LMWH parent LMWH and the separated fractions along with the known 

LMWH standards were performed with a 0.3 M sodium sulfate eluent at a flow rate of 

0.2 mL/min and UV detection at 232 nm was performed.  The anticoagulant effect of 

the separated fractions was determined using low-volume microtitre plate anti-factor 

Xa assay using anti-thrombin III and factor Xa. 

Identification of fraction(s) exhibiting high anti-inflammatory effects: 

Each separated fraction of the parent LMWH was analysed for its ability to inhibit the 

release of tested cytokines to identify the fraction(s) responsible for the observed anti-

inflammatory effect exhibited by the parent molecule.  
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Structural identification of fraction(s) exhibiting high anti-inflammatory effects: 

The particular structure of fractions exhibiting high anti-inflammatory effect was 

determined using nuclear magnetic resonance. Structural characterisation of 

fraction(s) was performed using 1D and 2D 
1
H spectroscopy (TOCSY 120 ms, 

COSY, ROESY 500 ms) and 2D 
13

C-
1
H spectroscopy (HSQC, HSQCTOCSY 120ms) 

with standard Bruker pulseprograms. 

The role of sulfate groups on the observed inhibitory effect:  

The parent LMWH as well as its separated fractions was selectively desulfated using 

well established and validated methods to investigate the character of sulfate groups 

which could play a role in inhibiting the release of tested cytokines. Selective 

desulfation at was 2-O, 6-O and N-sulfated positions were performed using sodium 

hydroxide, tetrahydrofuran and N-methyl-N-(trimethylsilyl) trifluroacetamide 

respectively.  

Results and Discussion   

When compared, enoxaparin inhibited the release of IL-4, IL-5, IL-13 and TNF-α 

whereas dalteparin stimulated their release. However, the clinical use of enoxaparin as 

an anti-inflammatory agent is largely limited because of the presence of anticoagulant 

fractions, being associated with the risk of bleeding. The high negative charge, 

structural complexity and polydispersity of enoxaparin present a special set of 

difficulties for its separation. Nevertheless, a novel ion-exchange chromatographic 

(IC) technique was developed to separate enoxaparin into several different fractions. 

The technique successfully resolved enoxaparin into 30 different peaks and had 

superior resolution than previously reported methods for the separation and 
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identification of various fractions of enoxaparin. The separated fractions were found 

to have molecular weights ranging from 600 to 8000 Da having no, low, moderate or 

high anticoagulant activities. Two fractions of enoxaparin were structurally identified 

using nuclear magnetic resonance consisting of two and four sugar units (a di- and a 

tetrasaccharide; approximate molecular weight 600 and 1200 Da respectively) 

exhibiting 85% of the inhibitory effect on the release of IL-4, IL-5, IL-13 and TNF-α 

displayed by the parent enoxaparin. The finding from the current study also suggests 

an interaction of 6-O-sulfated tetrasaccharide with specific or allosteric binding to 

cellular receptor(s) for the observed inhibition.  

Parent enoxaparin was also found to inhibit the release of IL-6 and IL-8 released from 

human respiratory pulmonary epithelial cells. IC-derived disaccharide fraction of 

enoxaparin displayed the maximum inhibitory effect (>90%) exhibited by the parent 

molecule. Our findings indicate that the observed inhibition of IL-6 and IL-8 was 

most likely due to an interaction between the N-terminal domain of protease activated 

receptors and 6-O-sulfated disaccharide.  

It is known that a minimum of five saccharide chain length with specific sulfation 

pattern is required for the anticoagulant activity of any type of LMWH. The identified 

fractions a di- and a tetrasaccharide (two and four sugar units respectively) exhibited 

high anti-inflammatory activity.  This finding is important because these fractions 

have no effect on blood coagulation and hence, support the hypothesis that non-

anticoagulant fractions of heparins are associated with anti-inflammatory.  
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Conclusion and Future Directions 

In conclusion, a widely used LMWH (enoxaparin) was identified having high anti-

inflammatory potential in inhibiting the release of critical inflammatory cytokines 

involved in the pathogenesis of asthma. A novel IC method was developed to separate 

various fragments of the parent anti-inflammatory LMWH. The method was 

successfully applied to investigate and identify the fractions responsible for the anti-

inflammatory effects observed by the parent molecule in inhibiting the release of 

tested cytokines. Separated fractions of enoxaparin were structurally identified which 

displaying high anti-inflammatory effect. The fractions were found to have no effect 

on blood coagulation and therefore eliminate the potential risk of bleeding. These 

studies provide a solid platform for future experimental and clinical studies for the 

interpretation of fine/specific non-anticoagulant sequences and their precise structural 

information to enable better understanding of structure-activity relationships. This 

would allow us to answer various biological questions and to provide new targets for 

therapeutic interventions in different inflammatory disease states. Lastly, to identify 

the precise underlying cellular mechanism(s) by which the non-anticoagulant fractions 

of enoxaparin inhibit the release of various inflammatory cytokines associated with 

the pathogenesis of asthma.  
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Non-Anticoagulant Derivatives of Heparin for the Management of Asthma: 

Distant Dream or Close Reality? 

1.1 ABSTRACT 

Background: Approximately 300 million people worldwide are currently affected by 

asthma. An improved understanding of the mechanisms involved in such 

inflammatory airway disorders has led to the recognition of new therapeutic 

approaches. Heparin, a widely used anticoagulant, has been shown to be beneficial in 

the management of asthma. It belongs to the family of highly sulfated polysaccharides 

referred to as glycosaminoglycans, containing a heterogeneous mixture of both 

anticoagulant and non-anticoagulant polysaccharides. Experimental finding suggest 

that heparin has potential anti-asthmatic properties due to the ability of its non-

anticoagulant oligosaccharides to bind and modulate the activity of a wide range of 

biological molecules involved in the inflammatory process. 

Areas Covered: This review focuses on the potential mechanisms of action and 

clinical application of heparin as an anti-inflammatory agent for the management of 

asthma. 

Expert Opinion: Heparin may play a significant role in the management of asthma. 

However, these properties are often hindered by the presence of anticoagulant 

oligosaccharides, which possess a significant risk of bleeding. Therefore, its 

therapeutic potential must be explored using well-designed clinical studies that focus 

on identifying and isolating the anti-inflammatory oligosaccharides of heparin, and 

further elucidating the structure and mechanisms of actions of these non-anticoagulant 

oligosaccharides. 
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1.2 Heparin and its low molecular weight derivatives 

Heparin was discovered in 1916 by Jay McLean, a medical student at Johns Hopkins 

Medical School, who was initially examining procoagulant phosphatides extracted 

from canine liver and serendipitously discovered that a compound exhibited 

anticoagulant effects in vitro; this was later named heparin [1]. Heparin belongs to the 

family of glycosaminoglycans (GAGs), which contains a complex heterogeneous 

mixture of linear, polysulfated polysaccharides composed of alternating disaccharide 

units of D-glucosamine and uronic acid residues linked by 1→4 glycosidic bonds 

(Figure 1.1) [2]. It is a naturally occurring endogenous substance, which is 

sequestered within the mast cells of several mammalian tissues, including the 

intestine, lung, liver and skin [3]. The length of heparin polysaccharide unit not only 

depends on its source of isolation (bovine lung or porcine intestinal mucosa) but also 

varies in the mast cell granules and therefore, the molecular weight composition of 

heparin differs [4].  

Figure 1.1 Building blocks of heparin-repeating disaccharide unit made up of alternating 

iduronic and glucosamine residues. 
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The precise mechanism by which heparin exerts its characteristic anticoagulant effect 

was elucidated 50 years after its discovery. It binds to serine protease inhibitor 

antithrombin III using its anticoagulant oligosaccharides, composed of a unique 

pentasaccharide sequence (Figure 1.2), thereby accelerating the inhibition of the final 

two proteases of the coagulation cascade (thrombin and factor Xa) [5].  

Figure 1.2 Unique pentasaccharide sequence of heparin having three glucosamine and two 

iduronic acid. The binding between this specific sequence and antithrombin III results in the 

anticoagulant effect of heparin. 

Over the past 50 years, heparin has gained a widespread popularity and has been 

extensively used in clinical practice for its well-known anticoagulant effect.  

Nevertheless, heparin has been largely replaced in recent times by its clinically useful 

analogues known as low-molecular-weight heparins (LMWHs). The LMWHs have 

been proven to be more efficacious than heparin in some clinical situations, with 

superior pharmacokinetic profiles and reduced adverse outcomes, including heparin-

induced thrombocytopaenia, bleeding, osteoporosis and the propensity to interact with 

a wide range of plasma proteins [6].  Currently, there are a number of commercially 

available LMWHs preparations which are synthesised from unfractionated heparin by 

either chemical or enzymatic depolymerisation processes (Table 1.1). These 

structurally similar analogues of heparin are also composed of anticoagulant and non-

anticoagulant polysaccharides [7]. The LMWH preparations have been primarily used 
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for the treatment and prophylaxis of deep-vein thrombosis; they are also effective in 

artery bypass grafting, treatment of pulmonary embolism and maintaining vessel 

patency during haemodialysis [8, 9]. 

Table 1.1 Currently available LMWHs and their properties 

LMWH Manufacturing Process Average 

Molecular Weight 

(Da) 

Nadroparin Deaminative cleavage with nitrous acid 4300 

Reviparin Deaminative cleavage with nitrous acid 4400 

Enoxaparin Alkaline β-eliminative cleavage of the benzyl ester of 

heparin 

4500 

Parnaparin Oxidative depolymerisation with cupric acid and 

hydrogen peroxide 

5000 

Certoparin Deaminative cleavage with isoamyl nitrite 5400 

Ardeparin Oxidative depolymerisation with hydrogen peroxide 5,500-6,500 

Dalteparin Deaminative cleavage with nitrous acid 6000 

Tinzaparin β-eliminative cleavage by the heparinase enzyme 6500 

1.3 Heparin and inflammation 

Currently, heparin and LMWHs are at the forefront in the field of glycobiology 

because of the recognition of various biological applications of these macromolecules 

beyond their well-established anticoagulant activity. Only a sub-population of heparin 

chains constitute a pentasaccharide sequence (anticoagulant oligosaccharide) for anti-

thrombin III binding site and the majority of the chains are composed of relatively 

non-specific sequences (non-anticoagulant oligosaccharides) [10]. The diverse nature 

of heparin with respect to its molecular weight composition and sulphation pattern 

results in wide-ranging biological effects (specific and non-specific) [11]. The 
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heterogeneity of heparin enables it to interact with basic amino acids presents in 

numerous proteins and biological molecules, and thereby play a pivotal role in 

modulating inflammatory responses. The interaction of heparin with proteins is 

mostly non-specific and dependent on the charged groups especially the sulfate 

groups, charge density and the degree of polymerisation (molecular weight of an 

oligosaccharide chain) [12]. These interactions induce functionally important 

conformational changes, resulting in either aggregation of proteins to accelerate their 

interactions with specific cell receptors or the displacement and subsequent binding of 

proteins to specific cell receptors.  

 Heparin is thought to be an inhibitor of inflammation because of its interaction 

with important proteins involved in the complement system and process of 

inflammation, hence limiting cellular activation and subsequent tissue damage and 

remodelling [13]. These proteins include cytokines, growth factors, adhesion 

molecules, tissue-destructive enzymes and cytotoxic mediators. Specifically, heparin 

binds to numerous adhesion proteins present on the extracellular matrix, such as 

fibronectin, laminin, thrombospodin and vitronectin, and consequently alters the 

reactions involved in cell signalling and cell adhesion [3]. Because of the myriad of 

interactions with numerous proteins, heparin has been subject to intensive clinical and 

non-clinical investigations for potential therapeutic roles other than the control of 

coagulation.  

Heparin has greater biological activity compared to the structurally similar 

members of the GAG family, like heparan sulphate. This is due to the fact that heparin 

is more sulphated and contains a far higher percentage of iduronate residues (Figure 

1.3). The conformational flexibility of the polysaccharide chain in heparin increases 
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because of the presence of these iduronate residues; this flexibility, together with 

other electrostatic interactions, enables heparin to possess greater biological activity 

compared to glucuronate-containing GAGs [14].  Also, the difference in the 

composition and extent of sulphation of the polysaccharide chain of heparin is a key 

characteristic of its higher biological response. The sulphation pattern along the 

heparin chain is different, having sites of sulphation at the 2-O position of iduronate 

residues, glucosamine residues and glucuronic acid; 6-O position of glucosamine 

residues; and 3-O position of disulphated glucosamine residues. However, sulphation 

at the 2-O position of glucuronic acid and 3-O position of disulphated glucosamine 

residues is infrequent [15]. Heparin interacts with a diverse range of biological 

molecules; many of these molecules have preferential binding in accordance with the 

specific sulphation pattern within heparin. For instance, it has been elucidated that 

presence of sulphate groups at the 2-O position are required for the interaction 

between heparin and fibroblast growth factor (FGF)-2, while sulphation at 2-O and 6-

O positions is key for its interaction with FGF-1 [16]. Similarly, for specific 

interaction of heparin with vascular endothelial growth factor, N- and 6-O-sulphate 

groups are essential [17]. Therefore, it can be postulated that since heparin is enriched 

in sulphate groups at different positions this facilitates its interaction with a wide 

array of biological molecules and thus enables significant biological activity 

compared to the other members of the GAG family. 
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Figure 1.3 Alterations in the sulfation patterns of the repeating major and variable 

disaccharide units of heparin and heparan sulfate. 1, heparin (HP); 2, heparan sulfate (HS); 3, 

fully O-sulfonated and re-N-acetylated HP; 4, fully O-sulfonated and re-N-acetylated HS; 5, 

de-N-sulfonated and re-N-acetylated HP; 6, de-N-sulfonated and re-N-acetylated HS; 7, 6-O-

desulfonated HP; 8, 6-O-desulfonated HS. 
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1.4 Asthma: an overview  

Asthma is a complex multifactorial disorder of conducting airways, characterised by 

airway hyper-responsiveness and recurrent reversible airway obstruction [18]. The 

defining features of asthma that lead to decreased lung function include contraction or 

hypertrophy of airway smooth muscle, resulting in bronchoconstriction, and airway 

inflammation to airway remodelling [19, 20]. The symptoms of asthma often include 

chest tightness, dyspnoea, cough and wheezing. These symptoms, together with 

limitation of airflow, lead to the exacerbation of underlying airway inflammation, 

which may cause severe morbidity, and even mortality [21].  

 Recent advancements in the methods for investigating airway inflammation in 

asthma, such as brochoalveolar lavage, endobronchial biopsy, fibro-optic 

bronchoscopy, exhaled breath condensate and sputum induction, has led to the 

recognition of the cells and mediators contributing to airway inflammation in asthma 

[22]. Exposure to acute respiratory infection or allergens like pollution, smoke, or 

stress and the subsequent allergic cascade initiate an acute immune response which 

leads to airway inflammation. For decades, the role of the allergic cascade in the 

development of airway inflammation has remained the focal point of research interest. 

Mast cells have been recognised as the principal effector cells of allergic reaction in 

asthma [23]. However, other cells that contribute to ongoing inflammation include 

lymphocytes, eosinophils, neutrophils, macrophages, dendritic cells and structural 

cells (such as fibroblasts, epithelial cells and smooth muscle cells) [24].  

  The allergic reaction and underlying inflammation in asthma can be sub-

divided into three distinct phases: the induction phase, the early-asthmatic phase and 

the late-phase asthmatic reaction (Figure 1.4) [23]. Antigen presenting cells (APCs) 
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are distributed throughout the respiratory tract (from nasal mucosa to the lung pleura). 

Induction of an allergic reaction is caused by the inhaled allergens that are taken up 

and processed by APCs and presented to the allergen-specific T and B cells present in 

the lymph node [25]. APCs then activate the naïve T-helper (Th) cells, which further 

differentiate into either Th1 or Th2 cells; Th2 cells are in preponderance over Th1 

cells,  resulting in the production of important cytokines (such as interleukin (IL)-4, 

IL-5, IL-9 and IL-13) involved in the development of the features of asthma [23]. 

Furthermore, IL-4 and IL-13 lead to the activation of B cells and concomitant 

production of immunoglobulin E (IgE) [26]. The synthesised IgE antibodies bind to 

high-affinity IgE receptor Fc𝜀RI, which is present on the mast cell surface or on the 

surface of the peripheral blood basophils. On the other hand, IL-5 plays a pivotal role 

in the pathogenesis of respiratory inflammation by rapidly attracting circulating 

eosinophils to the locally affected area [27]. IL-5 also primes eosinophils and mast 

cells which, when activated, release significantly higher quantities of IL-5 and tumor 

necrosis factor-alpha (TNF-α). The early-asthmatic phase is caused by the release of 

preformed mediators (histamine), newly synthesised lipid mediators (prostaglandins 

and leukotrienes), cytokines and growth factors (TNF-α, IL-4, IL-13, vascular 

endothelial growth factor) upon degranulation of mast cells or basophils or upon re-

exposure to allergens [28]. This phase is characterised by vascular leakage, 

constriction of airway smooth muscle cells, enhanced airway hyper-responsiveness, 

mucus production and recruitment of inflammatory cells [29].  
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Figure 1.4 Schematic representation of the inflammatory cascade associated during distinct phases of allergic asthma. The activation and recruitment of 

several inflammatory cells and subsequent release of numerous inflammatory mediators that are involved in allergic airway inflammation, together with the 

primary structural changes that contributes to airway remodelling. H (-), denote the inhibitory effects of heparin on various inflammatory mediators shown.  
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 Ongoing inflammation results in the late-phase asthmatic reaction, which is 

characterised by excessive inflammation of the airways producing permanent 

structural changes in the airway. The primary structural changes include the 

deposition of extracellular matrix (ECM) proteins, such as collagen, laminin, elastin 

and proteoglycans, around the airway smooth muscle (ASM), ASM hypertrophy and 

hyperplasia contributing to airway wall thickening, and myofibroblast proliferation 

associated with thickening of basement membrane (sub-basement membrane fibrosis), 

epithelial damage and mucus metaplasia [20, 30]. These changes are collectively 

referred to as airway remodelling. Several contributing factors lead to airway 

remodelling, these include growth factors and cytokines, such as FGF-1, FGF-2, 

transforming growth factor (TGF)-β1, epidermal growth factor (EGF), IL-4, IL-5 and 

IL-13, which are actively involved in the enhanced deposition of ECM and ASM 

proliferation [31]. 

1.5 Biological effectiveness of heparin in asthma  

It has been shown that heparin has potential in the management of inflammatory 

airway disorders. Heparin appears in the late foetal life and only small amounts have 

been detected during the early foetal development, probably because the protection 

against foreign bodies is not required during the early foetal life [32].  Therefore, it 

was suggested that, in addition to the intervention of the immune system, the 

manifestation of heparin also acts as one of the defense mechanisms against foreign 

bodies. The presence of heparin granules in the cytoplasm of mast cells and its release 

by inflammatory effectors, like allergens which bind to antigen-binding sites situated 

on mast cell surface, lead to the hypothesis that heparin is actively involved in 

counterbalancing the inflammatory response [33]. Heparin administration leads to 
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pain and swelling at the injection site; however, amelioration of pain and swelling 

shortly after heparin administration indicates an in vivo anti-inflammatory effect of 

heparin which has been observed in patients with deep-vein thrombosis [12]. Also, 

data from clinical studies indicate that elevated plasma levels of heparin and altered 

platelet function have been detected in atopic patients with asthma, supporting the 

potential role of heparin in respiratory diseases [34]. 

The anti-inflammatory potential of heparin has been reinforced by preclinical 

and clinical studies that have shown its effectiveness in the treatment of a wide array 

of inflammatory airway disorders, including asthma [35] and chronic obstructive 

pulmonary disease (COPD) [36]. It has been demonstrated that heparin binds to a 

large number of biologically active proteins and, thereby, leads to the inhibition of a 

variety of factors implicated in airway inflammation and remodelling (Figure 1.4). 

The consequences of these effects include the inhibition of the (i) function of T-

lymphocytes [37], (ii) infiltration of eosinophils and neutrophils into lungs [38], (iii) 

proliferation of airway smooth muscle [39], (iv) induction of asthma by exercise [40, 

41] and (v) allergen-induced early and late-asthmatic response [42]. There are many 

hypothesised explanations of the potential anti-inflammatory mechanisms of heparin 

during respiratory inflammation. The key proposed mechanisms that may account for 

the anti-inflammatory effects of heparin in asthma are outlined below. 

1.5.1 Anionic and cationic interactions 

Heparin contains a high net negative charge because of the presence of sulphate 

groups and therefore has a high affinity for positively charged biological proteins. 

Among such cationic proteins, heparin binds and inhibits eosinophil cation protein 

(ECP) and eosinophil peroxidase (EP) which are cytotoxic mediators released after 



Chapter One 
 

13 
 

the activation of eosinophils [43]. ECP and EP are involved in late-asthmatic 

reactions causing airway remodelling. Inhibition of ECP moderates its cytotoxic 

effects on the respiratory epithelial cells; mucus production in the airways and ECP-

mediated release of histamine and mast cells in vitro are repressed [44]. Other cationic 

proteins that are inhibited by heparin are derived from platelets such as platelet factor-

4 (PF4). The inhibition of PF4 results in the reduction of further release of 

inflammatory mediators by eosinophils due to the decline in the chemotactic 

properties of PF4 for eosinophils [45].  

1.5.2 Anti-adhesive nature of heparin 

Adherence of  inflammatory cells to the vascular endothelium and their subsequent 

diapedesis into tissues is considered as an important element of the inflammatory 

response [46]. The recruitment of inflammatory cells into tissues is a multi-step 

process and it has been reported that heparin is active in each step to inhibit the 

recruitment of inflammatory cells into tissues, including the adhesion and 

transmigration of leucocytes to endothelial cells, and to consequently limit 

inflammation (Figure 1.5) [12]. The adhesion of leucocytes to the vascular 

endothelium is directly inhibited by non-anticoagulant derivatives of heparin [47, 48]. 

It was reported by Lever et. al. that the adhesion of polymorphonuclear leucocytes to 

endothelial cells was inhibited after pre-incubation of leucocytes with heparin [47].  

Apart from this direct inhibitory action, the anti-adhesive activity of heparin is 

also partly due to its binding to several adhesion molecules expressed during 

inflammation; these include selectins (L-, P- and E-selectin) and macrophage-1 (Mac-

1; CD11b/CD18) [33, 49-51]. L-selectin is constitutively expressed on the leukocytes, 

P-selectin on activated endothelium or platelets and E-selectin on activated 
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endothelium [52]. Interaction with selectin proteins and their counter glycoconjugate 

ligand(s) enables the leukocyte to “tether and roll” on the endothelium, which is the 

first step of leukocyte recruitment. Heparin acts as a counter-ligand for the selectins 

and binds in a calcium-dependent manner via lectin domains, resulting in the 

inhibition of the binding of L-, and P- selectin to their natural ligands (sialyl-Lewis
x
 

receptors) [49]. Thus, heparin constrains the early adhesive interactions between the 

inflammatory cells and the vessel wall mediated by L-selectin and sequestration of 

neutrophils to the site of inflammation interceded by P- and E-selectin [53, 54].  

 The firm adhesion of leukocytes to the endothelium, another major adhesion 

step, is mediated by the interaction between the integrin family of adhesion molecules 

(Mac-1; CD11b/CD18) and intercellular adhesion molecule-1 (ICAM-1) [55]. 

Heparin binds to Mac-1, thus blocking the interaction between Mac-1 and ICAM-1 

and, subsequently, inhibiting the adhesion of leukocytes to the endothelium [51].  
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Figure 1.5 Multi-step process involving the tethering, rolling, arrest and adhesion of leukocyte along the endothelium followed by extravasation (para- or 

trans-cellular migration) of leukocytes into tissues and the effectiveness of heparin in limiting inflammation by inhibiting the recruitment of inflammatory cell 

into tissues. 
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1.5.3 Anti-chemokine mechanism of heparin for its anti-migratory activity 

Heparin is known to neutralise or modify the properties of bound proteins, which are 

involved in the inflammatory process, and thereby help in limiting inflammation. 

Among such proteins, the migration of the leukocyte to the site of inflammation and 

the immune response following its activation is mediated by small, basic, chemotactic 

cytokines, such as chemokines [56]. It has been proposed that chemokines selectively 

bind to the GAGs expressed on the surface of endothelial cells and/or leukocytes, or 

in tissues. The interaction between chemokines and GAGs, especially heparan 

sulphate, results in enhanced migration of leukocytes to the site of inflammation by 

migration through the tissues and also by directing extravasation from the blood 

vessels via chemokine gradients (either chemotaxis or haptotaxis) and hence is 

implicated in the induction of inflammation [57].  

There is strong evidence that heparin inhibits the chemotactic potential of 

chemokines via competitive binding to displace other GAGs such as heparan sulphate, 

which are bound to chemokines, forming a biologically inert or anti-inflammatory 

heparin-chemokine complex (Figure 1.5) [58]. The displacement of heparan sulphate 

also prevents the binding of chemokines to their receptors, as it is known that heparan 

sulphate is also involved in presenting chemokines to their receptors [59]. 

1.5.4 Inhibition of the endoglycosidase heparanase 

Heparin acts as competitive inhibitors of heparanase, which is an endoglycosidase 

enzyme released from inflamed epithelial cells and a number of inflammatory cells 

including platelets, neutrophils, monocytes and activated T-lymphocytes [60]. The 

enzyme is believed to play a significant role during inflammation, causing 
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degradation and remodelling of extracellular macromolecules which enhance 

endothelial retraction and migration of leukocytes through the vascular endothelium 

[37, 61]. Heparanase is also involved in the direct activation of macrophages, 

resulting in the release of various cytokines and growth factors that promote 

inflammation. Heparin has the potential to modulate cell trafficking via its anti-

adhesive and anti-chemokine mechanisms. In addition to these mechanisms, the 

inhibition of heparanase by heparin reduces cell diapedesis and trafficking into tissues 

(Figure 1.5). 

1.5.5 Inhibition of 1,4,5-inositol triphosphate  

The therapeutic utility of non-anticoagulant oligosaccharides of heparin is often 

hindered by the presence of anticoagulant oligosaccharides causing the risk of 

bleeding. Nevertheless, the use of high doses (up to 80,000 U) of heparin in 

aerosolised form by Ahmed et al. [40] circumvented the risk induced by anticoagulant 

oligosaccharides. It was observed that after the patients inhaled aerosolised heparin, 

the specific post-exercise airway conductance value did not decrease when compared 

with positive control (cromolyn sodium; a mast cell stabiliser) and heparin was shown 

to be effective in the prevention of exercise-induced asthma. In contrast, no change in 

the level of coagulation was detected by monitoring the partial-thromboplastin time. 

However, the mechanism via which heparin was effective in preventing a decrease in 

the post-exercise airway conductance value is still uncertain. Ahmed et al. postulated 

that the protective action of heparin on exercise-induced asthma could be due to its 

inhibition of second-messenger (1,4,5-inositol triphosphate) mediated calcium release, 

through the blockade of receptors present on lung mast cells, leading to the inhibition 

of signal transduction, mast cell degranulation and mediator release. However, 
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alongside 1,4,5-inositol triphosphate, there are multiple other factors responsible for 

causing exercise-induced asthma, which were not considered in the study conducted 

by Ahmed et al.  

1.5.6 Inhibition of nuclear factor-κB (NF-κB) 

NF-κB is a pivotal transcription factor which, upon activation by nuclear translocation 

of cytoplasmic complexes, increases the pro-inflammtory gene expression leading to 

the synthesis of cytokines, chemokines, adhesion molecules, growth factors and 

enzymes [62]. Several lines of evidence indicate that NF-κB plays a central role in 

inflammatory airway diseases and persistent activation of the NF-κB pathway has 

been observed in  asthmatic tissues [63]. The persistent activation of NF-κB via a 

variety of stimuli (physical and chemical stress, T and B cell mitogens, 

lipopolysaccharides) is involved in the expression of pro-inflammatory cytokines, 

such as TNF-α, IL-6, IL-8, IL-12, IL-18 and IL-1β, which may influence the severity 

of chronic inflammatory diseases [62].  

It has been recently reported that heparin exerts an anti-inflammatory response 

by inhibiting p38 mitogen-activated protein kinase (MAPK) and NF-κB, subsequently 

quenching the activation of endothelial cells induced by lipopolysaccharides [64]. A 

study has documented a significant decrease in the release of interferon- γ and TNF- α 

by activated T-lymphocytes when pretreated with sulphated disaccharides of heparin. 

It was recognised that this effect of heparin was due to the inhibition of NF-κB 

activation of anti-CD3 activated T-lymphocytes [65]. As described previously, the 

extent of sulphation of the polysaccharides chain of heparin is a key characteristic for 

its higher biological activity. Similar response was observed in this study, suggesting 

that the degree of sulphation is essential for the inhibition of NF-κB; tri-suphated 
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disaccharide exhibited an inhibitory effect on NF-κB, but not the mono- or un-

sulphated disaccharides.  

1.5.7 Inhibition of inflammatory mediator release 

Proteoglycans, including heparin, are released after degranulation of mast cells during 

the early-asthmatic phase. It has been hypothesised that the physiological role of 

heparin in asthma could be due to its binding to, and consequent inhibition of, the 

preformed mediators such as histamine, leukotrienes and cytokines (IL-4, IL-5 and 

IL-13) released during the early-asthmatic phase. On the other hand, heparin can also 

inhibit the release of preformed mediators by preventing mast cell degranulation via 

its competitive binding to IP3 receptors, hence controlling stimulus-secretion coupling 

in mast cells [66]. An alternative hypothesis by Page [67] specified that the natural 

anti-inflammatory mechanism of the released endogenous heparin is inhibited by the 

prolonged use of β2-agonists in asthma, which reduce mast cell degranulation. 

Consequently, the prolonged use of adrenoceptor agonist deprives the release of 

heparin and other protective factors, which play a defensive role in the management 

of respiratory disorders.  

A wide array of inflammatory mediators, including cytokines, chemokines and 

complement factors, are released from the inflammatory cells during asthma. Among 

all the inflammatory cell types, mast cells play a major role in promoting ongoing 

airway inflammation and occurrence of late-phase asthmatic reactions through the 

release of multifunctional cytokines (TNF-α, IL-3, IL-4, IL-5, IL-6, IL-8, IL-16 and 

GM-CSF), chemokines (macrophage inflammatory protein- MIP-1, monocyte 

chemotactic protein- MCP-1, regulated on activation, normal T cell expressed and 

secreted- RANTES) and growth factors (transforming growth factor- TGF-β, 
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fibroblast growth factor- FGF) [68].  Heparin has the ability to bind and neutralise the 

release of inflammatory mediators and thereby attenuate the ongoing inflammatory 

process by condensing the influx of inflammatory cells, including eosinophils, T-

lymphocytes and neutrophils into the site of inflammation. Numerous clinical studies 

have documented that GAGs like heparin or heparin-derived oligosaccharides are able 

to bind and modulate the activity of several cytokines, chemokines and growth factors 

that are involved in the early or late asthmatic reaction and contribute to inflammatory 

disease severity. These include IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-

12, TNF-α, PF4, MIP-1α, MIP-1β, MCP-1, RANTES, platelet-derived growth factor, 

acidic and basic FGF, TGF-β, hepatocyte growth factor and vascular endothelial 

growth factor [69-80]. Additionally, heparin has been shown to bind and inhibit the 

activity or release of inflammatory mediators like cathepsin G [81] and elastase [82], 

which are toxic to bronchial epithelium and promote the ongoing inflammatory 

response causing tissue damage and remodelling. Furthermore, heparin interacts with 

secretory leukocyte protease inhibitor, through which it enhances the inhibition of 

cathepsin G and human neutrophil elastase [83].  The highly anionic nature of heparin 

enables it to bind and inhibit cytotoxic eosinophil-specific inflammatory mediators 

including major basic protein (MBP) and eosinophil peroxidase [84, 85]. Therefore, it 

can be seen  that heparin exhibits a broad spectrum of anti-inflammatory activities by 

exerting a variety of protective mechanisms [86]. Nevertheless, the fundamentals for 

the management of asthma seem to be heparin-mediated modulation of an array of 

inflammatory mediators released from the inflammatory cells.  
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1.5.8 Airway remodelling 

As mentioned, persistent inflammation is associated with airway remodelling which is 

due to the permanent structural alteration of the airways. Among several structural 

changes, the key alterations associated with airway remodelling are ASM cell 

hypertrophy and hyperplasia leading to the thickening of ASM [30]. It is noteworthy 

that these structural changes are generally insensitive or not fully responsive to the 

currently available treatments like corticosteroids [31, 87]. Heparin, however, has 

anti-proliferative effects and is able to inhibit the proliferation of ASM [88]. 

Nonetheless, the anti-proliferative activity of heparin largely depends on its molecular 

weight, charge density, position and degree of sulphation, as desulphated and 

disaccharides moiety of heparin failed to inhibit ASM proliferation [88]. The anti-

proliferative activity of heparin increases with an increase in the negative charge of 

the polymer [89]. Alongside the negative charge, the anti-proliferative activity of 

heparin also requires oligosaccharide chain greater than six saccharides; for instance, 

the non-anticoagulant heparin decasaccharide exhibited anti-proliferative effects [90]. 

On the other hand, selectively O-sulphated heparin retained anti-proliferative activity 

and oversulphation at O-positions enhances this activity [89, 91]. Remarkably, only 

the non-anticoagulant oligosaccharides of heparin retained these effects, since the 

pentasaccharide sequence (anticoagulant oligosaccharide) specific for anti-thrombin 

III binding, having a 3-O-sulphate group, displayed negligible anti-proliferative 

activity [89].  

Furthermore, heparin is also capable of modulating the effects of many basic 

growth factors that are crucially involved in airway remodelling, such as FGF-1, FGF-

2 and TGF-β1 [39, 79]. There are a few studies suggesting that heparin may inhibit the 
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binding of EGF to its receptor and could serve in EGF-mediated inflammation in 

different disease models [92, 93]. It is evident that EGF is one of the major drivers of 

inflammation and airway remodelling in asthma [31]. However, to date there is no 

clear evidence of the effectiveness of heparin in inhibiting EGF-mediated asthmatic 

reactions. 

1.6 Clinical Studies 

The anti-inflammatory potential of heparin for the treatment of acute asthma was first 

assessed in 1960 using intravenously administered heparin [94]. In this small, 

subjective trial, heparin was found to be effective by immediately ameliorating the 

symptoms of asthma (wheezing, cough and difficulty in breathing). Since then, a large 

number of randomised trials have focused on the potential efficacy of heparin and its 

low-molecular weight derivatives in the management of asthma (summarised in Table 

1.2). In most cases, heparin was found to be effective in improving the signs of 

asthma - for example, the inhibition of exercise and methacholine-induced 

bronchoconstriction [40, 41, 95], inhibition of bronchospastic response induced by 

house dust mite [35, 42], and inhibition of eosinophil recruitment after nasal allergen 

challenge [96]. Remarkably, none of these trials reported heparin induced 

haemorrhagic side effects. Later a trial conducted by Bendstrup et al. [97] on lung 

deposition and clearance of inhaled heparin reported that after 24 h, 40% of the 

single-inhaled dose of heparin was detected in the lung, with no effect on blood 

coagulation.  
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Table 1.2 Clinical Studies 

Trial Design Type of Asthma No. of 

Subjects 

Heparin/LMWH 

Type/Dose 

Tested 

Experimental Design Delivery 

System 

Effects Reference 

Double-blind, placebo-

controlled, crossover 

design 

Early asthmatic 

response 

15 20,000 U 

heparin 

Administration of heparin 10 min 

before antigen challenge 

Nebulization Bronchospastic response 

induced by house dust mite 

was inhibited 

[35] 

Randomised, single-

blind, crossover design 

Exercise-induced 

asthma 

12 4 mL of 20,000 

U/mL heparin 

Administration of heparin sodium 

from 0.25 to 6 h before exercise 

challenge 

Nebulization Bronchoconstrictive response 

was inhibited from 0.25 to 3 h; 

ineffective at 6 h 

[40] 

Randomised, double-

blind, crossover design 

Exercise-induced 

asthma 

13 4 mL, 7.5 

mg/Kg Heparin 

or 0.5, 1 and 2 

mg/Kg 

enoxaparin 

Administration of heparin or 

enoxaparin 45 min before 

exercise challenge 

Aerosolized Bronchoconstrictive response 

was attenuated by 28%, 38% 

and 48% at 0.5, 1 and 2 mg/Kg 

enoxaparin, respectively and 

by 31% using heparin 

[41] 

Randomised, two-

period,  double-blind, 

crossover design 

Early and late 

asthmatic 

response 

8 1,000 U/Kg 

heparin 

Administration of heparin sodium 

at 0.5 and 1.5 h before and 2, 4 

and 6 h after antigen challenge 

Nebulization Immediate asthmatic response 

was attenuated and the late 

asthmatic response was 

significantly reduced 

[42] 
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Randomised, single-

blind, crossover design 

Bronchoconstrictiv

e response to 

bronchostimulants 

13 1,000 U/Kg 

heparin 

Administration of heparin sodium 

45 min before provocation with 

methacholine 

Nebulization Methacholine-induced 

bronchoconstriction was 

inhibited 

[95] 

Randomised, placebo-

controlled crossover 

design 

Early and late 

asthmatic 

response 

10 20,000 U 

heparin 

Administration of heparin calcium 

followed by antigen challenge 

Nebulization No effect [98] 

Randomised, double-

blind design 

Bronchoconstrictiv

e response to 

bronchostimulants 

11 4 mL, 1,000 

U/Kg 

Administration of heparin sodium 

10 min before provocation with 

methacholine or metabisulphite 

Nebulization No effect [99] 

Randomised, single-

blind, crossover design 

Exercise-induced 

asthma 

9 4 mL of 20,000 

U/mL heparin 

Administration of heparin sodium 

from 15 min to 6 h before 

exercise challenge 

Nebulization Bronchoconstrictive response 

was inhibited from 15 min to 3 

h; ineffective when 

administered before 6 h 

[100] 

Double-blind, placebo-

controlled, crossover 

design 

Early and late 

asthmatic 

response 

13 5,000 U Heparin Administration of heparin sodium 

10 min before provocation with 

allergen 

Nebulization Allergen (grass pollen) induced 

airway obstruction and 

bronchial hyper-

responsiveness was inhibited 

[101] 
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Since inhaled heparin has shown favourable effects with no adverse changes to 

coagulation parameters, combined therapy with currently used standard medication 

could serve as a useful approach in the clinical management of asthma. For instance, 

one such combined therapy has already been tested in a trial with patients suffering 

from COPD, showing the effectiveness of enoxaparin with a combination of 

salmeterol/fluticasone [36]. Similar approaches could be tested in clinical trials with 

asthmatic subjects. 

1.7 Degree of uncertainty associated with anti-inflammatory effects of heparin 

Although inhaled heparin has shown encouraging results for the management of 

asthma, the preliminary clinical data are limited. There are several questions yet to be 

answered in regards to the use of inhaled heparin, including its long-term efficacy and 

adverse effects, dose and duration of action, before it can be recommended as an 

alternative or adjunct therapy for the management of asthma. Administration of 

heparin via oral route would be preferable over inhalation. However, very little or no 

gastrointestinal absorption of heparin is reported after its oral administration [102]. 

Nevertheless, attempts have been made to improve the absorption of oral heparin. For 

example, the oral absorption of heparin was found to be promoted when administered 

with a delivery agent such as sodium N-[8(-2-hydroxybenzoyl)amino]caprylate 

(SNAC) [103]. Lately, Ahmed et. al. [104] compared the effectiveness of oral and 

intravenous heparin tetrasaccharide on allergic airway responses. It was found that 

orally delivered heparin had comparable anti-allergic activity to that of intravenous 

heparin. This also suggests that orally administered tetrasaccharide had good oral 

bioavailability. However, the potential mechanism behind the absorption of orally 

administered tetrasaccharides needs to be elucidated. Other studies have indicated that 
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the larger oligosaccharides such as hexa- and deca-saccharides are also responsible for 

the anti-inflammatory activity of the parent heparin [70, 90, 105] and the oral 

bioavailability of such oligosaccharides is currently unknown. Nevertheless, delivery 

agents like SNAC could be further evaluated for oral administration of such larger 

oligosaccharides. 

Importantly, the use of heparins as anti-inflammatory agents is handicapped 

not only because of the risk of bleeding associated with anticoagulant 

oligosaccharides but also due to inconsistent results observed in various pre-clinical 

and clinical studies. Despite some preliminary clinical studies showing promising 

outcomes with the use of inhaled heparin, other randomised clinical trials have 

reported conflicting results [98, 99]. For example, one of the randomised trials 

reported an inhibitory effect of inhaled heparin on methacholine-induced 

bronchoconstrictive response [95]. In contrast, no such inhibitory effect of heparin on 

bronchoconstriction was observed in another randomised trial [99]. Likewise, recent 

clinical studies investigating the anti-inflammatory potential of different LMWHs 

have shown varying results. For instance, tinzaparin was the most potent inhibitor of 

selectins among all the tested LMWHs, and enoxaparin had a greater interference with 

P- and L-selectin compared to nadroparin [106, 107]. The contradictory results 

observed with heparin preparations are not only restricted to inflammatory airway 

disorders, but such findings have also been reported in many other types of 

inflammatory conditions. For instance, several studies have reported that heparin 

preparations can be beneficial for the management of ulcerative colitis and lichen 

planus. However, there are also reports indicating heparins have no or little 

therapeutic effect when used for the management of the same conditions [108, 109]. 

One likely explanation for these inconsistent findings could be the compositional 
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differences between different heparin preparations. All unfractionated heparin and 

LMWH preparations display many similar physical, chemical and biological 

properties.  However, a close examination has suggested significant structural 

differences between different LMWHs. Quantitative comparisons of the 

polysaccharide mixture by polyacrylamide gel electrophoresis showed substantial 

difference between oligosaccharide components of various LMWH preparations. 

Detailed study of different LMWHs by nuclear magnetic resonance showed enormous 

differences in their structures [110]. Two LMWHs, dalteparin sodium and nadroparin 

sodium, both are produced by nitrous acid treatment. Disaccharide and 

oligosaccharide analysis showed that they are more similar than two other LMWHs 

produced by different processes, but less similar than two batches of a LMWH from a 

single manufacturer [111, 112]. Anti-inflammatory effects of heparins are mainly 

attributed to their non-anticoagulant oligosaccharides and the commercially available 

heparins are standardised only according to the anticoagulant activity, which results in 

batch-to-batch variations of non-anticoagulant oligosaccharides. For example, using 

capillary electrophoresis, Patel et. al. [113] have demonstrated the differences in 

composition of non-anticoagulant oligosaccharides between batches of a LWMH 

obtained from the same manufacturer. They suggested that these compositional 

differences between non-anticoagulant oligosaccharides could be due to the inherent 

structural variability of the precursor heparin from which the LMWH is derived or 

due to differences in the fractionation process.  Also, enoxaparin was reported to be 

effective for the management of lichen planus, only when it was derived from a 

selected batch, indicating not all the batches of enoxaparin preparations possess 

equivalent anti-inflammatory activity [109]. Therefore, a key aspect in the use of 

heparins as effective anti- inflammatory agents is the necessity to maintain 
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consistency of non-anticoagulant oligosaccharides between different batches. An 

appropriate way seems to be to obtain the standard electrophoretic or chromatographic 

separation profiles of non-anticoagulant oligosaccharides of the particular batch of 

heparin having an anti-inflammatory activity. Other batches of enoxaparin could be 

then verified for the batch-to-batch uniformity by comparing the separation patterns of 

their non-anticoagulant oligosaccharides against a standard separation profile. This 

could minimise both batch-to-batch variations of non-anticoagulant oligosaccharides 

and inconsistency in clinical outcomes. 

1.8 Development of novel non-anticoagulant analogues of heparin 

Given that the anti-inflammatory potential of heparin is independent of its 

anticoagulant effect, the development of novel non-anticoagulant oligosaccharides of 

heparin which retain the anti-inflammatory properties of the parent compound could 

be useful in the future for the treatment of inflammatory diseases, including asthma. 

An example of such preparation is 2,3-O-desulphated heparin (ODSH), which is 

developed by selective desulphation of unmodified heparin under extreme alkaline 

conditions. The ODSH preparation had no anticoagulant activity, on the other hand 

exhibited anti-inflammatory potential similar to that possessed by the parent heparin 

[91]. In pre-clinical studies, ODSH showed promising anti-inflammatory effects by 

inhibiting airway hyperactivity and airway smooth muscle proliferation in mammals 

and, therefore, it is being subjected to clinical trial in patients with exacerbations of 

COPD [114].  

Another approach to minimise heparin-induced bleeding complications when 

used for the management of inflammatory disorders is to separate, isolate and 

characterise the non-anticoagulant and anticoagulant oligosaccharides. The current 
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approach to identify the non-anticoagulant oligosaccharides of heparin is to perform 

its depolymerisation by chemical or enzymatic methods [33]. These depolymerised 

oligosaccharides are then tested for their anticoagulant and anti-inflammatory effects. 

However, a chemical or enzymatic depolymerisation results in the structural 

modification of oligosaccharides
 
and it has been demonstrated that certain biological 

functions of the parent heparin could indeed be removed by the depolymerisation 

process [115]. Some oligosaccharides in heparin are heat sensitive and can undergo 

chemical modification, especially desulphation during the elevated temperatures of 

the depolymerisation process [116]. The sulfation pattern of an oligosaccharide is a 

key characteristic for its anti-inflammatory properties. Depolymerisation can also be 

performed through a freeze-drying process; however, freeze-drying results in physical 

changes of some oligosaccharides present within the parent heparin molecule [117]. 

Therefore, the non-anticoagulant oligosaccharides obtained by chemical or enzymatic 

depolymerisation could have different biological effects than the parent molecule. 

Another approach to identify the non-anticoagulant oligosaccharides without their 

structural modification could be to separate and isolate the non-anticoagulant and 

anticoagulant oligosaccharides and examine their anti-inflammatory effects. However, 

separation of such a complicated molecule is a long-standing problem. Nevertheless, 

in recent years various separation techniques, such as capillary electrophoresis [113], 

reversed-phase ion-pair chromatography [118, 119] and ion-exchange 

chromatography (IC) [105], have been developed not only for the separation but also 

for the finger printing of LMWHs. For example, we have recently developed a novel 

IC technique capable of separating a LMWH into several different oligosaccharides 

with high, low and no anticoagulant activities [105]. Inhibitory effects of such IC-

derived oligosaccharides on the release of macrophage-derived nitric oxide (NO) were 
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investigated. It is known that the production of NO in inflammatory disorders, 

including asthma, is increased in response to the secretion of cytokines and 

endogenous lipopolysaccharides [120]. It has been found that oligosaccharides with 

no or low anticoagulant activity significantly inhibited NO production. On the other 

hand, oligosaccharides having high anticoagulant effect had minimal or no effect on 

NO production [105]. Investigations with such approaches may lead to new 

formulations of purified heparin oligosaccharide (or combination of purified 

oligosaccharides) that exhibit effective anti-inflammatory properties but are devoid of 

anticoagulant activity.  

1.9 CONCLUSION 

In summary, the authors believe that heparin may play a significant role in the 

management of asthma. However, further trials on the efficacy of heparin or its 

derivatives are warranted before they can be indicated in the management of asthma. 

Its potential must be explored using well-designed clinical trials and experimental 

studies that also focus on identifying the anti-inflammatory oligosaccharides of 

heparin and further elucidating the mechanisms of action of these non-anticoagulant 

oligosaccharides. 

1.10 EXPERT OPINION 

The current drug modalities used for the management of asthma are reported to have a 

number of drawbacks. In general, conventional agents like salbutamol have a 

relatively short duration of action and associated with reduced lung function when 

over-used [121]. On the other hand, the safety of long-acting agents such as 

salmeterol has come into question, as these agents when used alone, may increase 

mortality or potentially result in lessened asthma control with time [122]. At present, 
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corticosteroids are the only effective agents available which diminish bronchial 

inflammation and chronic hyper-reactivity. However, inhaled corticosteroids as a 

first-line therapy often do not adequately control inflammatory airway disorders [123, 

124]; a sufficient number of patients suffer from adverse effects and the symptoms of 

asthma recur within few weeks or one year after the cessation of the treatment [125, 

126]. Apart from the risk of osteoporosis with long-term use, the inhaled 

corticosteroids are considered relatively safe in adults, while these agents are 

associated with significant toxicity in children, including reduced bone density and 

growth if used in high doses [127]. Thus, the search for safer and more effective 

agents for the management of asthma continues. Among these agents, heparin has 

attracted much research interest for its paradoxical response(s). Heparin, a commonly 

used anticoagulant, is a heterogeneous mixture of complicated and highly negatively 

charged polysaccharides. It is now well recognised that heparin possesses a wide 

range of biological activities, including anti-inflammatory effects. A number of 

studies have indicated that the anti-inflammatory effect of heparin could be due to the 

presence of non-anticoagulant oligosaccharides. However, these anti-inflammatory 

properties are largely hindered by the risk of bleeding caused by the presence of 

anticoagulant oligosaccharides. Therefore, there has been interest in developing 

pharmaceutical formulations containing non-anticoagulant oligosaccharides which are 

devoid of anticoagulant activity. Hence, in the future, molecular biologists and 

structural chemists will be focused on two existing challenges: (i) what are the 

underlying cellular and molecular mechanisms for the anti-inflammatory effects of 

these oligosaccharides? (ii) what are the differential structural requirements of 

oligosaccharides that possess anti-inflammatory properties? To develop a better 

understanding of the anti-inflammatory mechanisms of heparin-derived 
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oligosaccharides, a more detailed knowledge of their structures is required. There is 

evidence that the anti-inflammatory effects of heparin are mediated through multiple 

mechanisms including inhibition of macrophage-induced nitric oxide synthesis as 

well as inhibition of T lymphocytes-mediated release of inflammatory cytokines. We 

and others have demonstrated that the hexasaccharide nature of heparin is largely 

responsible for the inhibition of nitric oxide synthesis and the suppression of 

inflammatory cytokine release [70, 105]. Therefore, the key question for the 

molecular biologists would be whether the binding of heparin oligosaccharides to 

various inflammatory proteins requires unique structural sequences in the 

oligosaccharide chains for each protein, as with the pentasaccharide sequence found 

for anti-thrombin III binding, or the particular sequence allows the binding of 

oligosaccharides to a wide range of proteins and adhesion molecules involved in 

inflammation. However, given that heparin’s polysaccharides have a high degree of 

structural diversity, their structural characterisation appears to be the biggest 

challenge. Most often heparin polysaccharides are structurally characterised using a 

bottom-up approach. In this approach, intact polysaccharides are depolymerised into 

smaller disaccharide fragments and then subjected to structural characterisation using 

various analytical techniques such as mass spectrometry (MS) and nuclear magnetic 

resonance (NMR). However, there are two potential problems associated with this 

approach: (a) we and others have demonstrated that the oligosaccharides larger than 

disaccharides are mainly responsible for the anti-inflammatory effects and (b) 

depolymerisation may impart other process specific structural changes in the digested 

oligosaccharides [116, 117]. Hence, the research goal should be to isolate and 

characterise the structurally unmodified polysaccharides, in part to explore their anti-

inflammatory activity. In considering these two problems it must be recalled that 



Chapter One 
 

33 
 

currently available advanced analytical techniques such MS and NMR are not capable 

of characterising the mixtures of heterogeneous polysaccharides present in intact 

heparin. However, an ion-exchange chromatography has been recently developed to 

separate and isolate polysaccharides of heparin without their structural modification, 

and the continued efforts of structural chemists to improve the resolution power of 

new hyphenated techniques (e.g. liquid-chromatography-MS/MS and liquid-

chromatography-NMR) will increase the efficiency of structural characterisation of 

ion-exchange derived oligosaccharides. However, structural characterisation and 

development of non-anticoagulant formulations of heparin will require extensive 

validation and formulation steps, and is likely to take a long time to eventuate. In the 

meantime, using murine experimental models we aim to focus on investigating the 

long-term anti-inflammatory effectiveness and safety of different doses of various 

sized oligosaccharides.  
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Opposing Effects of Low Molecular Weight Heparins on the Release of 

Inflammatory Cytokines from Peripheral Blood Mononuclear Cells of 

Asthmatics
 

2.1 ABSTRACT 

Background:  T-cell-mediated inflammatory cytokines, such as interleukin (IL)-4, IL-

5, IL-13 and tumor necrosis factor-alpha (TNF-α), play an important role in the 

initiation and progression of inflammatory airways diseases. Low-molecular-weight 

heparins (LMWHs), widely used anticoagulants, possess anti-inflammatory properties 

making them potential treatment options for inflammatory diseases, including asthma. 

In the current study, we investigated the modulating effects of two LMWHs 

(enoxaparin and dalteparin) on the release of cytokines from stimulated peripheral 

blood mononuclear cells (PBMCs) of asthmatic subjects to identify the specific 

components responsible for the effects.    

Methods: PBMCs from asthmatic subjects (consist of ~75% of T-cells) were isolated 

from blood taken from ten asthmatic subjects. The PBMCs were pre-treated in the 

presence or absence of different concentrations of LMWHs, and were then stimulated 

by phytohaemagglutinin for the release of IL-4, IL-5, IL-13 and TNF-α. LMWHs 

were completely or selectively desulfated and their anticoagulant effect, as well as the 

ability to modulate cytokine release, was determined. LMWHs were 

chromatographically fractionated and each fraction was tested for molecular weight 

determination along with an assessment of anticoagulant potency and effect on 

cytokine release.  

Results: Enoxaparin inhibited cytokine release by more than 48%, whereas dalteparin 

increased their release by more than 25%. The observed anti-inflammatory effects of 
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enoxaparin were independent of their anticoagulant activities. Smaller fractions, in 

particular dp4 (four saccharide units), were responsible for the inhibitory effect of 

enoxaparin. Whereas, the larger fractions, in particular dp22 (twenty two saccharide 

units), were associated with the stimulatory effect of dalteparin. 

Conclusion: Enoxaparin and dalteparin demonstrated opposing effects on 

inflammatory markers. These observed effects could be due to the presence of 

structurally different components in the two LMWHs arising from different methods 

of depolymerisation. This study provides a platform for further studies investigating 

the usefulness of enoxaparin in various inflammatory diseases.  

2.2 INTRODUCTION 

Unfractionated heparin (UFH), a member of the glycosaminoglycan family, is a 

complex heterogeneous mixture of polysulfated chains comprised of alternating 

disaccharide residues of D-glucosamine and uronic acid residues linked by 1→4 

glycosidic bonds [128]. The well-known biological role of UFH is its ability to 

influence blood coagulation and it has been extensively used in clinical practice as an 

anticoagulant [129]. In recent years, UFH has largely been replaced by low-

molecular-weight heparins (LMWHs) for the treatment and prophylaxis of deep vein 

thrombosis because of more favourable pharmacokinetic properties and with a 

reduced rate of side effects [6, 130].  LMWHs are modified derivatives of UFH 

obtained by either chemical or enzymatic depolymerisation of UFH [131]. The key 

structural unit of heparins (UFH and LMWHs) responsible for their anticoagulant 

activity consists of three D-glucosamine and two uronic acid residues (known as a 

pentasaccharide sequence). This pentasaccharide sequence binds to the serine protease 

inhibitor anti-thrombin III and induces conformational changes within the structure of 
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anti-thrombin, thereby accelerating its interaction and subsequent inhibition of 

thrombin and/or factor Xa of the coagulation cascade  [5]. However, not all 

fragments, also known as oligosaccharides, within heparins contain an anti-thrombin 

specific pentasaccharide sequence. For example, merely 20-50% of  the 

oligosaccharides of UFH contain the specific anti-thrombin binding domain and the 

bulk of the oligosaccharides  are composed of relatively non-specific sequences, also 

known as non-anticoagulant oligosaccharides [10, 132].  

It is now recognised that besides the well-recognised anticoagulant effect, 

heparins also exhibit a broad spectrum of anti-inflammatory and immune-modulating 

properties [36, 41, 133-135]. The anti-inflammatory effect of heparins is thought to be 

due to their ability to alter the activity of a wide range of proteins, such as adhesion 

molecules, growth factors, cytotoxic mediators and tissue-destructive enzymes [13]. 

Clinical studies have reported the successful use of heparins for the treatment of 

chronic obstructive pulmonary disease [36], cancer [133], ulcerative colitis (UC) 

[134] and lichen planus [135]. The anti-angiogenesis effect in cancer has been shown 

to be mediated through suppression of  tumor vascular endothelial growth factor 

expression [136]. Anti-UC properties are thought to be exhibited by inhibiting the 

recruitment of neutrophils, as well as healing of ulcerated mucosa by restoring the 

high-affinity receptor binding of fibroblast growth factor [137]. Similarly, the 

therapeutic effectiveness of heparins in lichen planus is thought to be mediated by 

competitive inhibition of an important component of the extracellular matrix, known 

as heparinase [109].  

A number of clinical studies have also reported the beneficial effects of 

heparins in asthma [35, 40-42, 95]. However, the mechanisms behind these effects are 
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not well understood and there are plausible inflammatory pathways that remain to be 

explored. Despite being a complex disorder, the aetiology and pathophysiology of 

asthma is relatively well understood. Cytokines play a pivotal role in orchestrating the 

inflammation and structural changes of the airways in asthma. Among several types of 

important inflammatory mediators, T-cell mediated cytokines are known to be the key 

drivers of respiratory inflammation [138]. During early respiratory inflammation, the 

activated naïve T-helper cells release several inflammatory mediators, including IL-4, 

IL-5 and IL-13 [23]. IL-4 and IL-5 rapidly attract and prime eosinophils and mast 

cells. These cells, when activated, release high quantities of IL-5 and tumor necrosis 

factor (TNF)-α [139]. TNF-α sustains lung inflammatory responses by increasing the 

accumulation and activation of neutrophils and eosinophils in the airways. Their 

activation triggers the release of cytotoxic products, further damaging the airways 

[140].  IL-13 is associated with airway hyper-responsiveness, mucus production and 

structural changes in the airways called airway remodelling [141]. Also, IL-13 is 

known to play a key role in corticosteroid-resistant asthma by diminishing binding 

affinity between corticosteroids and their receptor ligands present on the surface of 

immune cells [142]. This is clinically significant as it is estimated that up to 10% of 

asthmatic patients have difficult-to-treat asthma that is often resistant to first line 

treatment with inhaled corticosteroids [143]. Given the high prevalence of asthma 

[144], 10% of asthmatic patients represent a significant number. Therefore, the 

development of potential therapeutic agents targeting difficult-to-treat asthma is 

highly desirable. 

Because of the ability of highly negatively charged heparins to interact with a 

wide range of biological molecules, we and others have postulated that the possible 

anti-asthmatic activity of heparins is caused by their inhibitory effects on the release 
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of important inflammatory mediators involved in the pathogenesis of asthma [145-

147]. Therefore, in the current ex-vivo study we investigated the ability of two widely 

used LMWHs (enoxaparin and dalteparin) to modulate the T-cell mediated release of 

IL-4, IL-5, IL-13 and TNF-α in asthmatic subjects, with the aim of identifying the 

specific oligosaccharide(s) responsible for the anti-inflammatory activity of the parent 

LMWH.  

2.3 MATERIALS AND METHODS 

2.3.1 Materials 

Enoxaparin (Clexane, 20 mg/0.2 mL; 2,000 IU/0.2 mL) was obtained from Aventis 

Pharma Ltd. (NSW, Australia). Dalteparin (Fragmin, 16 mg/0.2 mL; 2500 IU/0.2 mL) 

was purchased from Pfizer Inc. (NSW, Australia). Fondaparinux (Arixtra, 2.5 

mg/0.5mL) was purchased from GlaxoSmithKline (Victoria, Australia). RPMI-1640 

cell culture medium, Histopaque, antibiotics (penicillin G and streptomycin), 

phytohaemagglutinin (PHA), ethanol, hydrogen peroxide, sodium hydroxide, acetic 

acid, potassium hydroxide, sodium sulfate and lactate dehydrogenase (LDH) activity 

assay kits were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Fetal 

bovine serum was obtained from Invitrogen (Grand Island, NY, USA). ELISA kits for 

IL-4, IL-5, IL-13 and TNF-α were purchased from Mabtech Australia Pty. Ltd. 

(Victoria, Australia). Fluroaldehyde assay reagent was purchased from Pierce 

(Rockford, IL, USA). The anti-factor Xa (AFXa) assay kit was purchased from 

American Diagnostica (Stamford, CT, USA). Ultrafiltration disk membranes were 

purchased from Millipore (NSW, Australia). Heparin-derived unsaturated 

oligosaccharide standards were purchased from V-LABS (Covington, LA, USA). 
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2.3.2 Study sample 

A total of 10 healthy (mean age: 34.4 years; range: 28-48 years, 8 males, 2 females) 

and 10 asthmatic (mean age: 45.6 years; range: 39-51 years, 4 males, 6 females) 

subjects were recruited from the Medical Science Precinct, University of Tasmania, 

Australia. The healthy volunteers were not suffering from any acute or chronic 

diseases and the asthmatic subjects were suffering from no other diseases apart from 

mild asthma. The asthmatic subjects had not consumed systemic or inhaled 

corticosteroids or any other immunomodulatory medications to control their asthma in 

the 2 months before the blood samples were drawn. No information of either the use 

of other medications or forced expiratory volume (FEV1) was obtained from the 

recruited participants. 

2.3.3 Ethics statement 

All volunteers were recruited by invitation and the research protocol was approved by 

the Health and Medical Human Research Ethics Committee (Tasmania, Australia) 

Network (Approval number: H0013117). Written informed consent for the collection 

of blood samples was obtained from the recruited volunteers. 

2.3.4 Isolation of peripheral blood mononuclear cells (PBMCs) 

Whole blood (80 mL) from each volunteer was collected and mixed with an equal 

volume of incomplete RPMI-1640 culture medium to reduce the density of blood, 

allowing efficient separation of PBMCs from other cells. Aliquots of blood (30 mL) 

were layered over 20 mL of Histopaque (a density gradient cell separation medium). 

Following centrifugation at 200g for 30 minutes at 20°C (Eppendorf; Model: 5810R), 

PBMCs were aspirated from the Histopaque/aqueous interface and centrifuged at 
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700g for 10 minutes. Cells were washed twice with serum-free medium and 

resuspended in complete medium [RPMI-1640 supplemented with 2.0 mM L-

glutamine, 10% fetal bovine serum and antibiotics (penicillin G and streptomycin)].  

2.3.5 Preparation of stock solutions 

Stock solutions of enoxaparin, dalteparin and fondaparinux at 1 mg/mL were prepared 

in RPMI-1640 medium and filtered sterile through 0.2 µm pore size syringe filters 

(Pall Life Sciences, Victoria, Australia). Similarly, stock solution of PHA (2.5 mg/mL 

in RPMI-1640 medium; stored at -20°C) was prepared. The stock solutions of 

LMWHs were serially diluted with RPMI-1640 medium to obtain concentrations over 

the range of 5 to 1000 µg/mL. Likewise, PHA was diluted with RPMI-140 medium to 

obtain a concentration of 10 µg/mL.  

2.3.6 Stimulation and LMWHs treatment of PBMCs  

PBMCs were cultured in 24-well cell culture plates at a concentration of 1 × 10
6 

cells/mL/well and stimulated with 10 µg/mL of PHA (T-cell specific stimulant) in the 

presence of either RPMI-1640 medium (negative control), different concentrations (5, 

10, 20, 50, 80 and 100 µg/mL) of enoxaparin or dalteparin, or 5 to 1000 µg/mL of 

fondaparinux. After 72 hours of incubation (37°C, humidified 5% CO2 atmosphere), 

PBMC cultures were centrifuged, and supernatants were removed and analysed for 

the levels of released cytokines (IL-4, IL-5, IL-13 and TNF-α) using enzyme-linked 

immunosorbent assay (ELISA). 

2.3.7 ELISA 

Each high protein binding 96-well ELISA plate was prepared as per manufacturer’s 

recommendations. Briefly, plates were coated with 100 µL/well of capture antibody 
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(diluted in ELISA diluent) and incubated overnight at 4-8°C. The plates were washed 

twice with wash buffer (200 µL/well); blocked by addition of blocking buffer (PBS 

with 0.05% Tween 20 containing 0.1% bovine serum albumin) and incubated for 1 

hour at room temperature before washing again for 5 times. Stock solutions of 

cytokine standards were prepared in ELISA diluent. PBMC supernatants and cytokine 

standards (100 µL/well) were added to plates, incubated for 2 hours and washed 5 

times. Next, 100 µL/well of biotinylated detection antibody, at a concentration of 1 

µg/mL, was added to each plate and washed 5 times after incubating for 1 hour. 

Further, 100 µL/well of standard horseradish peroxidase conjugated streptavidin (a 

commonly used enzyme to modify substrate resulting in colour development) was 

added to each plate and incubated for 1 hour. Plates were again washed for five times 

and 3,3',5,5'-tetramethylbenzidine as a chromogenic substrate solution (100 µL/well) 

was added. Plates were then allowed to stand in dark for 20-30 minutes and the 

reaction was quenched using 50 µL/well of stop solution (1N hydrochloric acid). 

Measurement of the optical density was performed using a plate reader (Spectra Max 

M2 microplate reader, Sunnyvale, CA) at 450 nm. Each PBMC treatments were 

performed in triplicates and supernatants of each treatment was analysed in duplicate.  

2.3.8 PBMC viability and cytotoxicity assay  

The effect of LMWHs on viability of cells after 72 hours of incubation was assessed 

using two methods. Firstly, a trypan blue exclusion test was performed on cells and 

their viability was determined by counting the unstained cells (cells which did not 

take up trypan blue) using a haemocytometer, as described previously [148]. 

Secondly, the activity of LDH in culture supernatant was tested to investigate the 

cytotoxic effect of LMWHs using a LDH in-vitro toxicology assay, as described 
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before [149]. The LDH assay kit was prepared as per the manufacturer’s instructions. 

Briefly, PBMC culture supernatants were centrifuged at 250g for 4 minutes. An 

aliquot containing 50 μL of either blank (complete medium), control (PBMCs only), 

cells treated with PHA alone or with PHA in the presence of 100 μg/mL  enoxaparin 

or dalteparin was mixed with 100 μL of solution containing LDH assay mixture (LDH 

substrate, LDH dye and LDH cofactor). The mixture was then covered with 

aluminium foil and incubated at room temperature for 20-30 minutes for colour 

development and the reaction was terminated by the addition of 1 N hydrochloric acid 

(15 μL). The absorbance was measured spectrophotometrically using a plate reader 

(Spectra Max M2 microplate reader, Sunnyvale, CA) at a wavelength of 490 nm. 

Each sample was prepared and analysed in triplicate. Lastly, cell proliferation was 

carried out by counting the total number of cells 72 hours after PBMC treatments. 

2.3.9 Desulfation of LMWHs 

2.3.9.1 Complete desulfation of LMWHs  

A solution containing 5 mg/100 μL of enoxaparin and dalteparin was subjected to acid 

hydrolysis for complete removal of sulfate groups, as described previously [150]. 

Briefly, 1.5 mL of nitric acid was added to each sample in a capped glass vial and the 

solution was heated at 80°C overnight before adding 0.3 mL of hydrogen peroxide. 

The temperature was further raised to 110°C for the following 6 hours. An 

experimentally determined volume of 1 M sodium hydroxide was used to neutralise 

the mixture containing nitric acid, hydrogen peroxide and enoxaparin or dalteparin. 

The neutralised solution was diluted with 8 mL of Milli-Q water and 400 μL of this 

solution was further diluted to 8 mL.  
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2.3.9.2 N-desulfation of LMWHs  

A solution containing 5 mg/100 μL of enoxaparin or dalteparin was incubated at 50°C 

for 30 minutes in the presence of tetrahydrofuran (650 µL) and Milli-Q water (50 µL) 

for partial N-desulfation, as described previously [151] with minor modifications. The 

mixture was neutralised using 0.1 M sodium hydroxide. The resulting product was 

evaporated to dryness and precipitated by the addition of anhydrous methanol (80% 

v/v) followed by centrifugation at 3000 rpm for 10 minutes. The supernatant was 

carefully discarded and samples were kept at 4°C overnight. Any remaining traces of 

methanol were removed using a miVac DNA centrifugal concentrator (Genevac Ltd, 

Suffolk, UK) and the precipitants were dissolved in 5 mL Milli-Q water.  

2.3.9.3 Selective 2-O and 3-O-desulfation of LMWHs 

Selective 2-O and 3-O-desulfation was performed using a previously described 

method [151].  Briefly, a solution containing 5 mg/100 μL of enoxaparin or dalteparin 

was dissolved in 0.1 M sodium hydroxide (200 μL). The solution was then frozen and 

lyophilised to dryness. The residues were dissolved in Milli-Q water (0.5 mL) and the 

pH was adjusted to 8 by the addition of acetic acid solution. The solution was dialysed 

against water for 2 days and lyophilised to obtain 2-O, 3-O-desulfated enoxaparin and 

dalteparin fragments.  

 Free sulfate content, free amino groups and anticoagulant activity of 

completely and selectively desulfated enoxaparin samples was investigated, along 

with their effects on the PHA-induced release of cytokines from activated PBMCs of 

the asthmatic subjects.  
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2.3.10 Ion chromatography analysis of free sulfate content 

Free sulfate content of completely and selectively desulfated LMWHs was determined 

using a previously developed ion chromatography (IC) method [116].  Samples were 

injected into a Dionex DX-120 instrument (Sunnyvale, CA, USA) consisting of a 

GP50 gradient pump and AS50 auto sampler. Mobile phases were composed of 

potassium hydroxide (KOH) and Milli-Q water. Hydroxide eluent gradients were 

prepared through mixing of KOH solution and Milli-Q water online using a Dionex 

EluGen II KOH cartridge. A Dionex IonPac AS11 column was used to detect the 

sulfate content with the optimised KOH eluent gradient from 1 mM to 15 mM over a 

period of 15 minutes. A total flow rate of 1.0 mL/minute and an injection volume of 

25 μL was maintained. Conductivity detection in suppression mode was carried out 

using a CD25 conductivity detector. Instrument control and data acquisition were 

performed using Chromeleon
®

 software. Sodium sulfate containing 0-20 µg/mL of 

sulfate was used to prepare the standard curves. For comparison, the presence of free 

sulfate content in intact LMWHs (before desulfation) was also investigated after ultra-

filtration of enoxaparin/dalteparin at 15000 rpm for 10 minutes. Each sample was 

prepared in triplicate and analysed in duplicate. 

2.3.11 Analysis of free amino groups 

The determination of free amino groups in selectively desulfated LMWHs was 

determined using a sensitive fluoraldehyde-based assay, as described previously 

[117]. Briefly, selectively desulfated samples (20 µL) were mixed with deionised 

water (180 µL) before the addition of fluoraldehyde assay reagent (1 mL). The 

solution was mixed well and fluorescence was measured at 455 nm after excitation at 
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360 nm using a fluorescence spectrophotometer (model 1605-10S, Perkin-Elmer, 

Tokyo, Japan). Standard curves (0 to 600 µg/mL) were prepared using glycine.  

2.3.12 Analysis of anticoagulant activity 

The potentiating effect of intact or desulfated LMWHs on anti-thrombin III inhibition 

of activated factor Xa was determined as previously described [116]. Briefly, a low-

volume microtitre plate anti-FXa assay was performed by incubating (3 minutes, 

37°C) a solution containing anti-thrombin III, FXa and intact or desulfated LMWH 

samples, followed by addition of FXa substrate and further incubation for 10 minutes. 

The reaction was quenched using glacial acetic acid and the intensity of developed 

colour was spectrophotometrically measured at 405 nm (Multiskan Go, SkanIt 

software, Thermo Fisher Scientific).  

2.3.13 Fractionation and collection of LMWH fractions 

Fractionation of enoxaparin and dalteparin was performed using a previously 

developed high-performance size-exclusion chromatography (HP-SEC) method [116] 

with some modifications. A high-performance liquid chromatography (HPLC) system 

consisting of a Prostar 230 solvent delivery module, a Prostar 335 DAD detector and 

a Prostar 410 autosampler (Varian, Melbourne, Australia) was utilised.  Data 

acquisition and instrument control were carried out using Star Chromatography 

Workstation
® 

software.  The analyses were performed by injecting 10 mg/mL of 

enoxaparin or dalteparin using a 200 µL sample loop and a 70 µL sample injection 

volume.  UV detection was monitored at 232 nm.  Isocratic elution of LMWHs was 

performed on a Superdex
TM

 10/300 GL (300×10 mm) size-exclusion column (GE 

Healthcare Bio-Sciences, Uppsala, Sweden) using 0.3 M sodium chloride eluent at a 

flow rate of 0.2 mL/minutes. After each HP-SEC injection (n=20), 8 fractions of 
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enoxaparin and 9 fractions of dalteparin were collected. The collected fractions were 

concentrated on a miVac DNA centrifugal concentrator at 40°C and subsequently 

desalted using PD MidiTrap G-10 columns (GE Healthcare Life Sciences, Uppsala, 

Sweden). Each fraction was filter sterilized using 0.2 µm pore size syringe filters (Pall 

Life Sciences, Victoria, Australia) and stored at 4°C until further use. Fractions were 

analysed in triplicate for their effects on PHA-induced release of cytokines, as well as 

for their anticoagulant activity as described above.  

2.3.14 Statistical analysis 

Data are presented as mean ± standard deviation (SD) or as percentage change in the 

release of cytokines following treatments (enoxaparin, dalteparin, desulfated 

enoxaparin/dalteparin or HPSEC-derived fractions of enoxaparin/dalteparin) 

compared to the control samples. Statistical analysis was performed using GraphPad 

Prism (version 6, GraphPad Software Inc, CA, USA), and significance was evaluated 

using independent sample or paired Student’s t-test, and one way analysis of variance 

(ANOVA), where applicable, followed by Dunnett’s multiple comparison test. A p-

value of <0.05 was considered statistically significant. 

2.4 RESULTS AND DISCUSSION 

2.4.1 Release of cytokines from stimulated PBMCs  

The levels of the four cytokines (pg/mL) measured 72 hours after PHA-induced 

stimulation of PBMCs from healthy and asthmatic volunteers are shown in Figure 2.1. 

The calibration curves used for the measurement of cytokines were generated using 

seven recommended concentrations of respective cytokine standards. The linearity, 

estimated by correlation coefficient (r
2
), was greater than 0.964 for each of the 



Chapter Two 
 

47 
 

cytokines. As expected, the levels of tested cytokines from PBMCs of asthmatic 

subjects were significantly higher than those released from healthy volunteers. It is 

known that the relative concentrations of the two main types of T-helper cells (Th1 

and Th2) are different in patients with asthma compared to healthy individuals. In the 

healthy population, Th1/Th2 balance is maintained by producing the required Th1 or 

Th2 cells to establish the normal immune tolerance [152]. In patients suffering from 

allergic disorders, including asthma, the Th1/Th2 balance becomes abnormal and it 

shifts abruptly towards Th2 cells [152]. The greater population of Th2 cells upon 

activation release various cytokines, including IL-4, IL-5, IL-13 and TNF-α.   
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Figure 2.1 Ex-vivo cytokine release. PHA-induced release of IL-4, IL-5, IL-13 and TNF-α in 

PBMC culture supernatants of healthy (n=10) and mild asthmatic (n=10) subjects (A to D). 

Error bars are omitted for reasons of clarity. (E) Summary of the results from A to D. Each 

sample was analysed in triplicate. Error bars indicate the standard deviation. ***p<0.001 

versus PHA-stimulated control. 
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2.4.2 Effect of LMWHs on cytokine release 

To investigate the effects of LMWHs on the release of cytokines, enoxaparin or 

dalteparin was added to the cells prior to the addition of PHA. The percentage 

inhibition of cytokine release in the presence or absence of enoxaparin and dalteparin 

is shown in Figure 2.2. The inhibitory effect of enoxaparin was found to be 

concentration-dependent and its maximum effect was observed at 50 µg/mL (Figure 

2.2A to 2.2D).  The release of IL-4, IL-5, IL-13 and TNF-α was inhibited by more 

than 58%, 50%, 55% and 48%, respectively, in the presence of 50 µg/mL of 

enoxaparin. On the other hand, dalteparin failed to supress the release of tested 

cytokines and, on the contrary, the release of IL-4, IL-5, IL-13 and TNF-α was 

increased by more than 25% in the presence of 80 or 100 µg/mL of dalteparin (Figure 

2.2A to 2.2D).  

Enoxaparin and dalteparin are prepared by different depolymerisation 

processes [131]. Enoxaparin (an average molecular weight of 4500Da) is prepared by 

chemical β-eliminative cleavage of benzyl ester of UFH and dalteparin (an average 

molecular weight 6000Da) is prepared by nitrous acid induced deaminative cleavage 

of UFH. Therefore, their oligosaccharides have different sequences as well as terminal 

reducing and non-reducing ends. Compared to dalteparin, enoxaparin is more 

heterogeneous in nature and is mainly composed of oligosaccharides ranging from 

dp2 (two saccharide units) to dp16 (16 saccharide units) [153]. On the other hand, the 

smallest oligosaccharide unit found in dalteparin is dp8 and it mainly contains 

oligosaccharides longer than dp12 [153].  
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Figure 2.2 Concentration-dependent effect of LMWHs on cytokine release. Effect of 

different concentrations of enoxaparin and dalteparin on cytokine levels [IL-4 (A), IL-5 (B), IL-

13 (C) and TNF- α (D)] following PHA-induced ex-vivo stimulation of PBMCs from asthmatic 

subjects (n=10). Data is presented as percentage (mean ± SD) of the maximal observed 

cytokine concentrations. *p<0.05, **p<0.01 and ***p<0.001 versus PHA-stimulated control. 
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In line with our results, other studies have also shown different responses of various 

cells and molecules involved in the process of inflammation to LMWHs. It has been 

proposed that different effects might result from the presence of different proportions 

of small and large oligosaccharide chains within various LMWHs [154, 155]. Based 

on this, it can be postulated that the suppression of cytokine release could be due to 

shorter oligosaccharide chains (≤dp8), prevalent in enoxaparin, whereas an increase in 

cytokine release might be due to longer oligosaccharides (>dp8), which are common 

in dalteparin. It has been shown that Th1-type cytokines such as interferon-γ and IL-

12 play an important role in controlling immune and allergic responses in asthma 

[156]. For example, interferon-γ may counteract Th2 mediated immune responses by 

1) minimising the development of Th2 cells, 2) increasing the production of IL-12, 3) 

inducing apoptosis of eosinophil and 4) preventing immunoglobulin switch in B cells. 

The current study investigated the effects of LMWHs on the release of Th2- but not 

Th1-type cytokines. Therefore, future studies should be focused on determining the 

effects of LMWHs on the level of Th1-type cytokines as well. 

2.4.3 Effect of LMWHs on viability and proliferation of PBMCs  

Different types of heparins have shown to possess pro- or anti-proliferative effects 

[157, 158]. Therefore, it was important to determine whether or not the observed 

effect above on cytokine production was due to either enoxaparin-induced cell 

toxicity or dalteparin-induced cell proliferation. The cell viability was assessed in the 

presence of PHA alone or in combination with PHA and enoxaparin/dalteparin, by 

detecting the release of LDH (Figure 2.3A). Neither enoxaparin nor dalteparin 

increased the release of LDH, whereas PHA, as described before, induced cellular 

toxicity [159, 160]. PHA-induced toxicity was not affected when PHA-stimulated 
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cells were co-incubated with enoxaparin or dalteparin. Cellular viability in the 

presence or absence of enoxaparin and dalteparin is shown in Figure 2.3B. Unlike 

PHA, enoxaparin or dalteparin did not produce signs of cellular cytotoxicity. Cell 

proliferation in the presence or absence of enoxaparin and dalteparin is shown in 

Figure 2.3C. The proliferation of PBMCs was found to be significantly increased in 

the presence of PHA, whereas enoxaparin and dalteparin showed no effect on cell 

proliferation. These results indicate that modulation of cytokine release in the 

presence of tested LMWHs was not related to their cytotoxicity or changes in cellular 

proliferation.  
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Figure 2.3 Effect of LMWHs on cellular 

viability. (A) LDH activity of PBMC 

supernatants from asthmatic subjects 

(n=5) expressed as the percentage of 

maximum LDH release following 72 hours 

of incubation in the presence of either 

PHA, enoxaparin/dalteparin alone or 

enoxaparin/dalteparin co-incubated with 

PHA. Error bars indicate standard 

deviation. ***p<0.001 compared to 

unstimulated cells only control. (B) Effect 

of enoxaparin and dalteparin on the 

viability of PBMCs obtained from 

asthmatic subjects (n=5) after pre-

treatment of cells with either PHA, 

enoxaparin/dalteparin alone or 

enoxaparin/dalteparin co-incubated with 

PHA. Viability was measured using trypan 

blue dye exclusion test 72 hours after 

incubation with drugs and is presented as 

the percentage of viable cells. Error bars 

indicate standard deviation. *p<0.05, 

**p<0.01 and ***p<0.001 compared to 

either unstimulated cells only or PHA-

stimulated control. (C) The effects of 

enoxaparin and dalteparin on PHA-

induced proliferation of PBMCs obtained 

from asthmatic subjects (n=5) measured 

72 hours after incubation with 

enoxaparin/dalteparin alone or 

enoxaparin/dalteparin co-incubated with 

PHA. Error bars indicate standard 

deviation. **p<0.01 and ***p<0.001 

compared to either unstimulated cells only 

or PHA-stimulated control. 
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2.4.4 Effect of desulfated LMWHs on cytokine release   

The anticoagulant activity of LMWHs is strongly influenced by the degree of 

sulfation and the distribution of sulfate groups in their oligosaccharide chains [128]. 

To investigate whether the observed effect of enoxaparin and dalteparin was 

dependent on their anticoagulant activity, they were subjected to complete or selective 

desulfation. Free sulfate in intact enoxaparin and dalteparin was determined by IC and 

was found to be equivalent to 0.42% and 0.36% (w/w), respectively. Total bonded 

sulfate in enoxaparin and dalteparin after complete desulfation, and allowing for the 

free sulfate, was found to be 38.7 and 42.3% (w/w), respectively. This value for 

enoxaparin or dalteparin was similar to the theoretical estimation of sulfate content 

(40% of enoxaparin and 44% w/w of dalteparin) based on 75% trisulfation of the 

heparin disaccharide repeating unit from porcine mucosa and an average of one N-

acetyl group per parent heparin molecule and the type of their reducing ends (2-N, 6-

O-disulfo-D-glucosamine or 1,6-anhydro groups for enoxaparin and 6-O-sulpho-2,5-

anhydro-D-mannitol for dalteparin). 

The effect of completely desulfated enoxaparin and dalteparin on the release 

of TNF-α (levels of which were found to be highest in PBMC supernatants) was 

examined. Unlike intact LMWHs, completely desulfated molecules did not inhibit or 

increase the release of cytokines, indicating the importance of sulfate groups for 

retaining the observed activity of LMWHs. The key structural unit of heparins that 

confers anticoagulant activity is an oligosaccharide sequence consisting of three D-

glucosamine and two uronic acid residues. The anticoagulant activity of heparins has 

been shown to be dependent on N- and O-sulfate groups present in the oligosaccharide 

sequence. Elimination of the N-sulfate groups results in decreased anticoagulant 
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activity, but the elimination of 3-O-sulfate group of the central D-glucosamine results 

in the loss of anticoagulant activity by approximately 20,000 times [128]. 

To determine the role of N- and 2-O/3-O sulfate groups in any pro- or anti-

inflammatory effect, enoxaparin and dalteparin were selectively desulfated. N-

desulfation and 2-O/3-O desulfation was confirmed by commonly used fluoraldehyde 

assay and IC, respectively. It was found that enoxaparin and dalteparin retained their 

activity in the absence of N- and 2-O/3-O sulfate groups (Figure 2.4A and 2.4B) 

indicating these groups are not important for their observed effects. Therefore, the 

anti- or pro-inflammatory effects of LMWHs were independent of their anticoagulant 

activity.  

Clinical studies have indicated that LMWHs can potentially be used in human 

inflammatory disorders [12, 147]. However, they possess both anticoagulant and non-

anticoagulant oligosaccharides. Therefore, their potential use is hampered by the risk 

of bleeding in conditions other than where anticoagulation is required [161]. To 

investigate whether the anti-inflammatory effect of enoxaparin is separable from its 

anticoagulant effect, enoxaparin was separated and the oligosaccharide(s) responsible 

for its anti-inflammatory effect was identified before determining the anticoagulant 

effect of the identified oligosaccharide(s). Dalteparin was also separated to identify 

the oligosaccharide(s) responsible for its pro-inflammatory effect.   
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Figure 2.4 Effect of de-sulfated LMWHs on cytokine release. Suppression of TNF-α 

release by completely desulfated, N-desulfated or 2-O/3-O-desulfated fragments of 

enoxaparin (A) or dalteparin (B) after PHA-induced stimulation of PBMCs from asthmatic 

subjects (n=5). Error bars indicate standard deviation. *p<0.05, **p<0.01 and ***p<0.001 

compared to PHA-stimulated control. 
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2.4.5 Separation and identification of oligosaccharides  

The HP-SEC chromatograms of enoxaparin and dalteparin are presented in Figure 2.5. 

As expected, different chromatographic profiles of enoxaparin and dalteparin were 

observed. The saccharide composition of each HP-SEC separated peak of enoxaparin 

and dalteparin has been reported before [153]. Enoxaparin was separated into 8 

different peaks representing dp2 to dp16, whereas dalteparin was separated into 9 

different peaks representing dp8 to dp24 (Figure 2.5).  

Due to structural complexity and high negative charge, LMWHs cannot be 

effectively separated without prior depolymerisation. Therefore, different techniques, 

such as reversed-phase high-performance liquid chromatography [162] and capillary 

electrophoresis [113], have been used for the separation of depolymerised heparin 

derivatives. However, elevated temperature or freeze drying processes used during 

depolymerisation can result in structural modifications of the oligosaccharides and 

therefore certain biological effects of intact LMWHs are lost or altered after 

depolymerisation process [116, 117]. Hence, enoxaparin and dalteparin in this study 

were separated using the HP-SEC method. This technique can separate 

oligosaccharides without the need for chemical or enzymatic depolymerisation of the 

parent molecule. Although this technique is most widely used for the identification of 

saccharide composition of LMWHs, it has its own specific limitations. For example, 

structurally different oligosaccharides having the same or similar saccharide 

composition cannot be separated using this technique. Therefore, it is possible that the 

HP-SEC separated fractions of LMWHs (e.g. dp4 of enoxaparin) are composed of 

structurally different molecules having the similar saccharide composition.  
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Figure 2.5 HPSEC analysis of enoxaparin and dalteparin. The HP-SEC methodology is 

described in the experimental section. Approximate saccharide composition of the separated 

peaks of enoxaparin and dalteparin is shown; dp2- two saccharide units to dp24- twenty four 

saccharide units.  

2.4.6 Effect of identified oligosaccharides on cytokine release 

Separated fractions of enoxaparin and dalteparin were collected and then re-analysed 

by HP-SEC to confirm their saccharide composition and purified using desalted 

columns. The ability of each desalted fraction to modulate the release of TNF-α is 

shown in Figure 2.6. The tested concentration of each fraction was based on its actual 

concentration, calculated using the peak area, present in 50 µg/mL of enoxaparin or 

80 µg/mL of dalteparin. The release of TNF-α was significantly increased by 15%, 

29% and 21% in the presence of dp20, dp22 and dp24 saccharides of dalteparin, 

respectively. On the other hand, dp8 to dp18 did not significantly modulate cytokine 

release, indicating the oligosaccharides larger than dp18 of dalteparin have pro-
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inflammatory activity (Figure 2.6B). Fondaparinux, a synthetic LMWH, was used to 

determine whether the observed pro-inflammatory effect of dalteparin fractions were 

independent to their anticoagulant effects. Fondaparinux is composed of only 

pentasaccharide sequence responsible for the anticoagulant activity of LMWHs. It, at 

tested concentrations (5 to 1000 μg/mL), failed to inhibit or enhance the levels of IL-

4, IL-5, IL-13 and TNF-α suggesting the observed effect of dalteparin molecules were 

not dependent to their anticoagulant activity. 

 

Figure 2.6 Effect of HPSEC fractions of LMWHs on cytokine release. Suppression of 

TNF-α release by eight HP-SEC derived saccharides (dp2 to dp16) of enoxaparin (A) or nine 

HP-SEC derived saccharides (dp8 to dp24) of dalteparin (B)  after PHA-induced stimulation of 

PBMCs from asthmatic subjects (n=5). Error bars indicate standard deviation. *p<0.05, 

**p<0.01  and ***p<0.001 versus PHA-stimulated control.  
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Several autoimmune diseases are associated with down regulation of T-cell receptor 

signalling pathways, resulting in dysfunction of T-cells [163]. This may have 

important consequences such as insufficient response to various types of infections 

[164]. The therapeutic potential of dalteparin in such medical conditions could 

potentially be explored owing to its stimulatory effect on T-cells. HP-SEC separated 

dp2 and dp4 of enoxaparin inhibited the release of TNF-α by 39 and 52%, 

respectively (Figure 2.6A). Dp6 showed some activity but it was not statistically 

different from the control samples and the fractions larger than dp6 did not show a 

significant inhibitory effect (Figure 2.6A) suggesting the shorter oligosaccharides are 

responsible for the anti-inflammatory effect of enoxaparin. This finding is important 

because a minimum of five saccharide chain length with specific sulfation pattern is 

required for the anticoagulant activity of any type of LMWH. One of the major 

concerns against the development of LMWHs as an anti-asthmatic agent is the 

bleeding risk associated with its use. Disaccharide (dp2) or tetrasaccharide (dp4) 

chains are not sufficiently long enough to bind AT-III and therefore do not exhibit 

anticoagulant activity (which was confirmed by previously described low-volume 

microtitre plate anticoagulant assays). Hence, these fractions of enoxaparin would 

potentially minimise the risk of bleeding associated with intact enoxaparin and could 

be investigated further as potential therapeutic targets for the treatment of 

inflammatory diseases including asthma.  

2.5 CONCLUSION 

In conclusion, the current study provides a solid platform for further experimental and 

clinical studies. Future research should be designed focusing on: i) further separation 

of dalteparin’s dp22 and enoxaparin’s dp4 molecules, with the aim of identification 
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and structural elucidation of the saccharide moieties responsible for the pro- or anti-

inflammatory activity of the parent LMWHs; ii) identification of underlying cellular 

and molecular mechanisms by which dp22 of dalteparin and dp4 of enoxaparin 

modulate the T-cell induced release of pro-inflammatory cytokines; and iii) pre-

clinical and clinical studies confirming the observed non-anticoagulant activities of 

the identified enoxaparin oligosaccharides.  
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Ion-exchange Chromatographic Separation and Isolation of Oligosaccharides of 

Intact Low Molecular Weight Heparin for the Determination of their 

Anticoagulant and Anti-inflammatory Properties 

3.1 ABSTRACT 

Background: It is well-known that enoxaparin, a widely used anticoagulant and low-

molecular-weight heparin containing a large number of oligosaccharides, possesses 

anti-inflammatory activity. While enoxaparin has shown promising results in various 

inflammatory disorders, some of its oligosaccharides have anti-inflammatory 

properties and others increase the risk of bleeding due to their anticoagulant effects. 

The aim of this study was to develop an effective ion-exchange chromatographic (IC) 

technique which allows the separation, isolation and consequently the identification of 

different oligosaccharides of enoxaparin with or without anticoagulant activity.  

Methods: The developed method utilises a semi-preparative CarboPac PA100 (9 × 

250 mm) ion-exchange column with sodium chloride gradient elution and UV 

detection at 232 nm. The anti-inflammatory activity of selected oligosaccharides was 

investigated using the Griess assay. 

Results: The method successfully resolved enoxaparin into more than 30 different 

peaks. IC-derived oligosaccharides with high, moderate, low or no anticoagulant 

activity were identified using an anti-factor Xa assay. Using this technique, the 

oligosaccharides of enoxaparin with low or no anticoagulant activity, whilst 

exhibiting significant anti-inflammatory activity, could be fractionated.  

Conclusion: This technique can provide a platform to identify the oligosaccharides 

which are devoid of significant anticoagulant activity and are responsible for the 
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therapeutic effects of enoxaparin that have been observed in various inflammatory 

conditions. 

3.2 INTRODUCTION 

Heparin is a naturally occurring endogenous substance, sequestered within the mast 

cells and found in granulated cells of organs and tissues, including the intestine and 

lung [165]. In clinical practice, heparin has been used as an anticoagulant for more 

than 50 years [129]. It is a heterogeneous mixture of highly sulfated and structurally 

unknown oligosaccharides belonging to the family of glycosaminoglycans [128]. As a 

therapeutic agent, heparin possesses both pharmacokinetic and pharmacological 

limitations, including variable bioavailability with subcutaneous administration, the 

propensity to interact with a wide range of plasma proteins, and the risk of inducing 

thrombocytopaenia and osteoporosis [6]. Therefore, in recent years heparin has been 

largely replaced by low-molecular-weight heparins (LMWHs), because of their 

improved pharmacokinetic properties, safety and efficacy [6, 130]. 

LMWHs are obtained by depolymerisation of unfractionated heparin and are 

composed of both anticoagulant and non-anticoagulant oligosaccharides [7]. LMWHs 

(e.g. enoxaparin) are primarily approved for the prophylaxis and treatment of deep-

vein thrombosis [8]. However, it is now recognised that LMWHs exhibit a broad 

spectrum of anti-inflammatory and immune-modulating properties beyond their well-

known anticoagulant effect [5, 58, 109, 166]. The anticoagulant activity of a LMWH 

is mainly dependent on the interaction between a specific pentasaccharide sequence 

constituting the antithrombin binding domain (Figure 3.1) and the serine protease 

inhibitor antithrombin-III (AT III) [5]. This sequence consists of three D-glucosamine 

and two uronic acid residues. Sulfate groups on the D-glucosamines are found to be 
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critical for retaining high anticoagulant activity. Elimination of any one of them 

results in a dramatic reduction in the anticoagulant activity. Removal of the unique 3-

O-sulfate group results in complete loss of the anticoagulant activity [167, 168].  

 

Figure 3.1 The unique pentasaccharide sequence of heparin having three D-glucosamine 

and two uronic acid residues. The anticoagulant activity of heparin is because of the binding 

between this sequence and AT III. 

Interestingly, the potential therapeutic activities of LMWHs in a wide array of clinical 

disorders, such as asthma [58], ulcerative colitis [166] and lichen planus [109], 

depend largely on the interactions between its non-anticoagulant oligosaccharides and 

various biological molecules present in the extracellular fluid, extracellular matrix, 

intracellular granules or on the cell surface [13]. For instance, it has been reported that 

the non-anticoagulant oligosaccharides of heparin strongly bind and inhibit the 

functions of L- and P-selectins. These adhesive molecules are involved in the 

recruitment of leukocytes, a necessary first step in the inflammation cascade that 

occurs before the recruitment of various inflammatory mediators, including cytokines 

and integrins [33, 169]. However, the clinical use of a LMWH as an anti-

inflammatory agent is largely limited in the presence of anticoagulant 

oligosaccharides, being associated with a significant risk of bleeding. To minimise 

such complications, low doses of LMWHs have been used, but the risk of bleeding 

still remains a major concern [109, 166, 170]. Also, the anti-inflammatory effects of 
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LMWHs are dose-dependent and at lower doses their anti-inflammatory response is 

reduced [171, 172]. 

Therefore, a clear rationale exists to separate and identify the non-

anticoagulant oligosaccharides within the parent LMWH. This approach would 

provide an opportunity to separate the anticoagulant and anti-inflammatory activities 

of a LMWH. The current approach to identify the non-anticoagulant oligosaccharides 

of a LMWH is to perform enzymatic or chemical depolymerisation of the parent 

compound [33, 173]. By contrast, a chemical or enzymatic depolymerisation results in 

the structural modification of oligosaccharides and it has been demonstrated that 

certain biological aspects of glycosaminoglycans could indeed be removed by the 

depolymerisation process [115, 174]. Some oligosaccharides of LMWH are heat-

sensitive and can undergo chemical modification, especially desulfation during the 

elevated temperatures of the depolymerisation process [116]. An oligosaccharide’s 

sulfation pattern is a key characteristic for anti-inflammatory properties [91]. 

Depolymerisation can also be performed through a freeze-drying process, which can 

result in physical changes of some oligosaccharides within the LMWH molecule 

[117].   

An alternative approach is to separate, isolate and identify the non-

anticoagulant oligosaccharides of LMWH without prior chemical or enzymatic 

digestion. A major limitation in the separation of the structurally complex 

oligosaccharides of LMWHs is the lack of a high-resolution technique. Various 

analytical techniques, such as high-performance size-exclusion chromatography (HP-

SEC) [175, 176], capillary electrophoresis (CE) [110, 113, 177] and reversed-phase 

ion-pair high-performance liquid chromatography (RPIP-HPLC) [118, 162], have 
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been used to separate intact LMWHs. HP-SEC has been used to separate the 

oligosaccharides of LMWHs based on their molecular weights. This technique can 

partially resolve the smaller mass (up to dp8; ~2680 Da), but unable to resolve the 

higher mass oligosaccharides (>dp8) [176]. Apart from this, structurally different 

oligosaccharides having the same or similar molecular masses cannot be separated 

using this technique. Lately, CE has been employed to separate LMWHs [110, 113, 

177]. The major limitation of CE is its limited separation of high molecular weight 

oligosaccharides. A RPIP-HPLC method has been previously developed in our 

laboratory to separate oligosaccharides of LMWHs [118]. This method successfully 

resolved both the higher and lower mass oligosaccharides. However, it requires a non-

volatile tetrabutylammonium hydroxide ion-pairing reagent to effectively separate the 

highly negatively-charged LMWH oligosaccharides. The presence of a non-volatile 

ion-pairing reagent in the isolated oligosaccharides interferes with the biological 

assays while investigating their anti-inflammatory and other pharmacological 

activities [178].  

A widely used analytical technique for the separation of oligosaccharides 

based on their charge is ion-exchange chromatography (IC). Its application has only 

been demonstrated for the separation of enzymatically or chemically digested 

oligosaccharides of LMWHs [179]. For example, IC has been used to separate 

disaccharides (dp2; ~670 Da) or oligosaccharides of uniform size consisting of six 

disaccharide (dp12; ~4020 Da) units. However, an intact LMWH, such as enoxaparin, 

is composed of a complex heterogeneous mixture of oligosaccharides ranging from 

dp2 to dp24 (~670 to 8040 Da). Therefore, in this study, we aimed to develop an 

effective IC technique for the separation of heterogeneous oligosaccharides of 

enoxaparin without its prior enzymatic or chemical depolymerisation. Using this 
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technique, various oligosaccharides or a mixture of oligosaccharides were isolated and 

their approximate molecular weights were determined.  An application of this 

technique was demonstrated by identifying IC-separated oligosaccharides with or 

without anticoagulant activity. Furthermore, for the first time the anti-inflammatory 

activities of non-anticoagulant and anticoagulant oligosaccharides obtained without 

prior modification of the parent LMWH were investigated.  

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

The sodium salt of enoxaparin (100 mg/mL; 10000 IU/mL) was purchased from 

Aventis Pharma (Sydney, Australia). Fondaparinux sodium (5 mg/mL) was purchased 

from GlaxoSmithKline (Melbourne, Australia). Sodium chloride and methanol (AR 

grade) was purchased from Sigma Aldrich (Sydney, Australia). The mobile phase was 

degassed under vacuum and filtered through nylon filter membranes (47 mm 

diameter, 0.2 µm pore size, Grace Davison, Rowville, Australia) before use. The 

heparin derived unsaturated oligosaccharide by enzyme cleavage (dp2 to dp26; ~670 

to 8710 Da) were purchased from V-LABS, (Covington, LA, USA). The anti-factor 

Xa (AFXa) kit was from American Diagnostica (Stamford, CT, USA). The murine 

macrophage cell line (RAW 264.7), L-glutamine, gentamycin, phosphate buffer 

saline, trypsin-EDTA, and lipopolysaccharides (LPS) from Escherichia coli were all 

purchased from Sigma Aldrich (Sydney, Australia). Tissue culture media containing 

RPMI-1640 and fetal bovine serum (FBS) were purchased from Invitrogen (NY, 

USA). N-(1-Naphthyl)ethylenediaminedihydrochloride (NEDD), sulfanilamide 

(SULF) and analytical grade isopropanol were purchased from BDH Chemicals 

(Poole, England).  
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3.3.2 Ion chromatography 

A Dionex ion chromatography (Sunnyvale, CA, USA) consisting of a GP50 gradient 

pump and LC30 thermal compartment was used throughout this work. A GM-3 

gradient mixer was installed before the injection valve. The LC30 thermal 

compartment was set at a column temperature of 40ºC. UV detection at 232 nm was 

performed with a Waters 486 tunable absorbance UV detector (Milford, MA, USA). 

Instrument control and data acquisition were performed using Chromeleon
®
 software. 

A 250 µL sample loop was employed unless otherwise specified.  Separations were 

performed on a semi-preparative Dionex CarboPac PA100 column (250 mm, 9 mm 

ID). Sodium chloride (NaCl) eluent gradients were prepared through mixing of a 2 M 

NaCl solution and Milli-Q water via the GP50 pump. The 2 M NaCl stock solution 

was prepared and filtered offline. The optimised NaCl eluent gradient was: 0-70 min: 

gradient from 32-74% NaCl in Milli-Q water (0.64 to 1.48 M NaCl). Total flow rate 

of 2.0 mL/min was maintained.   

A goal of this work was to collect the relevant oligosaccharides of the 

separated intact LMWH so they could be tested for their pharmacological activity and 

it was advantageous to be able to load a large amount of sample onto the column 

without affecting the separation performance. Therefore, a semi-preparative column 

was chosen for this work with a sample loop of 250 µL. This allowed 10 mg of 

enoxaparin to be loaded onto the column for each injection.   

3.3.3 Assay performance 

Reproducibility of the method was investigated by calculating the intra- (n=6) and 

inter-day precision (five consecutive days, n=30) using peak area from five chosen 

peaks with analysis of 50 mg/mL (n=6) enoxaparin. Mean intra- and inter-day 
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retention times (five consecutive days) were determined based on peak retention time 

with repeat analysis of 50 mg/mL enoxaparin. The method robustness was 

investigated by determining the intra- (n=6) and inter-day (five consecutive days, 

n=30) retention times of five different chosen peaks with repeat analysis of 50 mg/mL 

enoxaparin using one of the three Dionex CarboPac PA100 (250 mm, 9 mm ID) 

column lots (Lot No. 008-20-166 or 004-27-047 or 012-26-041) and one of the three 

Dionex chromatography systems (IC consisting of a GP50 gradient pump, LC30 

thermal compartment and a Waters 486 tunable absorbance UV detector or 

Biocompatible HPLC system consisting of a HPG-3400RS binary separation pump, 

WPD-3000RS auto-sampler, TCC-3000RS column thermal compartment and UV-

3000RS detector or a 3300 UHPLC consisting of  HPG-3400RS binary separation 

pump, WPD-3000RS auto-sampler, TCC-3000RS column thermal compartment and 

VWD-3000RS detector). 

3.3.4 High-performance size-exclusion chromatography 

The HP-SEC was performed on a HPLC system consisting of a Prostar 230 solvent 

delivery module, a Prostar 335 DAD detector and a Prostar 410 autosampler (Varian, 

Melbourne, Australia). Data acquisition and instrument control were carried out using 

Star Chromatography Workstation
®
software. The HP-SEC analyses were performed 

with a 200 µl sample loop and a 20 µl sample injection volume. Detection was 

monitored at 232 nm.  The HP-SEC separations were performed using a Superdex
TM

 

peptide 10/300 GL (300×10 mm) size-exclusion column (GE Healthcare Bio-

Sciences, Uppsala, Sweden) with an average pore size of 13 µm. The pore size of this 

column allows efficient separation of oligosaccharides ranging from 100Da to 

7000Da and it was therefore selected for the analysis of enoxaparin (approximate 
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molecular weight range 600Da to 7000Da). Isocratic elution of enoxaparin, 

oligosaccharide standards or IC-derived enoxaparin oligosaccharides was performed 

with a 0.3 M sodium sulfate eluent at a flow rate of 0.2 mL/min.   

3.3.5 Desalting and recovery of enoxaparin oligosaccharides 

Enoxaparin was fractionated using IC. For each run (n=3), 20 oligosaccharides of 

enoxaparin (approximately 2 to 15 mL each) were collected over the same elution 

period between 29 to 65 minutes. Our initial experiments showed that the presence of 

a high concentration of NaCl (more than 0.9% w/v) interfered with the anticoagulant 

and anti-inflammatory assays. Therefore, the IC-collected oligosaccharides of 

enoxaparin were desalted using methanol precipitation [180, 181]. This involved the 

oligosaccharides being concentrated using a rotary evaporator (Model-Laborota 

4000/4001 efficient, Heidolph Instruments, Schwabach, Germany) operated at 42ºC 

and 120 rpm until salt crystals began to form. Further, the oligosaccharides were 

precipitated by the addition of anhydrous methanol (80% v/v) followed by 

centrifugation at 3000 rpm for 10 min (Sorvall, DJB Labcare, Newport Pagnell, UK). 

Samples were then kept overnight at 4ºC. The supernatant containing NaCl was 

carefully discarded and the remaining traces of methanol were evaporated using 

compressed air. The precipitated oligosaccharides were dissolved in 500 µL of Milli-

Q water. The sodium content and the recovery of desalted oligosaccharides were 

determined using flame photometry and IC respectively.   

For the determination of NaCl content, a stock solution of NaCl (1 mg of 

sodium/mL) was prepared by dissolving 2.54 g of NaCl in one litre of Milli-Q water. 

The stock solution was serially diluted to prepare different standard sodium solutions 

at concentrations of 5 to 50 ppm. The standard solutions (n=3) were introduced into a 
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low temperature, single channel flame photometer (Model-PFP7, VWR International, 

Murarrie, Australia) and emission intensities were measured at 589 nm. The 

concentration of NaCl in the oligosaccharides (n =3) was calculated using the 

standard sodium calibration curve. To determine the loss of oligosaccharides during 

the desalting process, the desalted oligosaccharides were re-analysed using IC under 

the same chromatographic conditions as described previously.   

3.3.6 Determination of molecular weight
 

Enoxaparin (10 mg/mL) or oligosaccharide standards (dp2 to dp18; ~670 to 6030 Da) 

were diluted to 2 mg/mL with Milli-Q water and analysed using HP-SEC. To 

determine the approximate molecular weights of enoxaparin oligosaccharides, the 

retention time of each standard oligosaccharide was compared against the retention 

time of HP-SEC separated enoxaparin peaks. Twenty different IC-separated 

oligosaccharides of enoxaparin were collected, desalted and analysed using HP-SEC 

to determine their approximate molecular weights. Furthermore, the HP-SEC 

separated three oligosaccharides (dp4, dp8 and dp10; ~1340, 2680 and 3350 Da) of 

enoxaparin were collected and individual oligosaccharide was reanalysed by IC.  

3.3.7 Analysis of anticoagulant activity 

The anticoagulant activity of desalted oligosaccharides was determined by a modified 

low-volume microtitre plate AFXa assay as described previously [117]. Briefly, the 

solutions provided in the assay kit were prepared as per the manufacturer’s 

instructions. Ten µL (1 mg/mL) of sample (enoxaparin or IC derived desalted 

oligosaccharide) and 25 µL of anti-thrombin III and factor Xa were incubated for 3 

minutes at 37°C. Substrate FXa was added and the solution was mixed and incubated 

for further 10 minutes. The reaction was quenched using glacial acetic acid and placed 
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in Eppendorf tubes which were centrifuged (Hettich, Tuttlingen, Germany) at 

12,000 rpm for 1 minute and contents carefully transferred to wells of a microplate 

using a micropipette. After shaking for 60 seconds to remove any air bubbles present, 

the intensity of the colour, which was inversely proportional to the anticoagulant 

activity of oligosaccharide, was read at 405 nm using a microplate reader (Model-680, 

Bio-Rad Laboratories, Hercules, CA, USA). Each sample was analysed for AFXa 

activity in triplicate. Oligosaccharides with high, moderate, low or no anticoagulant 

activities were analysed for their anti-inflammatory activity.   

3.3.8 Determination of anti-inflammatory activity 

3.3.8.1 Cultivation of murine monocytic macrophage cell line (RAW 264.7)  

Activated macrophages produce nitric oxide (NO) which is implicated in promoting 

inflammation causing cellular injury and tissue dysfunction [182, 183]. The inhibitory 

effects of enoxaparin-derived oligosaccharides on NO production in RAW 264.7 cells 

were investigated. For initial growth, the cells were seeded into 75 cm
2
 tissue culture 

flasks and grown to confluence in RPMI-1640 culture medium as described 

previously [182]. 

3.3.8.2 Stimulation of cells and measurement of NO 

For subsequent experiments, the cells were seeded into 96-well tissue culture plates at 

a density of 5×10
5 

cells/well and incubated for 24 hours at 37°C and with 5% CO2. 

Immediately after incubation, the cells were stimulated with 20 µL of LPS (100 

mg/mL) in the presence or absence of enoxaparin oligosaccharides (100 µg/mL) or 

fondaparinux (5 mg/mL). Cells were then incubated in serum-free media at 37°C, 5% 

CO2 for another 24 hours and the production of NO was estimated using the Griess 
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assay [184]. Briefly, after 24 hours of incubation, the cell supernatant (100 µL) was 

transferred into a new 96-well microtitre plate followed by the addition of equal 

volumes (100 µL) of Griess reagents (SULF and NEDD). The plate was kept in the 

dark at room temperature for 10 minutes before measuring the production of NO. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Development and validation of IC method  

Enoxaparin is a highly sulfated polysaccharide. Moreover, in basic solution, the 

hydroxide moieties of oligosaccharides deprotonate to provide additional negatively 

charged moieties which are available for interaction with the stationary phase when 

performing ion-exchange separations. Several columns were considered and tested to 

determine their suitability. Initially, the IC separation of enoxaparin was investigated 

using a Dionex AS20 anion exchange column using an instrument generated 

hydroxide gradient (1 to 100 mM) and suppressed conductivity and UV detection at 

232 nm. The ease of on-line eluent generation, potentially highly sensitive suppressed 

conductivity detection and on-line desalting would be advantageous. However, this 

approach resulted in long separation times (200 minutes) exhibiting poor resolution 

and peak shape defects even when mobile phases containing higher concentrations of 

hydroxide were prepared. The resultant poor separation can be attributed to the fact 

that the oligosaccharides of enoxaparin could not be satisfactorily eluted from the 

column using a hydroxide gradient. The use of alternative eluents (which would need 

to be prepared offline) would not be compatible with suppressed conductivity 

detection, negating any advantages in using this column.   

The Dionex CarboPac series of columns are designed for separation of 

carbohydrates, in particular highly negatively charged oligosaccharides. Initial 
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experiments with Dionex CarboPac PA1, PA10 and PA100 analytical columns 

showed promising signs of fractionation using NaCl eluents. An advantage of the 

PA100 over PA1 is that lower salt concentrations are required to elute 

oligosaccharides from the column (most likely due to the slightly lower ion exchange 

capacity and increased cross linking in the stationary phase). This is important if 

desalting of collected fractions is required. Satisfactory results were achieved with the 

CarboPac PA100, and importantly this column is available in a semi-preparative 

scale. This would allow larger sample sizes of highly concentrated samples to be 

injected without loss of resolution. This is an important consideration as fraction 

collection was required for further anticoagulant and anti-inflammatory testing. 

Furthermore, the influence of pH on the separation of enoxaparin was investigated by 

adjusting the mobile phase pH with hydrochloric acid or sodium hydroxide. Improved 

resolution was observed when the separation was performed at pH 6 (no pH 

adjustment required) compared to pH 3 and pH 11. The injection loop volume was 

maximised to 250 µL without significant loss of efficiency or resolution. The 

enoxaparin sample was also diluted in water or normal saline to investigate matrix 

effects. Improved resolution occurred when the sample was diluted in water, possibly 

due to self-elution effects of the saline in the sample. Injection concentrations were 

also maximised in consideration of fraction collection. An upper concentration of 

50% enoxaparin could be injected whilst maintaining optimal chromatographic 

performance. Hence, a CarboPac PA100 semi-preparative column was used for the 

separation of enoxaparin using the same chromatographic conditions as described 

previously. Under these conditions, enoxaparin was separated into more than 30 

different peaks (Figure 3.2). There was no major difference in the chromatographic 

separation of enoxaparin with semi-preparative CarboPac PA100 or analytical PA10 
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column. However, with the semi-preparative column the sample volume injected was 

25 times greater and consequently provided enough mass in each separated fraction to 

facilitate isolation of the various enoxaparin oligosaccharides. 

3.4.2 Assay performance 

The assay performance was investigated using five different chosen peaks of 

enoxaparin (Figure 3.2). The intra- (n=6) and inter-day (five consecutive days, n=30) 

relative standard deviation (RSD) for each peak area was <5% respectively. The intra- 

and inter-day retention time RSDs for each of five peaks were <0.6% (n=6) and 

<0.9% (n=5) respectively. One of the important objectives of this study was to collect 

various oligosaccharides of enoxaparin and test their anticoagulant and anti-

inflammatory activities. Therefore, an excellent reproducibility of retention time 

exhibited by this method is of great importance; allowing the collection of relevant 

oligosaccharides and thereby minimising the possibility of misleading anticoagulant 

and anti-inflammatory assay results.  Method robustness was investigated from five 

chosen peaks of enoxaparin using three chromatography systems and three CarboPac 

PA100 column lots. The intra- (n=6) and inter-day (over five consecutive days, n=30) 

retention time RSDs for each of the five peaks obtained using different 

chromatography systems and different column lots were <0.6% (n=6) and <0.9% 

(n=30) respectively. These results indicated that changes in the chromatography 

systems and column lots did not affect the retention time of selected enoxaparin’s 

oligosaccharides.   
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Figure 3.2 IC separation of enoxaparin (A). Arrows indicate five chosen peaks of enoxaparin 

used for the determination of inter- and intra-day precision. Enoxaparin (50 mg/ml) was 

analysed five times on the same day (B-F).  
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3.4.3 Determination of molecular weight 

The oligosaccharide standards ranging from dp2 to dp18 and enoxaparin were 

analysed using HP-SEC (Figure 3.3A). Enoxaparin was partially resolved into 9 

different peaks. The retention times of enoxaparin peaks were compared with the 

retention times of oligosaccharide standards. Based on this comparison, the 

approximate saccharide composition of enoxaparin oligosaccharides were assigned. 

The HP-SEC separation of analytes is based on the molecular size and therefore, the 

high molecular weight oligosaccharides (e.g. dp18) eluted earlier than the low 

molecular weight oligosaccharides (e.g. dp2).   

Twenty different IC-derived oligosaccharides of enoxaparin were similarly 

analysed using HP-SEC. The approximate molecular weight of each oligosaccharide 

was determined by comparing the elution profiles of oligosaccharides against the HP-

SEC separated enoxaparin peaks. The approximate molecular weights of IC-separated 

enoxaparin oligosaccharides are shown in Figure 3.3B. This technique successfully 

separated the smaller mass oligosaccharides (up to dp12) and partially separated the 

larger oligosaccharides of enoxaparin (up to dp20; ~6700 Da). It can be seen that the 

larger oligosaccharides eluted later during the IC salt gradient separation. As 

enoxaparin is constituted of sulfated oligosaccharides, the mechanism of this 

separation is based on the interaction of the sulfate groups with the oppositely charged 

stationary phase (ion-exchange interaction). As the oligosaccharides increase in size, 

so too does the degree of sulfonation.   

Furthermore, three different oligosaccharides (dp4, dp8 and dp10) of HPSEC-

separated enoxaparin were collected and analysed individually using IC (Figure 

3.3C). Unlike HP-SEC, the IC successfully resolved dp4 and dp8 of enoxaparin into 
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more than five different peaks and dp10 into 4 distinct peaks. This highlights the 

resolving power of IC for the fractionation of structurally complicated 

oligosaccharides of enoxaparin.  A LMWH such as enoxaparin, is highly sulfated 

linear polysaccharide composed of repeating disaccharide units of -D-glucosamine 

and a hexuronic acid (-L-iduronic or β-D-glucuronic acid) linked by 1→4 glycosidic 

bonds [128]. Multiple peaks of enoxaparin oligosaccharide having similar molecular 

weights (e.g. dp4) were observed in the IC chromatogram (Fig. 3c). A possible 

explanation for this could be the uneven distribution of the different pattern of 

sulfation along the enoxaparin’s dp4 (two disaccharide units) chain. For instance, 

some disaccharide units have highly sulfated regions consisting of O-sulfation at 

position 2 of iduronic acid and N-sulfation at position 2 of glucosamine which are 

located at the non-reducing ends.  On the other hand, some disaccharide units have 

under-sulfated regions consisting of non-sulfated iduronic acid residues and N-

acetylation at position 2 of glucosamine. Therefore, the early eluted dp4 peaks 

potentially represent the under-sulfated disaccharide regions and the later eluted peaks 

represent the highly sulfated disaccharide regions of dp4 oligosaccharide of 

enoxaparin. 
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                      Figure 3.3 HP-SEC of enoxaparin (10 mg/mL) and oligosaccharides standards (2 mg/mL) (A). IC of enoxaparin (25 mg/mL) with  

          approximate saccharide compositions of oligosaccharides shown (B). IC of HPSEC-collected dp4, dp8 and dp10 oligosaccharides  

                       of enoxaparin (C). 
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3.4.4 Desalting and recovery of enoxaparin oligosaccharides  

Our initial experiments showed that the presence of a high concentration of salt 

interferes with the anticoagulant and anti-inflammatory assays, and hence the 

desalting of oligosaccharides was crucial. Each collected oligosaccharide was 

precipitated using 80% w/v methanol. The precipitants were diluted with Milli-Q 

water and the concentration of NaCl was determined using flame-photometry. The 

concentration of NaCl in each oligosaccharide was found to be <0.9% w/v and was 

deemed satisfactory, as it is known that “normal” saline (0.9% w/v NaCl) is isotonic 

with body fluids and is used to dilute the oligosaccharides during anti-factor Xa 

analysis and to wash the cultured cells during determination of anti-inflammatory 

activity.   

The recovery of desalted oligosaccharides was estimated using IC. The 

recovery was determined by calculating the differences in the peak areas of desalted 

oligosaccharide and oligosaccharide of enoxaparin eluted at the same time. Three 

oligosaccharides (dp4, dp6 and dp18; ~1340, 2010 and 6030 Da) corresponding to 

low, medium and high molecular weights were selected to determine their losses 

during the desalting process. The recoveries of dp4, dp6 and dp18 oligosaccharides 

were found to be 81%, 84% and 80% respectively suggesting the recovery is 

consistent across the wide molecular weight range. This technique allowed 10 mg of 

enoxaparin to be loaded onto the semi-preparative CarboPac PA100 column with each 

injection. This facilitated the collection of sufficient quantities of oligosaccharides for 

the investigation of their anticoagulant and anti-inflammatory activities. For instance, 

the quantity of IC-derived dp2 after desalting was found to be 0.63 mg/500 µL. 

Briefly, the approximate concentration of desalted dp2 oligosaccharide was 
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determined using a linear regression equation by constructing a calibration curve of 

the peak areas (obtained through IC) of dp2 standard (Sigma Aldrich, NSW, 

Australia) against their six different concentrations (0, 0.1, 0.5, 1, 1.5 and 2 mg/mL). 

This concentration (0.63 mg/500 µL) was sufficient to investigate its anticoagulant 

and anti-inflammatory activities for more than 20 and 5 times respectively.   

3.4.5 Determination of anticoagulant and anti-inflammatory activity 

The calibration curve for AFXa activity was plotted using six different enoxaparin 

concentrations (0-0.5 IU/mL) and the correlation coefficient (r
2
) was greater than 

0.987 (Figure 3.4). Four different oligosaccharides (dp2, dp6, dp12 and dp18) with 

no, low, moderate or high anticoagulant activities were tested for their anti-

inflammatory properties. The anticoagulant activities of the selected oligosaccharides 

are shown in Figure 3.5. Disaccharide (dp2) of enoxaparin did not show any 

anticoagulant activity whereas the anticoagulant activities of dp6, dp12 and dp18 

oligosaccharides were found to be approximately 1000, 5000 and 6000 IU/mL 

respectively. Pentasaccharide is the smallest sequence (dp5; ~1675 Da) required 

within the enoxaparin chain for the anticoagulant activity [5]. Disaccharides of 

enoxaparin are not long enough to bind AT III and hence did not exhibit any 

anticoagulant activity. The observed anticoagulant activities of dp12 and dp18 were 

five and six times higher than the activity of dp6. The possible explanation could be 

that dp12 and dp18 oligosaccharides are higher molecular weight chains than dp6 and 

therefore, they may contain more than a single AT III binding site.   
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Figure 3.4 Calibration curve for the determination of AFXa activity using six different 

concentrations of enoxaparin. Sample (n=6) were analysed in triplicate and results are 

presented as mean ± SD. 

To demonstrate an application of the newly developed IC-technique, the 

ability of IC-derived enoxaparin-derived oligosaccharides (dp2, dp6, dp12 or dp18) to 

inhibit NO production by LPS-activated macrophages was investigated by the Griess 

assay [184]. The concentration of NO present in the cell culture supernatant was 

calculated using the nitrite standard curve (0 to 100 µM). The calculated linearity (r
2
) 

of the standard curve (0-100 µM) was greater than 0.990. Although, during 

inflammatory disorders (rheumatoid arthritis, inflammatory bowel disease, asthma 

etc.) the production of NO is increased in response to the secretion of cytokines and 

endogenous LPS [185, 186], it is not associated with the developmental features of 

these inflammatory disorders including asthma. The percentage of NO production 

inhibited by enoxaparin oligosaccharides is shown in Figure 3.5. Among the tested 

oligosaccharides, dp6 showed the highest inhibition of NO production (80%). 

Oligosaccharides with high anticoagulant activities (dp12 and dp18) were five times 
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less effective than dp6 in inhibiting the production of NO. Enoxaparin disaccharide 

did not exhibit any anticoagulant activity but interestingly it reduced the production of 

NO by 50%. To test whether the anti-inflammatory effects of enoxaparin are 

independent of its anticoagulant activity, the ability of an ultra-LMWH 

(fondaparinux) to inhibit NO production was tested. Unlike enoxaparin, fondaparinux 

is a synthetic pentasaccharide and does not contain non-anticoagulant 

oligosaccharides [187]. Fondaparinux, even at the concentration of 5 mg/mL, failed to 

inhibit NO production. These results are consistent with other published studies 

indicating that the anti-inflammatory effects of LMWHs are not dependent on its 

pentasaccharide sequence, which is essential for its anti-coagulant activity [13, 58, 

109]. 

 

Figure 3.5 AFXa activity of IC-derived enoxaparin oligosaccharides and percentage inhibition 

of NO production by these oligosaccharides in LPS stimulated macrophages (RAW 264.7). 

Sample (n=3) were analysed in triplicate and results are presented as mean ± SD. 
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It is evident from experimental studies that the biological activity of a LMWH (e.g. 

enoxaparin) in a variety of biological disorders is independent of its anticoagulant 

property. These highly sulfated structurally unknown macromolecules are thought to 

play an essential role by interacting with important proteins involved in the 

pathogenesis of many disease states. To better understand these interactions it is 

imperative to identify and then characterize the non-anticoagulant oligosaccharides of 

LMWHs. Although the structure and biological significance of IC-collected 

enoxaparin oligosaccharides need to be elucidated in detail, these results clearly 

demonstrate that the newly developed IC method will provide a powerful tool for 

exploring the non-anticoagulant activities of enoxaparin-derived oligosaccharides.  

3.5 CONCLUSION 

In clinical practice, enoxaparin is widely used as an anticoagulant. However, to be 

employed as an anti-inflammatory agent, the risk of potential bleeding must be 

removed or minimised.  In the present study, structurally complicated enoxaparin was 

successfully fractionated using a newly-developed IC method. An important 

application of this method was demonstrated by investigating the anti-inflammatory 

effects of its oligosaccharides. A number of studies have investigated the anti-

inflammatory effects of intact enoxaparin. However, to our knowledge this is the first 

study demonstrating the anti-inflammatory effect of enoxaparin oligosaccharides 

obtained without prior chemical or enzymatic modification of the parent LMWH. 

Furthermore, this technique could potentially be used for structural characterization 

and identification of sulfation patterns of anti-inflammatory oligosaccharides of 

enoxaparin. 
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Non-Anticoagulant Fractions of Enoxaparin Suppress Inflammatory Cytokine 

Release from Peripheral Blood Mononuclear Cells of Allergic Asthmatic 

Individuals  

4.1 ABSTRACT 

Background: Enoxaparin, a low-molecular-weight heparin, is known to possess anti-

inflammatory properties. However, its clinical exploitation as an anti-inflammatory 

agent is hampered by its anticoagulant effect and the associated risk of bleeding. The 

aim of the current study was to examine the ability of non-anticoagulant fractions of 

enoxaparin to inhibit the release of key inflammatory cytokines in primed peripheral 

blood mononuclear cells derived from allergic mild asthmatics. 

Methods: Peripheral blood mononuclear cells from allergic asthmatics were activated 

with phytohaemagglutinin (PHA), concanavalin-A (ConA) or phorbol 12-myristate 

13-acetate (PMA) in the presence or absence of enoxaparin fractions before cytokine 

levels were quantified using specific cytokine bead arrays. Together with nuclear 

magnetic resonance analysis, time-dependent and target-specific effects of enoxaparin 

fractions were used to elucidate structural determinants for their anti-inflammatory 

effect and gain mechanistic insights into their anti-inflammatory activity.  

Results: Two non-anticoagulant fractions of enoxaparin were identified that 

significantly inhibited T-cell activation. A disaccharide fraction of enoxaparin 

inhibited the release of IL-4, IL-5, IL-13 and TNF-α by more than 57% while a 

tetrasaccharide fraction was found to inhibit the release of tested cytokines by more 

than 68%. Our data suggest that the observed response is likely to be due to an 

interaction of 6-O-sulfated tetrasaccharide with cellular receptor(s). 
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Conclusion: The two identified anti-inflammatory fractions lacked anticoagulant 

activity and are therefore not associated with risk of bleeding. The findings highlight 

the potential therapeutic use of enoxaparin-derived fractions, in particular 

tetrasaccharide, in patients with chronic inflammatory disorders. 

4.2 INTRODUCTION 

Low-molecular-weight heparins (LMWHs) are a heterogeneous mixture of 

structurally complex oligosaccharides [188]. In clinical practice these molecules are 

widely used as anticoagulants but additionally, they are reported to possess anti-

inflammatory properties [12, 189]. Enoxaparin, the most widely used LMWH, is 

known to inhibit T cell mediated release of multiple cytokines, such as IL-4, IL-5, IL-

13 and TNF-α, involved in various inflammatory disorders including asthma [190]. A 

model for a chronic inflammatory disease and a potential target for an anti-

inflammatory therapy is asthma, a complex multifactorial disorder of conducting 

airways. Its inflammatory pathology is characterised by reversible airway obstruction 

and airway hyper-responsiveness. It is estimated that approximately 300 million 

people worldwide suffer from asthma and it is associated with severe morbidity, and 

sometimes even mortality [18]. Inflammation in asthma is characterised by activation 

of T-helper type 2 (Th2) cells, production of immunoglobulin E (IgE) antibodies and 

eosinophilia [191]. Although T cells residing in the lungs (most of which are memory 

cells) are important for the local defence mechanism, excessive recruitment of T cells 

(mainly Th2 type) in the lungs, as well as their response to various allergens, is 

believed to be largely responsible for coordination of the inflammatory processes 

associated with allergic asthma [192]. In response to allergens, Th2 cells do not 

proliferate in the lungs but rather migrate into the lung from regional lymph nodes and 
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then produce various inflammatory cytokines, such as interleukin (IL)-4, IL-5, IL-9, 

IL-13 and tumor necrosis factor (TNF)-α, and chemokines, such as monocyte derived 

chemokine, in response to the specific allergen [23]. IL-4 and IL-13 are normally 

involved in the process responsible for the production of IgE antibodies. IL-4 and IL-

5 enhance the survival of eosinophils, resulting in eosinophilic inflammation. IL-13 

(and IL-9 to some extent) is reported to be important for bronchial hyper-

responsiveness [193]. On the other hand, TNF-α sustains lung inflammation by 

increasing the recruitment of neutrophils and eosinophils in the airways [194].  

Inhaled corticosteroids are the most effective drugs currently available for the 

treatment of asthma [195]. They effectively control asthma in the majority of patients. 

However, apart from the fact that the prevalence of steroid-resistant asthma is rising 

[143], corticosteroids are associated with a number of problems. For example, the 

symptoms appear soon after the treatment is stopped and with long-term treatment 

they increase the risk of osteoporosis in adults and reduced bone growth in children 

[126, 127]. Also, at recommended doses they have little or no effect on the process of 

asthma-associated lower airway remodelling [31]. An advanced understanding of the 

complex pathophysiology that drives this inflammatory disease has resulted in the 

development of new and emerging biological therapies, such as monoclonal 

antibodies, that are directed against a specific type of cytokine that is involved either 

in cell proliferation or the inflammatory response [196]. Apart from their cost and 

potentially severe side effects (such as hypersensitivity and susceptibility to various 

types of infections), monoclonal antibodies, at least for the treatment of asthma, have 

so far failed to meet initial theoretical expectations. It has been proposed that their 

limited clinical efficacy could be due to their inability to simultaneously inhibit 

multiple cytokines involved in the pathogenesis of asthma [197]. Therefore, the search 
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for safer, cheaper and effective drugs for the treatment of asthma continues. Among 

these drugs, LMWHs have attracted much interest in the field of inflammation.  

Several experimental and clinical studies have shown the beneficial effects of 

LMWHs in various types of inflammatory disorders, including asthma [40, 146, 198]. 

The precise mechanism(s) behind the anti-inflammatory effects of LMWHs are yet to 

be fully explored. However, it has been proposed that because of their high negative 

charge they can interact and modulate the activity of a wide range of biological 

molecules, including various types of immune cells and pro-inflammatory cytokines 

[147]. As the recruitment and activation of T cells in the lung is believed to be one of 

the central events in the initiation, progression and persistence of asthma, drugs (e.g. 

enoxaparin) that can suppress T cell-mediated inflammatory responses can be 

considered a promising therapeutic strategy [199]. However, like any other LMWH, 

enoxaparin is composed of both non-anticoagulant and anticoagulant components, 

referred to as oligosaccharides. Its potential use as an anti-inflammatory agent could 

be problematic due to the inherent risk of bleeding caused by the presence of 

anticoagulant oligosaccharides [147]. This problem can potentially be resolved by 

separating the anticoagulant fractions (oligosaccharides responsible for anticoagulant 

effect) and non-anticoagulant fractions (oligosaccharides potentially responsible for 

anti-inflammatory effect). However, separation of such a complex polysaccharide is a 

long-standing problem [200]. Nevertheless, we recently developed a novel 

chromatographic technique that allows the separation of different oligosaccharides of 

enoxaparin [105]. In the current study we isolated chromatographically separated 

oligosaccharides of enoxaparin and investigated their anticoagulant effect, as well as 

their ability to inhibit the T cell mediated release of important cytokines before 

postulating the potential mode of action alongside the structure activity relationship.   
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4.3 MATERIALS AND METHODS 

4.3.1 Materials 

All chemicals and reagents, if not otherwise stated, were obtained from Sigma-

Aldrich (NSW, Australia). The sodium salt of enoxaparin (100 mg/mL) was 

purchased from Aventis Pharma (NSW, Australia), deuterium oxide (D2O) was 

purchased from Cambridge Isotope Laboratories (Andover, MA, USA), anti-factor Xa 

(AFXa) kit was purchased from American Diagnostica (Stamford, CT, USA) and fetal 

bovine serum was purchased from Invitrogen (NY, USA).  

4.3.2 Recruitment of participants 

Five healthy (mean age: 33.8 years, range: 26-48 years; 4 males, 1 females) and ten 

allergic asthmatic subjects (mean age: 40.9 years, range 19-59 years; 4 males, 6 

females) were recruited by invitation. The healthy volunteers were not suffering from 

any acute or chronic diseases and the asthmatic subjects were suffering from no other 

diseases apart from intermittent asthma exacerbated by allergies. Exclusion criteria 

were use of systemic or inhaled corticosteroids or any other immunomodulatory 

medications within two months prior to blood sampling. No information of either the 

use of other medications or forced expiratory volume (FEV1) was obtained from the 

recruited participants. 

4.3.3 Ethics statement  

The research protocol was approved by the Health and Medical Human Research 

Ethics Committee (Tasmania, Australia) Network (Approval number: H0013117). 

Written informed consent for the collection of blood samples was obtained from the 

recruited subjects. 
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4.3.4 Isolation of peripheral blood mononuclear cells (PBMCs) from whole blood 

Whole blood (80 mL) from each subject was collected before PBMCs were isolated. 

Isolation of PBMCs was conducted by standard methods via density separation using 

30 mL of blood aliquots layered onto 20 mL of Histopaque. Following centrifugation 

at 200g for 30 minutes at 20°C (Eppendorf; Model: 5810R), PBMCs were aspirated 

from the Histopaque/aqueous interface and centrifuged at 700g for 10 minutes. Cells 

were washed twice with serum-free media and resuspended in complete medium 

[RPMI-1640 supplemented with 2.0 mM L-glutamine, 10% fetal bovine serum and 

antibiotics (penicillin G and streptomycin)].  

4.3.5 Separation and isolation of enoxaparin fractions 

Chromatographic separation of enoxaparin was carried out using a previously 

described ion-exchange chromatography (IC) method [105]. Briefly, enoxaparin 

separation was performed on a semi-preparative Dionex CarboPac PA100 (250 mm, 9 

mm ID, 8.5 µm) strong anion-exchange column (Thermo Fisher Scientific, NSW, 

Australia). Mobile phases were composed of Milli-Q water (A) and 2 M NaCl (B). 

The linear NaCl elution gradient (mobile phase B; 32 to 74%) was used over 70 

minutes with a constant flow rate of 2.0 mL/minute. A column temperature of 40°C 

was combined with UV detection at 232 nm.  

4.3.6 Collection and desalting of IC separated enoxaparin fractions 

IC separated enoxaparin fractions were collected and desalted as described previously 

[105] with minor modifications. Briefly, collected fractions were concentrated on a 

miVac DNA centrifugal concentrator (Genevac Ltd, Suffolk, UK) at 40°C and 

subsequently desalted using PD MidiTrap G-10 columns (GE Healthcare Life 
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Sciences, Uppsala, Sweden). The desalted fractions were kept at 4°C until use. The 

concentration of IC separated fraction of enoxaparin was determined by constructing a 

calibration curve from the peak areas of LMWH standards against their known 

concentrations. The recovery of each desalted fraction concentrations was calculated 

using the differences in the peak areas of the desalted fraction and enoxaparin fraction 

eluted at the same time. Each desalted fraction was tested for its anticoagulant activity 

and its inhibitory effect on cytokine release from activated PBMCs. 

4.3.7 Determination of NaCl content 

The NaCl content in the desalted fractions of enoxaparin was determined using flame 

photometry as described previously [105]. Briefly, a stock solution of NaCl (1 mg of 

sodium/mL) was prepared by dissolving 2.54 g of NaCl in one litre of Milli-Q water. 

The stock solution was serially diluted to prepare different standard sodium solutions 

at concentrations of 5 to 50 ppm. The standard solutions (n=3) were introduced into a 

low temperature, single channel flame photometer (Model-PFP7, VWR International, 

Murarrie, Australia) and emission intensities were measured at 589 nm. The 

concentration of NaCl in the desalted enoxaparin fractions (n =3) was calculated using 

the standard sodium calibration curve. 

4.3.8 Analysis of anticoagulant activity 

The potentiating effect of IC-derived enoxaparin fractions on anti-thrombin III 

inhibition of activated factor Xa was determined using a previously described low-

volume microtitre plate anti-factor Xa assay [116]. Briefly, a solution containing anti-

thrombin III, FXa and IC-derived enoxaparin fractions was incubated for 3 minutes at 

37°C. FXa substrate was added immediately and the solution was incubated for 

another 10 minutes. The reaction was quenched using glacial acetic acid and the 
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intensity of developed colour was spectrophotometrically measured at 405 nm 

(Multiskan Go, SkanIt software, Thermo Fisher Scientific).  

4.3.9 Preparation of stock solutions for PBMC culture treatments 

Stock solutions of enoxaparin fractions at 1 mg/mL were prepared in RPMI-1640 

medium and filter sterilized through 0.2 µm pore size syringe filters (Pall Life 

Sciences, Victoria, Australia). Other stock solutions were prepared accordingly: 2.5 

mg/mL of phytohaemagglutinin (PHA) in RPMI-1640 medium, stored at -20°C; 5 

mg/mL of concanvalin-A (Con A) in RPMI-1640 medium, stored at -20 °C; 1 mg/mL 

of phorbol 12-myristate 13-acetate (PMA) in DMSO, stored at -20°C and 5 mg/mL of 

fluticasone propionate in ethanol, stored at 4°C.  

4.3.10 Desulfation of enoxaparin fraction 

4.3.10.1 Complete desulfation 

A solution containing 8 mg/mL of enoxaparin fraction was subjected to acid 

hydrolysis for complete removal of sulfate groups as described previously [150]. 

Briefly, 1 mL of nitric acid was added to the fraction in a capped glass vial and the 

solution was heated at 80°C overnight before adding another 0.2 mL of hydrogen 

peroxide. The temperature was raised to 110°C for an additional 6 hours. The mixture 

was neutralised using 1 M sodium hydroxide and diluted with 4 mL of Milli-Q water. 

Finally 200 μL of this solution was further diluted to 4 mL.  

4.3.10.2 N-desulfation 

A solution containing 8 mg/mL of enoxaparin fraction was incubated at 50°C for 30 

minutes in the presence of tetrahydrofuran (133 µL) and water (7 µL) for partial N-
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desulfation as described previously [151] with minor modifications. The mixture was 

neutralised using 0.1 M sodium hydroxide. The resulting product was evaporated to 

dryness and precipitated by the addition of anhydrous methanol (80% v/v) followed 

by centrifugation at 3000 rpm for 10 minutes. The supernatant was carefully discarded 

and samples were kept at 4°C overnight. Any traces of methanol were removed using 

a miVac DNA centrifugal concentrator and the remaining precipitants were dissolved 

in 1 mL Milli-Q water.  

4.3.10.3 Selective 2-O-/3-O-desulfation 

Selective 2-O-/3-O-desulfation of enoxaparin fraction was performed as described 

previously [151]. Briefly, the fraction (8 mg/mL) was dissolved in 0.1 M sodium 

hydroxide (200 μL) and then lyophilised to dryness. The residues were dissolved in 

Milli-Q water (0.5 mL) and the pH was neutralised by addition of acetic acid. Finally, 

the resulting mixture was precipitated using anhydrous methanol as described above 

and dissolved in 4 mL Milli-Q water.  

4.3.10.4 Selective 6-O-desulfation 

Selective 6-O-desulfation of enoxaparin fraction was performed as previously 

described [151]. Briefly, the fraction (8 mg/mL) was mixed with equal volumes (1 

mL) of tetrahydrofuran (solvent) and N-methyl-N-(trimethylsilyl) trifluroacetamide 

(silylating agent). The mixture was incubated at 50°C for 9 hours, evaporated to 

dryness and precipitated using anhydrous methanol as described above and finally 

dissolved in 4 mL Milli-Q water.  

Each desulfated fraction was tested for its inhibitory effect on PBMC-induced 

release of cytokines. After desulfation, free sulfate groups were removed using a 
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1000Da cut-off filter (Millipore, NSW, Australia) at 15000 rpm for 10 minutes. The 

concentrated supernatant was dissolved in 1 mL of Milli-Q water for further use. 

4.3.11 PBMC culture 

Cells were cultured in 24-well cell culture plates in complete medium at a 

concentration of 1 × 10
6 

cells/mL/well. Cells were incubated with 1, 2.5, 5, 7.5, 10, 20 

or 40 μg/mL of PHA for 72 hours to identify the optimum concentration for the 

release of TNF-α. To measure the effect of fractions on the release of cytokines, the 

cells were stimulated with 10 µg/mL PHA in the presence or absence of IC-derived 

enoxaparin fractions. The effect of fractions was compared to positive control after 

addition of 0.5 ng/mL fluticasone in the presence of 10 µg/mL PHA. The target 

specific effect of enoxaparin fraction on cytokine release was examined after 

stimulation of cells with either 10 µg/mL Con A or 5 ng/mL PMA. The time 

dependency of enoxaparin fraction was determined after addition of the fraction at 

different time points in the presence of 10 µg/mL PHA and vice versa. The effect of 

various desulfated enoxaparin fractions was investigated in the presence of 10 µg/mL 

PHA. After 72 hours of incubation (37°C, humidified 5% CO2 atmosphere), culture 

supernatants from each well were collected and analysed for the determination of 

cytokine concentrations using flow cytometry.  

Each cell supernatant containing cell stimulants and/or various enoxaparin 

fractions, desulfated enoxaparin fractions or fluticasone was prepared and analysed in 

triplicate. 
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4.3.12 Measurement of cytokine release 

The amounts of IL-4, IL-5, IL-13 and TNF-α secreted into the cell culture supernatant 

were analysed using a cytometric bead assay (Cytometric bead array flex sets; BD 

Biosciences, NSW, Australia), which was performed according to the manufacturer’s 

instructions. Briefly, supernatant from different treatments was incubated with the 

beads of interest for 3 hours in the dark, prior to washing, resuspending and 

transferring to 96 well plates. The samples were run on a flow cytometer (FACS 

Canto, Becton Dickinson, CA, USA) and gates were set to include only singlet 

populations of beads. The assay detection limit was stated by the manufacturer to be ≈ 

3 pg/mL, with recovery rates of ≥ 80% of protein. Data was analysed by FACS Diva 

Software. Each sample was analysed in triplicate. 

4.3.13 PBMC viability assays  

The effect of enoxaparin fraction on cell viability after 72 hours of incubation was 

assessed using two methods, trypan blue dye exclusion assay and lactate 

dehydrogenase (LDH) release into culture supernatant. Both assays employed 

routinely used methods. Cytotoxicity of treatment was determined using the LDH in-

vitro toxicology assay kit (Sigma-Aldrich, NSW, Australia), according to the 

manufacturer’s instructions. Briefly, PBMC culture supernatants were centrifuged at 

250g for 4 minutes. An aliquot containing 50 μL of cleared supernatant was mixed 

with 100 μL of a solution containing LDH assay substrate, LDH dye and LDH 

cofactor and incubated at room temperature for 20 minutes before the reaction was 

terminated by the addition of 15 μL of 1 N hydrochloric acid. Absorbance at 490 nm 

was measured spectrophotometrically using a plate reader (Spectra Max M2 

microplate reader, Sunnyvale, CA). Each sample was measured in triplicate. 
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4.3.14 Nuclear magnetic resonance (NMR) analysis 

4.3.14.1 Saccharide information of enoxaparin fraction  

Samples for NMR analysis were prepared in 50 mM potassium phosphate buffer 

(KPO4) and 99.9% D2O. All experiments were carried out on a Bruker Avance III HD 

600 MHz spectrometer using a TCI triple-resonance cryogenically cooled probe with 

z-gradients all controlled by the software Topspin™ 3.2 (Bruker Corporation, MA, 

USA). Spectra were recorded at 25°C. Characterisation of fraction was performed at 

100 µM using 1D and 2D 
1
H spectroscopy (TOCSY 120 ms, COSY, ROESY 500 ms) 

and 2D 
13

C-
1
H spectroscopy (HSQC, HSQCTOCSY 120ms) with standard Bruker 

pulseprograms. 

4.3.14.2 Putative binding of enoxaparin fraction to PHA 

Saturation Transfer Difference-nuclear magnetic resonance spectroscopy (STD-NMR) 

was used to assess the potential binding of enoxaparin fraction to PHA by using the 

stddiffgp19.3 pulseprogram from the Bruker library, incorporating suppression of the 

residual water resonance with a Watergate sequence. The method was validated using 

a sample of bovine serum albumin (10 µM), tryptophan and glucose (100 µM) 

following previously published guidelines [201]. STD build-up curves were observed 

with saturation times of 0.5, 1.0, 2.0 and 5.0 seconds, respectively, with a range of 

shaped pulse power levels from 30-60 dB. An optimum saturation of 2 seconds was 

chosen from the steeper portion of the build-up curve, and 32 dB of saturation pulse 

power with an on-resonance excitation pulse at -1 ppm and off resonance at 30 ppm. 

128 transients were recorded in 8192 data points with a relaxation delay of 1.5 

seconds.  The interleaved spectra were processed and difference spectrum calculated 

using Topspin™ 3.2 incorporating the stdsplit macro function. The potential binding 
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of enoxaparin fraction to PHA was examined using a 500 µL sample of fraction (100 

µM) and PHA (5 µM) prepared in D2O buffered with 50 mM KPO4 at pH 7.0. The 

above experimental design was repeated over a range of saturation times from 0.5-5 

seconds at 32 dB saturation pulsepower with up to 2000 transients recorded. 

4.3.15 Statistical analysis 

Results are presented as mean ± standard deviation (SD) or as percentage change in 

the release of cytokines following different types of treatments, compared either to 

PHA, Con A or PMA only controls. Each donor blood sample was treated as control 

(cells + cell stimulant) as well as treatment (cells + cell stimulant + enoxaparin 

fractions). The statistical analysis was performed on the raw data using a total mean 

response from all the mean values of controls as well as treatments. Given the fewer 

number of observations, statistical significance were evaluated using non-parametric 

Wilcoxon-signed ranked test and Kruskal-Wallis test, where applicable. Mann-

Whitney U tests were then utilised to compare inter-group differences in place of 

Dunnett’s post-hoc analysis. A p-value of <0.05 was considered statistically 

significant. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Cytokine release  

The release of TNF-α from PBMCs of allergic asthmatics in the presence of different 

concentrations of PHA is shown in Figure 4.1. Concentration-dependent increase in 

the release of TNF-α was observed. The release of TNF-α was found to be 315.1, 

1099.0, 1465.8, 2337.8, 2852.7, 2925.4 and 2534.6 pg/mL at 1, 2.5, 5, 7.5, 10, 20 and 

40 μg/mL respectively. The concentration of PHA at 10 or 20 μg/mL was found to be 
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the most effective in releasing TNF-α from allergic asthmatic subjects. There was no 

statistical difference in the release of tested cytokine when 10 or 20 μg/ml of PHA 

was used. Therefore 10 μg/ml of PHA was used for subsequent experiments. The 

reduction of TNF-α levels at higher concentrations (40 μg/mL) is most likely due 

PHA-induced cell apoptosis which has been reported previously [159, 160]. We 

selected 72 hours as the incubation time period for all the experiments as previous 

studies has shown that 10 μg/mL of PHA is optimum to give an appropriate response 

for the cytokines of interest in 3-day cultures [202]. After 72 hour incubation with 

PHA, PBMCs from allergic asthmatic subjects released significantly higher levels of 

IL-4, IL-5, IL-13 and TNF-α than PBMCs of healthy controls (Figure 4.2A) with 

TNF-α showing the highest levels of 1652.6 pg/mL overall. The highest proportional 

change was observed for IL-5 in PBMCs from allergic asthmatic individuals, where 

its levels were increased by 98.7%.  
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Figure 4.1 Concentration-dependent effect of PHA on the release of TNF-α. PBMCs from 

allergic asthmatic subjects (n=2) were stimulated with various concentrations of PHA (1 to 40 

μg/mL) for 72 hours. Data is presented as mean ± SD. 

4.4.2 Separation of enoxaparin 

Beyond their well-established effect on blood-coagulation, LMWHs have been 

recognised for many other biological activities, including anti-inflammatory activity. 

Substantial evidence demonstrates that LMWHs could be effective for managing 

many inflammatory disorders including, asthma [41], ulcerative colitis [203] and 

lichen planus [204]. LMWHs have shown varying results, overall a clear benefit has 

been demonstrated, with enoxaparin being one of the most active LMWH [145, 146, 

205]. Intact enoxaparin has shown to inhibit the release of IL-4, IL-5, IL-13 and TNF-

α [190]. Nevertheless, the use of these complex macromolecules in inflammatory 

disorders is unlikely to progress because they harbour the inherent risk of bleeding 

complications due to their anticoagulant activities [161, 206]. To determine whether 
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the observed activity of intact LMWH is independent to its anticoagulant effect, 

enoxaparin was separated into different fractions with or without anticoagulant 

activity (Figure 4.2B-C). The approximate saccharide composition of each fraction 

ranging from two saccharide units (dp2; molecular weight ~600 Da) to 24 saccharides 

(dp24; molecular weight ~8000 Da) was previously determined using size-exclusion 

chromatography [105]. Each IC-derived enoxaparin fraction was collected, desalted 

and quantified. The concentration of NaCl in each desalted fraction of enoxaparin was 

found to be less <0.9% (w/v). This NaCl content was deemed acceptable since it is 

known that “normal” saline (0.9%, w/v, NaCl) is isotonic with body fluids and is used 

to dilute the fractions while performing the anti-factor Xa analysis and to wash the 

cultured cells during the determination of anti-inflammatory activity. Each fraction 

was tested for their effect on cytokine release from stimulated PBMCs of allergic 

asthmatic subjects. 

4.4.3 Effect of IC-derived enoxaparin fractions on cytokine release 

Since PHA induced the highest levels of TNF-α in the culture medium, this cytokine 

response was initially selected to test the effect of enoxaparin fractions in this cellular 

system. The isolated enoxaparin fractions modulated TNF-α release to different 

extents (Figure 4.2D). While the majority of fractions did not significantly change the 

levels of TNF-α, fractions 1 (disaccharide) and 4 (tetrasaccharide) significantly 

inhibited TNF-α release by 57.6 and 67.5% respectively. Interestingly, for the other 

two fractions (9 and 11) a trend towards increased TNF-α release was detected, which 

did not reach significance. To investigate the anti-inflammatory activity of enoxaparin 

in more detail we selected fractions 1 and 4 for further analysis.  
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Figure 4.2 Effect of enoxaparin 

fractions on ex-vivo cytokine release. 

(A) PHA-induced release of cytokines 

(logarithmic scale) from PBMCs of healthy 

(n=5) and allergic asthmatic (n=10) 

subjects. Each sample was analysed in 

triplicate and the data is presented as the 

average of five and ten individual samples 

for healthy and allergic asthmatic subjects, 

respectively. Data is presented as mean ± 

SD. (B) Ion-chromatographic (IC) 

separation of enoxaparin, fractionated 

using a CarboPac PA100 semi-preparative 

column; a 32-74% NaCl gradient over 70 

minutes; 2 mL/minute flow rate and a 

detection wavelength of 232 nm. The 

numbers indicate the area of all the 

fractions collected. Data represents a 

typical experiment out of five independent 

experiments. (C) Anticoagulant activity of 

IC-separated enoxaparin fractions. Data is 

presented as mean ± SD (n=3). 

Anticoagulant activity was observed from 

fraction 6 onwards. (D) Inhibition of TNF-α 

release by different fractions of 

enoxaparin. TNF-α was released by 

PBMCs of allergic asthmatic subjects 

(n=10) after ex-vivo stimulation with PHA. 

The relative percentile amount of each 

fraction (fraction 1 to 14) present in 500 

μg/mL of intact enoxaparin was: 9.18%, 

4.24%, 6.12%, 5.15%, 2.99%, 4.78%, 

20.32%, 11.4%, 10.53%, 7.35%, 5.98%, 

4.6%, 2.95% and 5.06% respectively. Data 

is presented as mean ± SD. ***p<0.001 

versus the PHA-stimulated control. 
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4.4.4 Effect of fractions 1 and 4 on cytokine release  

Using PBMCs from asthmatic subjects, the concentration dependent effects of 

fractions 1 and 4 were tested with regards to their inhibitory activity towards the 

release of IL-4, IL-5, IL-13 and TNF-α (Figure 4.3A-D). Both fractions significantly 

inhibited the release of all cytokines in a concentration-dependent manner. While 

fraction 1 showed maximal inhibition of cytokine release at 40 µg/mL, fraction 4 

maximally reduced cytokine release at 20 µg/mL. Higher concentrations of fraction 4 

did not result in a stronger inhibition. Instead a plateau of about 24-49% residual 

cytokine release compared to the PHA-stimulated control appeared to be the maximal 

possible level of inhibition by these fractions. Overall, inhibition by fraction 4 was 

greater than fraction 1, with maximum inhibition by 68.6%, 70.2%, 76.0% and 69.8% 

for IL-4, IL-5, IL-13 and TNF-α, respectively. The inhibitory effect of fraction 4 on 

TNF-α release in the presence of 20 µg/mL of PHA was also investigated and the 

percentage inhibition was found to be 67.14% which was not statistically significant 

to the observed inhibition seen with 10 µg/mL of PHA.  
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Figure 4.3 Concentration-dependent suppression of cytokine release by enoxaparin 

fractions. Inhibition of cytokine release by 0 to 40 µg/ml of enoxaparin fractions 1 and 4. 

Cytokines [IL-4 (A), IL-5 (B), IL-13 (C) and TNF- α (D)] were released by PBMCs of an 

allergic asthmatic subject (n=5) after ex-vivo stimulation with PHA. Data is presented as 

percentage of PHA-stimulated control. *p<0.05, **p<0.01 and ***p<0.001 versus PHA-

stimulated control. 
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The observed inhibition of cytokine release by the two enoxaparin fractions 1 and 4 

was comparable to the corticosteroid, fluticasone, one of the currently used agents in 

the management of asthma (Figure 4.4). There is evidence that the anti-inflammatory 

responses of heparins are known to be dependent on their chain lengths as well as 

sulfation pattern. For instance, it has been shown that the anti-proliferative activity 

exhibited by heparin requires oligosaccharide chains greater than six saccharides [90]. 

Moreover, O-sulfated heparin retains anti-proliferative activity and oversulfation at O-

positions enhances this activity [89, 91]. Similarly, the observed differences in the 

inhibition of tested cytokines by different fractions could possibly be due to various 

degree of polymerisation, where a minimum of two and a maximum of four 

saccharide units are required to bind cellular receptors and exhibit inhibitory effects. 

The difference in the observed inhibitory effects of fraction 1 and fraction 4 could be 

high degree of sulfonation especially at O-positions in fraction 4 resulting in enhanced 

inhibition of cytokine release.  
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Figure 4.4 Comparison between enoxaparin fractions and fluticasone. Inhibition of 

cytokine release in the presence of fraction 1 (40 μg/mL), fraction 4 (20 μg/mL) or fluticasone 

(0.5 ng/mL). Cytokines (IL-4, IL-5, IL-13 and TNF- α) were released by PBMCs of allergic 

asthmatic subjects (n=10) after stimulation with PHA (10 μg/mL). Data is presented as 

percentage of PHA only control. *p<0.05, **p<0.01 and ***p<0.001 versus PHA only control. 

4.4.5 Effect of fraction 4 on cellular viability and proliferation 

To rule out that the observed inhibition of PBMC activation by fraction 4 arose as a 

consequence of cytotoxic effects or changes in cellular proliferation, we assessed cell 

viability in the presence or absence of PHA and/or fraction 4 by detecting LDH 

release into the cell culture supernatant (Figure 4.5A). Fraction 4 did not induce any 

increase of extracellular LDH while PHA, as expected, showed significant toxicity. 

This toxicity was not affected by co-incubation of PHA with fraction 4 (Figure 4.5A). 
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Consistent with the LDH-release results, no signs of cytotoxicity were detected in the 

presence of fraction 4 alone when using trypan blue exclusion as the toxicity readout 

(Figure 4.5B). In this case, only mild signs of toxicity by PHA could be detected, 

which when combined with fraction 4 was no longer significantly different to 

unstimulated PBMCs. Based on cell counts, PHA was found to induce significant 

proliferation of PBMCs. Fraction 4, on the other hand, showed no effect on cell 

proliferation when compared to either PHA or untreated control (Figure 4.5C).  
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Figure 4.5 Effect of fraction 4 on cellular viability. (A) Viability of PBMCs is presented as 

mean % LDH release ± SD from allergic asthmatic subjects (n=3). Cells were incubated for 72 

hours in the presence of PHA, fraction 4 or PHA + fraction 4. *p<0.05 and **p<0.01 versus 

unstimulated control. (B) Viability of PBMCs from allergic asthmatic subjects (n=3) was 

determined by trypan blue dye exclusion test and is presented as % of viable cells remaining 

after 72 hours of incubation with PHA, PHA + fraction 4 or fraction 4 alone. Data is presented 

as mean ± SD. (C) Proliferation of PBMCs from allergic asthmatic subjects (n=3) was 

determined after 72 hours in the presence of PHA, fraction 4 alone or PHA + fraction 4. Cells 

were counted after incubation for 72 hours and expressed as million cells/mL. Data is 

presented as mean ± SD.  
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4.4.6 Time and target specificity of fraction 4 

To gain a better understanding of the inhibitory mechanism of the fraction 4 of 

enoxaparin we investigated the time dependency of this process. When the PBMCs 

were treated with fraction 4 at different times after PHA stimulation, the inhibitory 

effect was lost after 10 minutes (Figure 4.6A). Maximal inhibition of TNF-α release 

was only observed if fraction 4 was added concurrently with PHA or at most 1 minute 

after PHA stimulation (Figure 4.6A). On the other hand, when PBMCs were pre-

treated with fraction 4 up to 180 min before PHA stimulation, all time points showed 

effective inhibition of TNF-α release (Figure 4.6B).  

To understand if this inhibitory effect of fraction 4 was restricted to a specific 

form of stimulation or molecular target, three different modes of activation were 

tested (Figure 4.6C). Consistent with prior results, fraction 4 significantly inhibited 

the release of TNF-α after stimulation of PBMCs with PHA. Similarly, a significant 

inhibition of TNF-α release was also observed after stimulation of PBMCs with Con 

A in the presence of fraction 4 (Figure 4.6C). Interestingly, the inhibitory effect of 

fraction 4 on TNF-α release was found to be completely absent when PMA was used 

to stimulate the PBMCs (Figure 4.6C).  
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Figure 4.6 Time- and target-dependent inhibitory effect of fraction 4. Effect of fraction 4 

on TNF-α release by activated PBMCs of allergic asthmatic subjects (n=3). (A) Addition of 

fraction 4 at different time points after the addition of PHA and (B) addition of PHA at different 

time points after the addition of fraction 4. Data is presented as mean ± SD. *p<0.05 and 

***p<0.001 versus PHA only control. (C) Effect of fraction 4 on TNF-α release from activated 

PBMCs of allergic asthmatic subjects (n=3) after stimulation with either PHA (10 μg/mL), Con 

A (10 μg/mL) or PMA (5 ng/mL). Data is presented as mean ± SD. *p<0.05, **p<0.01 and 

***p<0.001 versus PHA or Con A or PMA only control respectively. 
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4.4.7 NMR analysis 

4.4.7.1 Saccharide information of fraction 4 

NMR analysis was performed to identify the number of saccharide units present in 

fraction 4 of enoxaparin. A 2D 
13

C-
1
H multiplicity edited HSQC of fraction 4 

specified the presence of four sugar units with single set of signals detected for each 

of the four sugar units (Figure 4.7). Therefore, fraction 4 of enoxaparin was confirmed 

to have a tetrasaccharide sequence.  

 

 

Figure 4.7 Saccharide Information of fraction 4. The 2D 
13

C-
1
H multiplicity edited HSQC 

spectrum for fraction 4. The blue contours represent signals from carbons with 1 or 3 attached 

protons and the cyan contours represent carbons with two attached protons, i.e. the CH2 

moieties of the two glucosamine units. This represents the presence of four sugar units with 

single sets of signals detected for each of the four sugar units and therefore, fraction 4 of 

enoxaparin was confirmed to have a tetrasaccharide sequence. 



Chapter Four 
 

111 
 

4.4.7.2 Lack of PHA binding to fraction 4  

PHA is known to bind complex polysaccharides as well as the T-cell receptor [207]. 

Therefore, using STD-NMR we examined if fraction 4 of enoxaparin could bind to 

PHA directly to rule out an experimental artefact. Since direct binding of the two 

molecules could impair the ability of PHA to bind and activate the T-cell receptor we 

needed to confirm that the observed inhibition of T-cell activation by fraction 4 was 

not due to this potential in-vitro artefact of our experimental cell system. In the 

absence of any available small-molecule as a putative PHA binder, the STD-NMR 

experiments were validated using bovine serum albumin, tryptophan and glucose as 

described previously. As anticipated, a clear saturation as seen in spectrum B, reveals 

binding of tryptophan to bovine serum albumin, while in the same spectrum, no 

saturation of the glucose component confirmed its lack of binding (Figure 4.8).   

 

Figure 4.8 Control data for Saturation Transfer Difference (STD) spectroscopy. Two 
1
H-

1D spectra are presented for a solution of bovine serum albumin, L-Tryptophan (Trp) and 

Glucose (Glc). Spectrum (A) is the reference spectrum with attenuation of residual solvent 
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using pre-saturation at the solvent frequency. Spectrum (B) is the STD spectrum calculated 

from the difference of two spectra with excitation off-resonance (30 ppm) and on resonance (-

1 ppm). The positive binding of Trp to BSA is indicated by the presence of signals that have 

obtained their excitation via the protein lattice. Glc does not bind and so does not register in 

the difference spectrum. 

Under identical experimental conditions, PHA did not bind fraction 4 since no 

saturation of this fraction was detected after excitation (Figure 4.9). Spectrum A 

shows fraction 4 resonances from the 
1
H-noespr1d experiment and spectrum B shows 

the only visible signals from excitation of PHA (Figure 4.9).  

 

Figure 4.9 NMR analysis elucidating lack of binding of fraction 4 to PHA. Two 
1
H-1D 

spectra are shown for the putative binding of fraction 4 to PHA. Spectrum (A) is the reference 

spectrum of fraction 4 and PHA obtained with suppression of residual solvent signal by pre-

saturation at the solvent frequency. Spectrum (B) is the STD difference spectrum calculated 

from spectra with an on-resonance pulse at -1 ppm and off-resonance pulse at 30 ppm. Only 

the baseline of PHA signals can be observed in this trace. No binding of fraction 4 can be 

detected. 
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Among the potential mechanisms that could account for the anti-inflammatory 

effect of heparins, their interaction with a broad range of bioactive molecules involved 

in the process of inflammation, such as cytokines, growth factors, adhesion 

molecules, tissue-destructive enzymes and cytotoxic mediators has been proposed 

[13]. However, the mode(s) of action behind the observed anti-inflammatory effect of 

various types of heparins in disorders like asthma is poorly understood. It was 

previously suggested that the anti-inflammatory activity of heparins could be 

dependent on the inactivation of nuclear factor-kappa B, the inhibition of 1,4,5-

inositol triphosphate-induced signalling or interaction with the CD11b receptor [40, 

74, 146]. Here we describe for the first time, another mechanism by which enoxaparin 

fractions can inhibit a PBMC-mediated inflammatory response induced by receptor-

activating ligands, such as PHA or Con A [208, 209]. Since the lectins, PHA and Con 

A are known to bind the CD3- and CD28-T cell receptor complex, as well as 

polysaccharides, the anti-inflammatory effects we observed by enoxaparin fractions 

could be a result of either: i) saturating the polysaccharide binding site of PHA and 

thereby blocking its binding to the T-cell receptor; ii) binding and blocking the PHA-

binding site on the T-cell receptor; or iii) binding to an allosteric binding site on the 

T-cell receptor which prevents T-cell receptor activation. Since the NMR analysis 

demonstrated that the enoxaparin fraction 4 does not bind to PHA, a specific or 

allosteric binding to cellular receptor(s) complex is likely. This hypothesis is 

supported by our observation that the enoxaparin fraction 4 was unable to prevent the 

inflammatory response when PBMCs were stimulated with PMA, which activates 

protein kinase C (PKC) downstream of the T-cell receptor [210]. Finally, the general 

binding between cell surface T-cell receptors and PHA or Con A occurs rapidly after 

co-incubation [211]. For maximum activation and subsequent proliferation it has been 
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shown that the antigen receptor has to be engaged for at least 2 hours [211, 212] but a 

variety of immediate early genes such as interferon-gamma are induced after 30 

minutes [213]. Based on the time-dependent inhibition of T-cell activation observed, 

our results strongly suggest that the potential mechanism by which enoxaparin 

fractions suppress the inflammatory response is by directly interacting with cell 

surface receptors and is covering different signalling pathways since both interleukins 

and TNF-α are supressed. It remains to be seen if this suppression is limited to 

activation through plant lectins or is extended to antigen-specific activation of the T 

cell receptor. The identification of specific unmodified enoxaparin fractions paves the 

way to map the specific binding site(s) involved in future studies. 

4.4.8 Effect of desulfated fraction 4 on cytokine release  

Since enoxaparin oligosaccharides are enriched with sulfate groups that are thought to 

be important for its anti-inflammatory activity, we examined the influence of sulfate 

groups by testing fraction 4 after desulfation of specific moieties with regards to their 

influence on the suppression of TNF-α release (Figure 4.10). It was observed that the 

inhibitory effect of fraction 4 was significantly reduced after complete and 6-O-

desulfation of the fraction while N- and 2-O/3-O-desulfated fraction had no significant 

influence on the release of TNF-α. The inhibitory effect on the release of TNF-α after 

6-O-desulfation was found to be reduced by more than 95%.  
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Figure 4.10 Effect of desulfation on anti-inflammatory activity of fraction 4. PBMCs of 

allergic asthmatic subjects (n=3) were stimulated with PHA in the presence of either 

completely desulfated, N-desulfated, 2-O/3-O-desulfated or 6-O-desulfated fraction 4 of 

enoxaparin. Data is presented as mean ± SD. *p<0.05, **p<0.01 and ***p<0.001. 

To avoid such risk associated with the intact LMWHs, a range of attempts have 

been made to separate non-anticoagulant and anticoagulant fractions of 

oligosaccharides. One available approach is to chemically or enzymatically 

depolymerise the parent LMWH. However, depolymerisation can result in a structural 

modification of oligosaccharides, with a loss of biological activities exhibited by the 

parent molecules [115, 174]. For example, some oligosaccharides of LMWHs are 

heat-sensitive and can undergo chemical modification, especially removal of 

important sulfate groups, during the elevated temperatures of the depolymerisation 

process [116]. Furthermore, the presence and location of specific sulfate groups is 

critical to elicit anti-inflammatory effects (Figure 4.11) [49, 214-219]. For instance, 

sulfate groups at the 6-O position are essential for inhibiting leukocyte adhesion while 

sulfate groups at the 2-O/3-O and N positions are required for the inhibition of 
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chemotaxis or proliferation [49, 214, 216]. Therefore, the loss of any of these sulfate 

groups as a result of depolymerisation will impair a specific aspect of the anti-

inflammatory response exhibited by the parent LMWH. Consequently, the protocol 

for separation, isolation and purification of oligosaccharide fractions from intact 

LMWH, as described here, represents a major step towards the identification of a sub-

fraction that retains full anti-inflammatory activity of the parent molecule [190]. Our 

results demonstrate for the first time the requirement of 6-O sulfate groups for the 

suppression of PBMC activation while, removal of 2-O/3-O- and N-sulfate groups had 

little effect. Although selective desulfation procedures were performed using well 

established and validated analytical methods, a major limitation of the current study is 

that we did not investigate and confirmed the integrity of the desulfated fraction of 

enoxaparin. 

 

Figure 4.11 Schematic representation of the different sulfate groups required to elicit 

various anti-inflammatory responses. 
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4.6 CONCLUSION 

In summary, the two identified fractions responsible for the anti-inflammatory effect 

of enoxaparin are composed of two and four saccharides. Therefore, the structure of 

these fractions eliminate the potential risk of bleeding as a minimum chain length of 

five saccharide residues (pentasaccharide) is required for the anticoagulant effect. 

Given the wide range of inflammatory mediators involved in the pathogenesis of 

asthma, supressing the release of multiple cytokines, as seen with the identified 

fractions, could provide significant clinical benefits. However, using more specific 

cellular models such as purified T-cells, anti-CD3/CD28 or intracellular staining of T 

cells, further work is required to determine whether enoxaparin fractions: i) act 

directly on T cell receptors and thereby, inhibit the release of T cell mediated 

cytokines and ii) retains the anti-inflammatory effect when an allergen other than 

PHA or Con A is used as a stimuli for the activation of T cells. The preliminary 

results obtained in the current ex-vivo study need to be confirmed by using pre-clinical 

in-vivo studies to determine dose-response relationships and to evaluate different 

formulation strategies. Due to their hydrophilicity and high molecular weight, 

intestinal absorption is likely to be very low. However, with respect to their use in 

asthma, a formulation for inhalation would not only deliver the fraction directly and 

selectively to its site of action, but it would also avoid systemic exposure to the drug, 

which overall makes this route of administration highly preferable. 
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In-Vitro Suppression of IL-6 and IL-8 Release from Human Pulmonary 

Epithelial Cells by Non-Anticoagulant Fraction of Enoxaparin  

5.1 ABSTRACT  

Background: Enoxaparin, a mixture of anticoagulant and non-anticoagulant fractions, 

is widely used as an anticoagulant agent. However, it is also reported to possess anti-

inflammatory properties. Our study indicated that enoxaparin inhibits the release of 

IL-6 and IL-8 from A549 pulmonary epithelial cells. Their release causes extensive 

lung tissue damage. The use of enoxaparin as an anti-inflammatory agent is hampered 

due to the risk of bleeding associated with its anticoagulant fractions. Therefore, we 

aimed to identify the fraction responsible for the observed anti-inflammatory effect of 

enoxaparin and to determine the relationship between its structure and biological 

activities.  

Methods: A549 pulmonary epithelial cells were pre-treated in the presence of 

enoxaparin and its fractions. The levels of IL-6 and IL-8 released from the trypsin-

stimulated cells were measured by ELISA. The anticoagulant activity of the fraction 

responsible for the effect of enoxaparin was determined using an anti-factor-Xa assay. 

The fraction was structurally characterised using nuclear magnetic resonance. The 

fraction was 2-O, 6-O or N-desulfated to determine the position of sulfate groups 

required for the inhibition of interleukins. High-performance size-exclusion 

chromatography was performed to rule out that the observed effect was due to the 

interaction between the fraction and trypsin or interleukins.  

Results: Enoxaparin (60μg/mL) inhibited the release of IL-6 and IL-8 by >30%. The 

fraction responsible for this effect of enoxaparin was found to be a disaccharide 
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composed of α-L-iduronic-acid and α-D-glucosamine-6-sulfate. It (15μg/mL) 

inhibited the release of interleukins by >70%. The 6-O sulphate groups were 

responsible for its anti-inflammatory effect. The fraction did not bind to trypsin or 

interleukins, suggesting the effect was not due to an artefact of the experimental 

model. 

Conclusion: The identified disaccharide has no anticoagulant activity and therefore 

eliminates the risk of bleeding associated with enoxaparin. Future in-vivo studies 

should be designed to validate findings of the current study. 

5.2 INTRODUCTION 

Asthma, a respiratory inflammatory disorder, affects millions of people around the 

world and its prevalence has increased markedly in recent years [144]. The 

pathogenesis of asthma is complex, involving different cell types, such as T-cells, 

neutrophils, mast cells, eosinophils, macrophages and epithelial cells of the lung 

[220]. Epithelial cells and macrophages act as the first-line of defence before the 

migration and recruitment of other types of inflammatory cells into the lungs upon 

exposure to various foreign particles, including allergens [221, 222]. Among various 

pro-inflammatory mediators, interleukin (IL)-6 and IL-8 are released by the 

pulmonary epithelial cells in response to their damage or stress caused by a variety of 

foreign particles [223]. IL-6 is a pro-inflammatory cytokine and its involvement in 

various immuno-regulatory effects, such as increased IL-4 production during Th2 

differentiation, increased Th17 differentiation, decreased Th1 differentiation and 

increased IL-4 dependent synthesis of immunoglobulins, causes further damage to the 

lungs [224, 225]. IL-8, a potent chemotactic agent, facilitates the migration of 
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neutrophils and T-cells, and priming of eosinophils [226]. These immune cells can 

then cause extensive tissue damage and prolong the inflammatory phase.  

Corticosteroids are currently used as first line agents for the treatment of 

asthma and are effective in supressing the release of various inflammatory mediators 

involved in the pathogenesis of disease. However, they are associated with severe side 

effects, especially with their long-term use in children, and there has been a consistent 

rise in the prevalence of difficult to treat corticosteroid-resistant asthma [143, 227]. 

More recently, monoclonal antibodies have been developed to treat various 

immunological disorders, including asthma. For example, omalizumab, a humanised 

monoclonal-immunoglobulin specific antibody, is the only biological approved for the 

treatment of severe, uncontrolled and steroid-resistant asthma. However, apart from 

its high cost and inconvenient route of administration, it is associated with serious 

side effects, such as anaphylactic reactions as well as occurrence of cardiovascular 

and cerebrovascular adverse effects [196, 228]. Therefore, there is a need for the 

development of novel therapeutic modalities for management of asthma.  

Enoxaparin, a well-known anticoagulant drug, has recently attracted much 

research interest for its anti-inflammatory properties. This low-molecular-weight 

heparin (LMWH) belongs to the family of glycosaminoglycans and is composed of 

various fractions, also known as oligosaccharides, of unfractionated heparin (UFH) 

[131]. Although enoxaparin is commonly used for the prophylaxis of deep vein 

thrombosis [229], clinical studies have implicated its usefulness for the management 

of various inflammatory conditions, including asthma [36, 41, 166]. Like UFH and 

other LMWHs, enoxaparin is also composed of a mixture of anticoagulant and non-

anticoagulant oligosaccharides [153]. Unfortunately, given the increased risk of 
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bleeding associated with anticoagulant oligosaccharides of enoxaparin, its use is not 

indicated for the management of inflammatory disorders [230]. However, clinical 

studies have indirectly indicated that the observed anti-inflammatory effects of 

heparins (UFH and LMWHs) are because of the presence of non-anticoagulant 

oligosaccharides and, hence, independent of their anticoagulant effect [12, 147]. One 

potential way to avoid the bleeding complications associated with heparins when used 

for the management of inflammatory conditions is to identify the non-anticoagulant 

oligosaccharides responsible for their anti-inflammatory effects. The current approach 

to obtain the oligosaccharides is to perform depolymerisation of heparins by chemical 

or enzymatic methods. However, a chemical or enzymatic depolymerisation results in 

the structural modification of oligosaccharides and it has been demonstrated that 

certain biological functions of the parent heparin could indeed be removed by the 

depolymerisation process [115, 173, 174]. Some oligosaccharides in heparins are heat 

sensitive and can undergo chemical modification, especially desulfation, with the 

elevated temperatures of the depolymerisation process [116]. An oligosaccharide’s 

sulfation pattern is a key determinant for its anti-inflammatory properties. 

Depolymerisation can also be performed through a freeze-drying process; however, 

freeze-drying results in physical changes of some oligosaccharides within the heparin 

molecule [117].  

An alternative approach is to separate, isolate and identify the non-

anticoagulant oligosaccharides of heparins without their prior chemical or enzymatic 

digestion. However, a major limitation in the separation of heparins is the lack of a 

high resolution technique as they are highly negatively charged and structurally 

complicated compounds [113, 118]. Nevertheless, we have recently developed a novel 

ion-exchange chromatographic (IC) technique that can effectively separate the 
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anticoagulant and non-anticoagulant oligosaccharides of enoxaparin without their 

structural modification [105]. Since our study indicated that enoxaparin can inhibit the 

release of two key pro-inflammatory mediators involved in the pathogenesis of 

asthma (IL-6 and IL-8), we first identified the IC-derived fraction responsible for the 

observed inhibitory effect of enoxaparin and then characterised its structure, as well as 

determined the specific position of sulfate groups required for the inhibition of IL-6 

and IL-8 release.   

5.3 MATERIALS AND METHODS 

5.3.1 Materials 

A549 human pulmonary epithelial cell line was purchased from the American Type 

Culture Collection (Manassas, VA, USA). Enoxaparin was obtained from Aventis 

Pharma Ltd. (NSW, Australia). UFH was purchased from Hospira Pty. Ltd. (Victoria, 

Australia). Sodium chloride, tetrahydrofuran, sodium hydroxide, N-methyl-N-

(trimethylsilyl) trifluroacetamide, methanol, acetic acid, Ham’s F12K medium, 

antibiotics (penicillin G and streptomycin), trypsin-ethylenediaminetetraacetic acid 

(EDTA), trypsin, thrombin, enzyme-linked immunosorbent assay (ELISA) kits for IL-

6 and IL-8, trypan blue exclusion assay kit, lactate dehydrogenase (LDH) activity 

assay kit, and potassium phosphate monobasic and dibasic were purchased from 

Sigma-Aldrich (Castle Hill, NSW, Australia). Fetal bovine serum, IL-6 and IL-8 

recombinant human proteins were obtained from Invitrogen (Grand Island, NY, 

USA). Deuterium oxide (D2O) was purchased from Cambridge Isotope Laboratories 

(Andover, MA, USA). 
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5.3.2 Human pulmonary epithelial cell (A549) culture 

For initial growth, the A549 cells were cultured in 75 cm
2 

tissue culture flasks 

(Corning, NL, Mexico) and grown to confluence in complete medium [Ham’s F-12 

Kaighn’s Modification medium supplemented with 10% fetal bovine serum, 2 mM L-

glutamine and 100 μg/mL antibiotics (penicillin G and streptomycin)] and incubated 

at 37°C in a humidified 5% CO2 atmosphere as described previously [231].  

5.3.3 Preparation of stock solutions 

Stock solutions of enoxaparin at 1 mg/mL were prepared in serum free medium 

(Ham’s F12K) and filter sterilized through 0.2 µm pore size syringe filters (Pall Life 

Sciences, Victoria, Australia). Other stock solutions were prepared accordingly: 1.0 

μg/mL trypsin (A549 human pulmonary epithelial cell stimulant) in Ham’s F12K, 

stored at -20 °C. 

5.3.4 Preparation of epithelial cell culture supernatants 

At confluence, the cells were detached from the flasks using trypsin-EDTA solution 

and re-seeded in 24-well cell culture plates at a density of 1 × 10
5 

cells/well. The cells 

were incubated for 24 hours and grown to confluency in serum free medium. After 

reaching confluency, the cells were exposed to 0.003 μg/mL of trypsin in the presence 

of either Ham’s F12K medium (negative control) or different concentrations (5, 10, 

20, 40, 60, 80 and 100 μg/mL) of enoxaparin. After 24 hours of incubation (37°C, 

humidified 5% CO2 atmosphere), cultures were centrifuged, and supernatants were 

removed and analysed for the levels of IL-6 and IL-8 using ELISA. 

 

 



Chapter Five 
 

124 
 

5.3.5 Analysis of IL-6 and IL-8 in epithelial cell supernatants 

ELISA kits specific for the measurement of human IL-6 and IL-8 (pre-coated with 

capture antibody) were prepared as per manufacturer’s recommendations. Briefly, a 

known volume of standards and culture supernatants (100 μL and 50 μL for IL-6 and 

IL-8, respectively) was added to the pre-coated wells. Further, 50 µL/well of 

biotinylated detection antibody was added to each plate and incubated for 2 hours at 

room temperature and washed 5 times. Next, 100 µL/well of standard horseradish 

peroxidase conjugated streptavidin (a commonly used enzyme to modify substrate 

resulting in colour development) was added to each well and incubated for 30 minutes 

at room temperature in the dark. Plates were again washed 5 times and 100 µL/well of 

stabilised chromogen was added to each well. Plates were then allowed to stand in the 

dark for 30 minutes and the reaction was quenched using 100 µL/well of stop solution 

(1N hydrochloric acid). Measurement of the optical density was performed using a 

plate reader (Spectra Max M2 microplate reader, Sunnyvale, CA) at 450 nm. Each 

epithelial cell treatment was performed in triplicate and supernatants of each treatment 

were analysed in duplicate.  

5.3.6 Viability and cytotoxicity studies of enoxaparin on epithelial cells  

The effect of enoxaparin at maximal inhibitory concentration on either cellular 

viability of A549 cells or its cytotoxic effect on cells after 24 hours of incubation was 

assessed using two routinely used methods. The viability of cells was determined by 

the trypan blue exclusion.  The cytotoxicity of enoxaparin treatment was determined 

using the LDH in-vitro toxicology assay, as described before [149]. Briefly, the 

culture supernatants were centrifuged at 250g for 4 minutes. An aliquot of either 

blank (complete medium) or control (epithelial cells only) cells treated with trypsin or 



Chapter Five 
 

125 
 

co-incubated with enoxaparin, was mixed with an aliquot of solution containing LDH 

assay mixture (LDH substrate, LDH dye and LDH cofactor). The mixture was 

incubated at room temperature for 20-30 minutes and the reaction was quenched by 

the addition of 1 N hydrochloric acid (15 μL). The absorbance was measured 

spectrophotometrically using a plate reader (Spectra Max M2 microplate reader, 

Sunnyvale, CA) at a wavelength of 490 nm. Each sample was prepared and analysed 

in triplicate.  

5.3.7 Separation of enoxaparin 

The chromatographic separation of enoxaparin was carried out using a previously 

described ion-exchange chromatography (IC) technique [105] with minor 

modifications. Separations were performed on a biocompatible  chromatography 

system (Thermo Fisher Scientific, NSW, Australia) using a semi-preparative Dionex 

CarboPac PA100 (250 mm, 9 mm ID, 8.5 µm) strong anion-exchange column 

(Thermo Fisher Scientific, NSW, Australia). The chromatography system consisted of 

a HPG-3400RS binary separation pump, WPD-3000RS auto-sampler, TCC-3000RS 

column thermal compartment and UV-3000RS detector. The column thermal 

compartment was set at a temperature of 40°C and UV detection was performed at 

232 nm. An injection volume of 250 µL was chosen for this work, which allowed 10 

mg of enoxaparin to be loaded onto the column for each injection, and a total flow 

rate of 2.0 mL/minute was maintained throughout. Instrument control and data 

acquisition was performed using Chromeleon® software. The mobile phases were 

composed of Milli-Q water (A) and 2 M NaCl (B). The 2 M NaCl stock solution was 

prepared by mixing NaCl and Milli-Q water and the solution was filtered and 

degassed off-line. The optimised NaCl eluent gradient (mobile phase B) was from 32 
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to 74% over 0 to 70 minutes. The 14 fractions of enoxaparin were collected in 

centrifuge tubes over the elution period between 29 to 65 minutes. The collected 

fractions containing NaCl (0.64-1.48 M) were then subjected to desalting procedures.   

5.3.8 Desalting of enoxaparin fractions 

The IC-derived fractions of enoxaparin were desalted as described previously [105] 

with minor modifications. Each fraction was concentrated on a miVac DNA 

centrifugal concentrator (Genevac Ltd, Suffolk, UK) at 40°C. The concentrated 

solutions containing NaCl and enoxaparin fractions were desalted using PD MidiTrap 

G-10 columns (GE Healthcare Life Sciences, Uppsala, Sweden) having desalting 

capacity of more than 95%. The recovery of each fraction was determined by 

reanalysing the desalted fractions using IC under the same chromatographic 

conditions as described above. The concentration of each fraction was calculated 

using the differences in the peak areas of the desalted fraction and enoxaparin fraction 

eluted at the same time.  

The stock solution (1 mg/mL) of each fraction was prepared in serum-free 

Ham’s F12K medium. The fractions were tested for their effects on the release of IL-6 

and IL-8 from stimulated human pulmonary epithelial cells, as described above. 

Anticoagulant activity of the fraction responsible for the inhibitory effect of 

enoxaparin was determined using an anti-factor Xa assay. Its structural 

characterisation was then carried out using a nuclear magnetic resonance (NMR) 

technique.  
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5.3.9 NMR analysis of enoxaparin fraction 

The identified fraction was dissolved in potassium phosphate buffer at pH 7.0 

prepared in 99.9% D2O.  All data were acquired with a Bruker AVANCE III HD 4-

channel spectrometer with a 5mm triple resonance cryogenically cooled probe.  

Sample temperature was regulated at 298K and spectrometer field frequency was 

600.07 MHz and 150.88 MHz for 
1
H and 

13
C nuclei, respectively. Data acquisition 

and processing were executed within Topspin™ 3.2 software (Bruker Corporation, 

MA, USA). All chemical shifts are referenced indirectly to DSS (NMR standard) at 

0.0 ppm in 
1
H and 

13
C. The experiments conducted and their relevant acquisition and 

processing details are as follows: 
1
H-1D (“noesgppr1d”) with presaturation of residual 

solvent resonance, acquired with 64K datapoints in 8 transients, spectral width of 10 

ppm and a relaxation delay of 4 seconds. Raw data was processed with an exponential 

apodisation with a line-broadening factor of 0.3 Hz prior to Fourier transformation; 

13
C-1D (“zgpg30”) with proton decoupling acquired with 64K datapoints in 20,000 

transients, spectral width of 200 ppm and relaxation delay of 2 seconds. Raw data was 

processed with an exponential apodisation with a line-broadening factor of 1.0 Hz 

prior to Fourier transformation; 
1
H-

13
C-HSQC (“hsqcedetgpsisp2.2”) with multiplicity 

editing acquired with 2048 × 64 datapoints, 2 transients per 2D increment, spectral 

widths of 10 ppm and 165 ppm for 
1
H and 

13
C dimensions, respectively, and a 

relaxation delay of 1.5 seconds.  Data were processed with zero filling in both 

dimensions and a squared sine apodisation (SSB=2) to a resultant matrix of 4096 × 

1024 datapoints; 
1
H-

13
C-HMBC (“hmbcgpl2ndqf”) acquired with 2048 × 128 

datapoints, 16 transients per 2D increment, spectral widths of 10 ppm and 200 ppm 

for 
1
H and 

13
C dimensions, respectively, and a relaxation delay of 1.5 seconds.  Data 

were processed with zero filling in both dimensions and a squared sine apodisation 
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(SSB=2) to a resultant matrix of 4096 × 1024 datapoints; 
1
H-

13
C-HSQCTOCSY 

(“hsqcetgpml”) acquired with 2048 × 256 datapoints, 32 transients per 2D increment, 

spectral widths of 10 ppm and 165 ppm for 
1
H and 

13
C dimensions, respectively, 

TOCSY mixing time of 120 milliseconds and a relaxation delay of 1.5 seconds.  Data 

were processed with zero filling in both dimensions and a squared sine apodisation 

(SSB=2) to a resultant matrix of 4096 × 1024 datapoints. 

5.3.10 Desulfation of enoxaparin fraction 

5.3.10.1 Selective 2-O desulfation 

Selective 2-O-desulfation of identified fraction was performed using a previously 

described method [151].  Briefly, a solution containing 8 mg/mL of fraction was 

dissolved in 200 μL of 0.1 M sodium hydroxide. The mixture was then frozen and 

lyophilised. The residues were dissolved in 0.5 mL of Milli-Q water and acetic acid 

was added to adjust the pH of the mixture to 8.0. The mixture was evaporated to 

dryness and precipitated using 80% v/v of anhydrous methanol, followed by 

centrifugation at 3000 rpm for 10 minutes. The supernatant was carefully discarded 

and samples were kept at 4°C overnight. Any traces of methanol were removed using 

a miVac DNA centrifugal concentrator and the remaining precipitants were dissolved 

in 4 mL Milli-Q water to obtain 2-O-desulfated fraction of enoxaparin. 

5.3.10.2 N-desulfation  

A solution containing 8 mg/mL of enoxaparin fraction was mixed with 650 µL of 

tetrahydrofuran and 50 µL of Milli-Q water and incubated for 30 minutes at 50°C for 

partial N-desulfation, as described previously [151] with minor modifications. The 

solution was neutralised using 0.1 M sodium hydroxide. The resulting mixture was 
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evaporated to dryness and precipitated by the addition of anhydrous methanol as 

described above and dissolved in 4 mL Milli-Q water. 

5.3.10.3 Selective 6-O-desulfation  

Selective 6-O-desulfation of enoxaparin fraction was performed as previously 

described [151]. Briefly, 8 mg/mL of the fraction was mixed with 1 mL of solvent 

(tetrahydrofuran) and 1 mL of silylating agent (N-methyl-N-(trimethylsilyl) 

trifluroacetamide). The solution was incubated for 9 hours at 50°C. The resulting 

mixture was evaporated to dryness and precipitated by the addition of anhydrous 

methanol as described above and the precipitants were dissolved in 4 mL Milli-Q 

water.  

After desulfation, free sulfate groups were removed using a 600Da cut-off 

filter (Millipore, NSW, Australia) at 15000 rpm for 10 minutes. The concentrated 

supernatant was dissolved in 1 mL of Milli-Q water for further use. Each selectively 

desulfated enoxaparin sample was tested for its effect on the release of IL-6 and IL-8 

from stimulated human pulmonary epithelial cells. Each sample was prepared and 

analysed in triplicate.  

5.3.11 Binding of proteins to the identified fraction  

5.3.11.1 High-performance size-exclusion chromatography (HP-SEC) 

instrumentation 

The putative binding of the identified fraction to either trypsin or ILs was determined 

by HP-SEC. The HP-SEC system (Thermo Fisher Scientific, NSW, Australia) 

consisted of a HPG-3400RS binary separation pump and a WPS-3000TRS auto-

sampler. The system was connected to Corona Ultra RS charged aerosol detector (C-
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CAD; Thermo Fisher Scientific, NSW, Australia). C-CAD was used as per the 

manufacturer’s recommended settings of 35±0.2 psi for the nitrogen gas flow at 30°C 

nebuliser temperature. An injection volume of 10 µL and a total flow rate of 1.0 

mL/minute were maintained. Instrument control and data acquisition were performed 

using Chromeleon® software. 

5.3.11.2 HP-SEC analysis 

HP-SEC analysis was performed using two HP-SEC columns coupled in series; a 

Superdex™ peptide 10/300 GL (300 × 10 mm) and a Superdex™ 75 10/300 GL (300 

× 10 mm) column (GE Healthcare Life Sciences, Uppsala, Sweden) were used for this 

purpose. Isocratic elution of the tested analytes was performed with a mobile phase 

containing 100 mM ammonium acetate (pH 6.0) as eluent. The method was validated 

by investigating the intra- (n=6) and inter-day (five consecutive days; n=30) precision 

using peak areas of 10 µM of UFH, thrombin, trypsin, IL-6 or IL-8 or 100 µM of 

identified fraction. Mean intra- and inter-day accuracy was also determined and 

calculated as (observed concentration-expected concentration)/expected concentration 

× 100). Mean inter-day peak retention time for each of the analytes was also 

determined. The peak area and retention time of the analytes were determined using 

Cobra™ integration wizard software.  

5.3.11.3 Sample preparation for HP-SEC analysis  

A stock solution containing 20µM of UFH, thrombin, trypsin, IL-6 or IL-8 or 1000 

µM of identified fraction was prepared in potassium phosphate buffer. The stock 

solutions of thrombin, trypsin, IL-6 or IL-8 was diluted in ammonium acetate to 

obtain the concentration of 10 µM. The stock solution of UFH or identified fraction 



Chapter Five 
 

131 
 

was diluted in Milli-Q water to obtain the concentration of 10 or 500 µM. Each 

sample was prepared and analysed in triplicate. 

5.3.12 Statistical analysis 

Data are presented as mean ± standard deviation (SD) or as percentage change in the 

release of IL-6 and IL-8 following different types of treatments compared to trypsin-

stimulated controls. Statistical analysis was performed using GraphPad Prism (version 

6, GraphPad Software Inc, CA, USA), and significance was evaluated using 

independent sample or paired Student’s t-test, and one way analysis of variance 

(ANOVA), where applicable, followed by Dunnett’s multiple comparison test. A p-

value of <0.05 was considered statistically significant. 

5.4 RESULTS AND DISCUSSION 

5.4.1 Release of IL-6 and IL-8 

The calibration curves used for the measurement of IL-6 and IL-8 were generated 

using seven recommended concentrations of respective IL standards. The linearity, 

estimated by correlation coefficient (r
2
), was greater than 0.988. The levels (pg/mL) of 

IL-6 and IL-8 measured 24 hours after trypsin-induced stimulation of A549 epithelial 

cells are shown in Figure 5.1. The baseline levels of IL-6 and IL-8 were 42 and 26 

pg/mL, respectively. In the presence of trypsin, the levels of IL-6 and IL-8 were 

increased to 800 pg/mL and 2900 pg/mL (p<0.0001). In the current study, trypsin was 

used to activate the lung epithelial cells because it can induce the stimulation of 

proteinase-activated receptors (PAR) expressed by human alveolar as well as 

bronchial epithelial cell lines [232]. Recent in-vivo studies have shown that 

endogenous trypsin (mainly located in the lung) induced activation of PAR in human 
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lung epithelial cells releases IL-6 and IL-8, resulting in the progressive loss of lung 

functions [233]. 

 

Figure 5.1 In-vitro interleukin release. Trypsin-induced release of IL-6 and IL-8 from the 

epithelial cell culture supernatants.  Data is presented as mean ± SD. 

5.4.2 Effect of enoxaparin on IL-6 and IL-8 release   

As IL-6 and IL-8 are likely to be a potential target for new treatment modalities for 

this important disease, their release from the lung epithelial cells was determined in 

the presence or absence of enoxaparin. It inhibited the release of IL-6 and IL-8 in a 

concentration dependent manner (Figure 5.2A and 5.2B). Compared to control 

samples, the levels of tested ILs were not statistically different in the presence of 5 

and 10 µg/mL of enoxaparin (p>0.1466). The maximum inhibition was observed at 60 

μg/mL where the release of IL-6 and IL-8 was inhibited by 31% and 37%, 

respectively (p<0.0001). A further increase in the concentration of intact enoxaparin 

did not result in greater inhibition of IL release. LMWHs have been reported to inhibit 

the release of various inflammatory cytokines, including IL-4, IL-5, IL-13 and tumour 
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necrosis factor-alpha [145, 190, 234]. However, the current study for the first time 

demonstrated that enoxaparin can significantly inhibit the release of IL-6 and IL-8 

from the stimulated lung epithelial cells.  

 

Figure 5.2 Concentration-dependent effect of enoxaparin on interleukin release. Effect 

of different concentration of enoxaparin on the release of IL-6 (A) and IL-8 (B) following 

trypsin-induced in-vitro stimulation epithelial cells. Data is presented as percentage (mean ± 

SD) of the maximal observed IL-6 and IL-8 concentrations. *p<0.05, and ***p<0.001 versus 

trypsin-stimulated control. 
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5.4.3 Effect of enoxaparin on cell viability and proliferation  

To rule out that the observed inhibitory effect was because of enoxaparin-induced 

cytotoxicity or inhibition of cell proliferation, the cell viability and proliferation 

assays were performed in the presence or absence of intact enoxaparin. The 

concentration of 60 μg/mL of intact enoxaparin was selected to determine its effect on 

the viability and proliferation of A549 human pulmonary epithelial cells. After 24 

hours of incubation, 60 μg/mL of enoxaparin did not reduce the viability of epithelial 

cells compared to the control. Similarly, no effect on the number of cells 

(proliferation) was observed after the addition of 60 μg/mL of enoxaparin compared 

to the control (Figure 5.3A and 5.3B). Additionally, enoxaparin did not induce 

cellular toxicity since it was not found to increase the release of LDH in epithelial cell 

culture supernatants (Figure 5.3C). These results indicated that the suppression of IL-

6 or IL-8 release by enoxaparin was not related to its cytotoxic effect or changes in 

cellular proliferation. 
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Figure 5.3 Effect of enoxaparin on 

cellular viability and proliferation. (A) 

Viability of epithelial cells was determined 

by trypan blue dye exclusion test and is 

presented as % of viable cells remaining 

after 24 hours of incubation with trypsin, 

enoxaparin or trypsin + enoxaparin. Data 

is presented as mean ± SD. (B) 

Proliferation of epithelial cells was 

determined after 24 hours in the presence 

of trypsin, enoxaparin or trypsin + 

enoxaparin. Cells were counted after 

incubation for 24 hours and expressed as 

10
5
 cells/mL. Data is presented as mean ± 

SD. *p<0.05 versus unstimulated control. 

(C) Viability of epithelial cells is presented 

as mean % LDH release ± SD. Cells were 

incubated for 24 hours in the presence of 

trypsin, enoxaparin or trypsin + 

enoxaparin.  
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5.4.4 Effect of enoxaparin fractions on IL-6 and IL-8 release  

Enoxaparin is a mixture of structurally complicated and unidentified fractions. It has 

been suggested that different fractions of enoxaparin have different biological 

activities. For example, the pentasaccharide sequence (5 saccharides) of enoxaparin is 

required for its anticoagulant effect [235].  On the other hand, hexasaccharides (6 

saccharides) of enoxaparin are effective in inhibiting the macrophage-induced release 

of nitric oxide [105].  Therefore, to find out the fraction(s) responsible for the 

observed inhibitory effect of the parent compound, enoxaparin was separated into 

different fractions using an IC technique (Figure 5.4A). The effects of 14 IC-derived 

fractions on the release of IL-6 and IL-8 are shown in Figure 5.4B and 5.4C. The 14 

fractions were selected based on their previously reported molecular weights [105]. 

For example, the molecular weight of fraction 1, fractions 2, 3 and 4, and fraction 5, 6 

and 7 were found to be approximately 600, 1200 and 1800 Da, respectively. The 

tested concentration of each fraction reflected their concentration present in 60 μg/mL 

of enoxaparin (at which enoxaparin exhibited the maximal level of IL-6 and IL-8 

inhibition). 

Various fractions inhibited the release of IL-6 and IL-8 to different extents. 

While the majority of fractions did not significantly change the levels of IL-6 and IL-

8 (p>0.0614), fraction 1 inhibited the release of IL-6 and IL-8 release by 30% and 

35%, respectively (p<0.0001), and this effect was comparable to the suppression 

displayed by enoxaparin. Fraction 2 and 4 were found to inhibit the release of IL-6 

and IL-8 by 10 and 12%, respectively (p=0.0274 and 0.0230). Since fraction 1 of 

enoxaparin showed the maximum inhibition of tested ILs, it was selected for further 

analytical and bio-analytical investigations.  
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Figure 5.4 Effect of enoxaparin fractions on interleukin release. Ion-exchange 

chromatographic (IC) separation of enoxaparin. The separations were performed using a 

CarboPac PA100 semi-preparative column; optimised NaCl gradient was from 32-74% over 

70 minutes with a flow rate of 2 mL/minute and UV detection wavelength of 232 nm. The 

numbers indicate the area of all the fractions collected. Data represents a typical experiment 

out of ten independent experiments (A). Inhibition of IL-6 (B) and IL-8 (C) release by IC-

derived 14 fractions of enoxaparin (60 μg/mL) after trypsin-induced in-vitro stimulation of 

epithelial cells. The relative percentile amount of each fraction (fraction 1 to 14) present in 60 

μg/mL of intact enoxaparin was: 9.18%, 4.24%, 6.12%, 5.15%, 2.99%, 4.78%, 20.32%, 

11.4%, 10.53%, 7.35%, 5.98%, 4.6%, 2.95% and 5.06% respectively. Data is presented as 

percentage (mean ± SD) of the maximal observed IL-6 and IL-8 concentrations. *p<0.05, and 

***p<0.001 versus trypsin-stimulated control. 
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5.4.5 Concentration-dependent effect of fraction 1 on IL-6 and IL-8 release  

Like enoxaparin, fraction 1 also inhibited the release of IL-6 and IL-8 in a 

concentration-dependent manner (Figure 5.5A). The maximum inhibition of IL-6 and 

IL-8 was observed at 15 μg/mL and higher concentrations did not result in greater 

inhibition. At 15 μg/mL, it inhibited the release of IL-6 and IL-8 by 70 and 76%, 

respectively (p<0.0001).  

 

Figure 5.5 Concentration-dependent effect of IC-derived fraction 1 on interleukin 

release. Inhibition of IL-6 and IL-8 release by fraction 1 of enoxaparin (0 to 25 µg/mL) after in-

vitro stimulation of epithelial cells via trypsin. Data is presented as percentage of trypsin-

stimulated control (mean ± SD). **p<0.01 and ***p<0.001 versus trypsin-stimulated control. 

 

Fraction 1 of enoxaparin, as can be seen in Figure 5.4A, is composed of three 

different sub-fractions eluting at 30.0, 31.2 and 32.3 minutes, respectively. Although 

the molecular weights of the three sub-fractions (fraction 1A, 1B and 1C) were found 

to be similar, the IC technique was efficient enough to separate them from each other. 

The separation of IC is based on the interaction of the negatively charged groups (e.g. 
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sulfate groups) of enoxaparin fractions with the positively charged stationary phase of 

the separation column. The fractions with more negative charge elute later during the 

IC salt gradient separation. Therefore, sub-fraction 1A appears to have less negatively 

charged groups than fraction 1B or fraction 1C. As the potential anti-inflammatory 

effects of LMWHs depend on their degree, as well as pattern, of sulfation, we further 

investigated the effect of each sub-fraction on the release of IL-6 and IL-8. The effect 

of three different sub-fractions on the release of IL-6 and IL-8 is shown in Figure 5.6. 

Sub-fraction 1A inhibited the release of IL-6 and IL-8 by approximately 65% and 

74%, respectively (p<0.0001). On the other hand, sub-fraction 1B and 1C did not 

significantly inhibit the release of tested ILs (p>0.1683).  As sub-fraction 1A was 

found to be responsible for the majority of the inhibitory effect of fraction 1, its 

structure was characterised by NMR.  
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Figure 5.6 Effect of sub-fractions of IC-derived fraction 1 on interleukin release. 

Inhibition of IL-6 (A) and IL-8 (B) release by enoxaparin fraction 1 and its three different sub-

fractions (1A, 1B and 1C) after trypsin-induced in-vitro stimulation of epithelial cells. Data is 

presented as percentage (mean ± SD) of the maximal observed IL-6 and IL-8 concentrations. 

***p<0.001 versus trypsin-stimulated control. 
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5.4.6 Structural characterisation of sub-fraction 1A 

Full assignment of the dominant proton and carbon signals in the enoxaparin sub-

fraction 1A was made from analysis of the NMR data. Proton connectivity networks 

in the individual sugar rings were established from correlations in 
1
H-

1
H TOCSY 

spectra. Carbon assignments were derived through one-bond correlation of these 

protons to carbons in the 
13

C-
1
H HSQC spectrum (Figure 5.7). The 

13
C-

1
H HSQC-

TOCSY experiment (Figure 5.8) was used to discriminate between groups of 

interconnected protons in separate sugars for which overlap in the 
1
H-

1
H-TOCSY did 

not allow unambiguous assignment. The link between the two sugars was confirmed 

by a correlation across the glycosidic linkage between H4’ and C1 observed in 

heteronuclear multiple-bond correlation (HMBC) spectrum.  The NMR assignments 

and measured J-couplings of sub-fraction 1A are summarised in Table 5.1, with atom 

numbering consistent with previously reported data [175].  

 

Table 5.1 NMR assignments of enoxaparin disaccharide  

   

Atoms in the glucosamine unit are denoted by the prime superscript 
Cq (COO-) 169.1 ppm, C6 (Ido) 144.79 ppm 
 

 

 

 

 

  1 2 3 4 1' 2' 3' 4' 5' 6' 
1
H ppm 5.435 4.496 4.263 5.89 5.379 3.192 3.673 3.754 4.084 4.141 

4.285 

3
JHH Hz 3.36 3 3 4.44 3.48 10.16 

3.57 

10.43 9.39 9.98 

3.57 

11.26 

3.8 

13
C ppm 96.61 75.05 63.41 106.3 90.94 57.71 68.94 78.39 67.99 66.7 
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It was found to be a disaccharide of enoxaparin containing a unit of α-L 

iduronic acid and one of α-D glucosamine-6-sulfate. The glucosamine unit of the 

disaccharide was present in both α and β forms, and could be correlated with chemical 

shift and coupling observations for a similar disaccharide fragment of heparin [175] 

and spectra for glucosamine-6-sulfate in the Human Metabolome Database (HMDB) 

repository [236]. The iduronic acid unit did not display evidence of multiple 

conformations at the temperature used in this study. The glucosamine was 

predominantly in the α-form based on relative integral volumes between the two 

forms measured in the 
1
H-1D spectrum. 

 

Figure 5.7 
13

C-
1
H HSQC multiplicity edited spectrum for enoxaparin sub-fraction 1A.  

Axis units are chemical shifts in parts per million (ppm).  The dark blue contours denote 

correlations between carbon atoms with one or three attached protons and cyan contours 

carbons with a single attached proton.  The atom nomenclature from Table 1. is applied to the 

proton and carbon axis projections. 
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Figure 5.8 
13

C-
1
H HSQC-TOCSY 120ms spectrum for enoxaparin sub-fraction 1A.  Axis 

units are chemical shifts in parts per million (ppm).  The atom nomenclature from Table 1. is 

applied to the proton and carbon axis projections. 

 

5.4.7 Anti-factor Xa analysis of disaccharide of enoxaparin  

The anti-factor Xa activity of fourteen IC-derived fractions of enoxaparin is shown in 

Figure 5.9. As expected, the disaccharide of enoxaparin did not show any anti-factor 

Xa activity. Inhibition of factor Xa by anti-thrombin requires a formation of a 

complex composed of factor Xa, anti-thrombin and enoxaparin [237]. To mediate an 

interaction between factor Xa and anti-thrombin, a minimum chain length of 5 

saccharide (pentasaccharide) sequence of enoxaparin is required. It means the 

pentasaccharide of enoxaparin is the smallest fraction required to mediate inactivation 

of factor Xa by anti-thrombin. The identified disaccharide of enoxaparin was too 

small to act as a template through which anti-thrombin mediated inactivation of factor 
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Xa can occur. This finding is significant because the risk of bleeding is increased 

when enoxaparin is used for medical conditions other than where an anticoagulation 

effect is required. The identified disaccharide lacked the anticoagulant activity and 

therefore can eliminate the potential risk of bleeding associated with enoxaparin.  

 

Figure 5.9 Anti-factor Xa activity of fourteen enoxaparin fractions derived using IC 

technique. The anti-factor Xa assay is described in the experimental section. Data is 

presented as mean ± SD (n=3).  

 

5.4.8 Effect of desulfated disaccharide of enoxaparin on IL-6 release  

The presence of sulfate groups at specific positions, such as 2-O, N- or 6-O, are 

known to be essential to elicit an anti-inflammatory response to heparins [231]. 

Therefore, the selectively desulfated disaccharide was tested for its ability to inhibit 

the release of IL-6 (Figure 5.10). As expected, the disaccharide inhibited the release 

of IL-6 by approximately 70% (p<0.0001). While 2-O and N-desulfated disaccharide 

did not significantly change the observed inhibition of disaccharide (p>0.6018), the 

disaccharide-induced inhibition of IL-6 was reduced by 98% in the presence of 6-O-
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desulphated disaccharide (p<0.0001). The importance of O-sulfate groups in 

controlling the anti-inflammatory activity of heparins has been reported before. For 

instance, the presence of sulfate groups at O-position was found to be critical for: i) 

binding to inflammatory cytokines and chemokines, such as IL-4 and CXCL-12 [215, 

218], ii) formation of covalent complexes with proteolytic enzymes, such as thrombin 

[238] and iii) binding to various receptors, such as fibroblast growth factor receptors 

[239]. The present study, for the first time, reports the requirement of 6-O sulfate 

groups for the inhibition of IL-6 and IL-8 release from human pulmonary epithelial 

cells.  

 

Figure 5.10 Effect of various desulfated fraction 1A on IL-6 release. Epithelial cells were 

stimulated with trypsin in the presence of either 2-O-desulfated, N-desulfated or 6-O-

desulfated fraction 1A of enoxaparin. Data is presented as mean ± SD. ***p<0.001 versus 

trypsin-stimulated control. 
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5.4.9 Binding of proteins to disaccharide of enoxaparin 

Decreased levels of IL-6 and IL-8 observed through ELISA could potentially be 

because of: i) direct binding of disaccharides to trypsin and, hence, inhibiting the 

trypsin-induced activation of PAR (lung epithelial cell receptors); ii) binding of 

disaccharides to IL-6 and IL-8 and, hence, their reduced detection through ELISA or 

iii) binding of disaccharides to PAR and, hence, inhibiting PAR-induced release of 

IL-6 and IL-8 through specific intracellular signalling pathways. Specific binding 

between glycominoglycans (e.g. enoxaparin) and proteolytic enzymes (e.g. thrombin) 

has been reported before [240]. Direct binding of glycosaminoglycan disaccharide and 

proteolytic trypsin could impair the ability of trypsin to bind and activate the PAR. 

Therefore, we needed to confirm that the observed inhibition of release of ILs was not 

due to this potential in-vitro artefact of our experimental cell system. Hence, HP-SEC 

was used to investigate the putative binding between disaccharide and trypsin. In the 

current HP-SEC method, two separation columns were connected in series. The first 

column (Superdex™ peptide 10/300 GL) allowed the separation of proteins and 

carbohydrates having low MWs (0.1 to 8 kDa) and the second column (Superdex™ 

75 10/300 GL) provided the effective separation of analytes with high MWs (3 to 70 

kDa). Moreover, the detection of the tested analytes was carried out using a charged 

aerosol detector (CAD) instead of ultra-violet (UV) detector. The advantage of CAD, 

as compared to UV detection, is that the peak areas of analytes are not dependent on a 

UV chromophore, for which extinction coefficients can vary by orders of magnitude 

depending on the chemistry of analyte, but are dependent on the mass of analytes. The 

performance of the HP-SEC method was determined using intra- and inter-day 

precision and accuracy, and the inter-day retention time of each analyte. The intra- 

and inter-day precision relative standard deviation (RSD) for each analyte peak was 
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less than 4.1% (n=6) and 5.3% (n=5), respectively. The intra- and inter-day accuracy 

RSD for each analyte peak was less than 4.3% and 5.9%, respectively. Inter-day 

retention time RSD for each of the analyte peaks were less than 0.7% (n=6).  

The ability of HP-SEC to determine the binding between glycominoglycans 

and proteins was first investigated by analysing UFH (10 µM) and thrombin (10 µM). 

The HP-SEC chromatograms of UFH, thrombin and a mixture of UFH/thrombin (1:1 

molar ratio) are shown in Figure 5.11A. UFH and thrombin peaks were eluted at 65 

and 37 minutes. In HP-SEC analysis, the separation of analytes is based on their 

molecular size and, therefore, thrombin with a MW of 37 kDa eluted earlier than UFH 

(MW 15 kD). However, when a mixture containing UFH and thrombin was analysed 

(Figure 5.11A), a new peak was eluted at 16 minutes, suggesting the observed 

component had a higher MW compared to thrombin or UFH. When 

glycosaminoglycans bind to proteins, it results in the formation of a high MW 

complex. Therefore, the observed reduction in the peak areas of thrombin and UFH, 

and simultaneous elution of a new peak indicated the binding between UFH and 

thrombin. UFH is a mixture of complicated oligosaccharides ranging from 

disaccharides to oligosaccharides larger than 50-100 saccharides. Only 

oligosaccharides with a minimum of 18 saccharides can bind to thrombin and, 

therefore, as can be seen in Figure 5.11A, approximately 25% of UFH 

oligosaccharides did not bind to thrombin. The disaccharide of enoxaparin and trypsin 

was then analysed by HP-SEC. As shown in Figure 5.11B, trypsin and disaccharide 

were eluted at 53 and 136 minutes respectively. There was no difference in the 

chromatographic profile of disaccharide or trypsin when a mixture of 

trypsin/disaccharide (1:50 molar ratio) was injected into the HP-SEC system (Figure 

5.11B). For example, the peak area of trypsin remained unchanged when a solution 
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containing either trypsin or mixture of trypsin and disaccharide was injected. Also, no 

extra peak was observed when a mixture was analysed suggesting the decreased levels 

of ILs were not because of the interaction between disaccharide and trypsin. Apart 

from proteolytic enzymes, glycosaminoglycans are shown to interact with cytokines, 

chemokines and growth factors. For example, heparins can bind to IL-10, MCP-1 and 

epidermal growth factors and then modulate their biological activity [241-243]. 

However the HP-SEC results indicated that the disaccharide of enoxaparin did not 

bind to either IL-6 or IL-8.  

Trypsin is known to activate PAR by cleaving the receptor’s extracellular N-

terminal domain. This cleavage results in the formation of a new N-terminus which 

then interacts with trypsin causing activation of G-protein-coupled signal transduction 

pathway [244]. Interestingly, the N-terminal domain of various proteins is reported to 

be a binding site for heparins as well [245, 246]. For example, heparins bind to the N-

terminal domain of serine protease inhibitor resulting in the anticoagulant effect of 

enoxaparin [247]. Since, disaccharide of enoxaparin did not interact with either 

trypsin or the tested ILs, the observed decrease in IL levels could potentially be due to 

the interaction between N-terminal domain of PAR and disaccharide. Future 

experiments should be aimed to provide direct evidences of interactions between 

disaccharide of enoxaparin and N-terminus of PAR as well as the mechanistic insights 

via which the potential interaction occurs. In the current study only a single type of 

epithelial cell line was tested to investigate the effect of enoxaparin on the release of 

IL-6 and IL-8. However, upon stimulation, other types of epithelial cell lines with 

potentially different types of cell surface receptors also release pro-inflammatory 

mediators. Therefore, it would be interesting to investigate the effects of enoxaparin 

on such types of epithelial cells. 
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Figure 5.11 Binding of proteins with disaccharide of enoxaparin. Interaction of UFH with 

thrombin. HP-SEC chromatograms of UFH (10 μM), thrombin (10 μM) and a mixture of 

UFH/thrombin (1:1 molar ratio) (A). Interaction of IC-derived disaccharide with trypsin. HP-

SEC chromatograms of enoxaparin disaccharide (500 μM), trypsin (10 μM) and a mixture of 

trypsin/disaccharide (1:50 molar ratio) (B). Details of the HP-SEC experimental conditions are 

given in Methods. 

 



Chapter Five 
 

150 
 

5.5 CONCLUSION 

In summary, the identified fraction responsible for the anti-inflammatory effect of 

enoxaparin is composed of two saccharides. Therefore, it avoids the risk of bleeding 

as a minimum of pentasaccharide sequence is required for the anticoagulant effect. As 

IL-6 and IL-8 are important pro-inflammatory mediators involved in the early 

pathogenesis of asthma, inhibition of their release, as seen with the identified 

disaccharide, could provide a much needed novel therapeutic option for the 

management of clinical manifestations associated with this medical condition. 

However, future clinical studies should be conducted to confirm the preliminary 

findings of the current in-vitro study. 
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Redefining Approaches to Asthma: Bridging the Gap between Heparin and  

Anti-inflammation 

It will shortly be the 100
th

 anniversary of the discovery of heparin; enormous progress 

has since been made in understanding the mechanistic insight of this complex 

biological as an anticoagulant and recently as an anti-inflammatory agent. 

Identification of the molecular basis via which heparin exert its characteristic 

anticoagulant effect represented a landmark in the research of this macromolecule. It 

was recognized that only a small structure within heparin also referred to as a 

pentasaccharide sequence was solely responsible for its active principle by eliciting a 

high inhibitory action against the final two proteases of the coagulation cascade. 

Depolymerisation of unfractionated heparin generates heparin-derivatives also 

known as low-molecular-weight heparins (LMWHs). Heparins (unfractionated 

heparin and LMWHs) encompass a high degree of structural heterogeneity and 

complexity which make them one of the most information-dense molecules exhibiting 

multi-functional properties and hence, associated with a wide array of biological 

processes. Relatively recently, heparins have been shown to interact with manifold 

proteins and biological molecules, and thereby play a pivotal role in modulating 

inflammatory responses. As an anti-inflammatory agent, LMWHs like enoxaparin has 

been reported to possess clinical benefits in humans, including the once suffering 

from respiratory disorders like asthma, which is over and above its expected effects 

on blood coagulation. It seems arbitrary and still mysterious that a complex 

polysaccharide could be a useful anti-asthmatic agent.  

Although, heparins remain one of the most widely used anticoagulant agent, 

their effect on blood coagulation is seen as an adverse effect when exploiting their 
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anti-asthmatic potential. Rapid developments of emerging new analytical tools and 

methodologies permitted the identification of heparin chains which were accountable 

for the features linked with its potent anti-asthmatic effects and were observed to be 

due to the presence of non-anticoagulant molecules in the parent compound which are 

entirely separable from its role as an anticoagulant. These advances in analytical 

capabilities represent a cornerstone allowing biological and pharmacological testing 

of the non-anticoagulant fragments in several inflammatory disorders including 

asthma. Numerous analytical techniques with their specific uses have been developed 

to separate anticoagulant and anti-inflammatory properties of heparins. For instance, 

molecular weight or sequence analysis of heparin fractions via gel-permeation 

chromatography or a much more challenging task of separating the whole 

polysaccharide using techniques like ion-exchange chromatography (IC). Several 

chemically or enzymatically modified analogues have also been tested for anti-

inflammatory purposes. However, the anti-inflammatory potential of these analogues 

largely dependents on the efficacy of depolymerisation process since 

depolymerisation is known to produce structural modification in heparin fractions 

which may result in impaired the anti-inflammatory response. Questions still remain 

regarding their true pharmacologic potential, clinical limitations, safety and efficacy 

compared to the parent macromolecule.  

Understanding the complex biology these molecules mediate, necessitates 

better understanding of their structural information. The anti-inflammatory properties 

of heparins are known to be sequence-dependent and varying sizes of non-

anticoagulant sequences are reported to bind or inhibit individual proteins involved in 

the process of inflammation. Alongside the sequence dependency, conformationally 

defined patterns of sulphates were also shown to be critical and form the basis for 
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regulating the interaction with proteins and thereby induce biological activities. 

However, it has been recognised after selective desulfation of non-anticoagulant 

heparin fragments that some of the sulfate groups are compatible but are not essential 

for high affinity binding or inhibition of proteins. With a few exceptions, for the 

majority of anti-inflammatory effects, the knowledge of the active domains of non-

anticoagulant heparin molecules is still incomplete. However, increasing interest in 

exploiting the pharmacology of non-anticoagulant heparin have led to the 

identification of multiple mechanisms that may play a key role in regulating distinct 

aspects of anti-inflammatory response observed during asthma. The role of mast-cell-

derived heparin in regulating physiological and pathophysiological responses is yet to 

be fully elucidated, however it has been suggested that the release of heparin after the 

degranulation of mast cells may possess a protective or regulatory role to limit the 

extent of subsequent inflammation. In experimental models, heparin was found to 

inhibit degranulation of mast cells and subsequent release of inflammatory mediators 

via inhibition of inositol triphosphate signalling. Heparin was also shown to bind 

directly to adhesion molecules like selectins which are involved in the process of 

inflammation. It is via NH2-terminal lectin domain that carbohydrates calcium-

dependently bind to these molecules on the surface of interacting cells and hence, 

limiting inflammatory cell recruitment during inflammation. Our in-vitro and in-vivo 

studies provide an insight on the non-anticoagulant effects that have been ascribed for 

enoxaparin. The non-anticoagulant molecules of enoxaparin were obtained after 

separation of entire polysaccharide using ion-exchange chromatographic technique. 

Two non-anticoagulant fractions of enoxaparin were identified that significantly 

inhibited peripheral blood mononuclear cell activation. A di- and a tetra-saccharide 

fraction of enoxaparin was shown to inhibit the release of inflammatory mediators 
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like interleukin (IL)-4, IL-5, IL-13 and tumor necrosis factor-α. The data also suggest 

that the observed response is likely to be due to an interaction of 6-O-sulfated 

tetrasaccharide with cellular receptor(s). Similarly, in other experimental model, IC-

derived disaccharide of enoxaparin was found to significantly inhibit the release of 

other potential inflammatory markers like IL-6 and IL-8 from human pulmonary 

epithelial cells. The observed suppression of IL-6 and IL-8 by disaccharide was likely 

due to the inhibition of the activation of protease activated receptors on lung epithelial 

cell surface. The data from this study also demonstrated the importance of 6-O-sulfate 

groups to retain the observed anti-inflammatory activity of the non-anticoagulant 

enoxaparin fraction.  

In animal models, heparin has been reported to confer benefits in allergen 

induced airway hyper-response or platelet-activating factor induced bronchial 

hyperresponsiveness. In one such reports prevention of nitric oxide signalling by 

heparin was reported to have benefit in methacholine-induced airway 

hyperresponsiveness. In addition to having effects in experimental settings, heparin 

has also shown potential in the management of human asthma in several controlled 

clinical studies.  

It is evident from basic science investigations to clinical observations that 

heparin possess considerable promise for the management of asthma. It is reasonable 

to anticipate major advances in this field and will be fascinating to watch the future 

developments over the next few years as new anti-asthmatic agents that match the 

criteria required for a drug.  
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FUTURE DIRECTIONS 

Over the past few decades a lot of effort has been put into finding novel therapeutic 

targets for effective management of asthma. Many novel treatments are specific, 

targeting a single mediator or receptor. Absolute specificity to one protein, as seen 

with monoclonal antibodies is not the most effective way to treat complex disorders 

like asthma; one pathway may be blocked, however complexity of the disease is such 

that symptoms are not alleviated. Drugs with more widespread effects as seen with 

non-anticoagulant molecules of heparin might prove to be more effective alternative 

and at a more favourable cost.  

So far, continuous research have managed to concatenate many strings 

together and resolve many factors in this field including the identification of non-

anticoagulant molecules within heparin which are responsible for its anti-

inflammatory effects and the impetus for the development of advanced analytical 

techniques to dissociate non-anticoagulant molecules from the parent mixture. 

However, much still remains to be learned, the complexity of these macromolecules 

greatly complicate the detailed structure-activity relationships and the areas which 

require further investigation include: i) interpretation of fine/specific non-

anticoagulant sequences and their precise structural information (including the role of 

specific sulphate groups) to enable better understanding of structure-activity 

relationships from the point of view of answering biological questions and to provide 

new targets for therapeutic interventions in different inflammatory disease states and 

ii) the mechanisms that regulate the observed anti-inflammatory effects of various 

non-anticoagulant sequences of heparins. Emergence of understanding such exact 

structural requirements and mechanisms may help to develop myriad of structurally 
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different non-anticoagulant preparations which seems to be the best way forward to 

correlate these preparations to various proteins and respective biological activities 

with a goal to maximise the therapeutic benefit for the disease being targeted. It is 

also increasingly important to conduct complete characterisation of all structural 

elements within heparin that account for its anti-inflammatory response since heparin 

preparations are currently standardised for its use as an anticoagulant and there are 

possibilities that certain features that account for their anti-inflammatory effects may 

be lost or selected out while processing raw heparin. Future research should also focus 

on a particular delivery route that would confine these non-anticoagulant molecules to 

the target organ; in case of respiratory disorders like asthma, inhaled route would be a 

safe and preferable route of administration. The current sophisticated analytical 

techniques and methodologies provide a basic platform to explain the mystery behind 

heparin and anti-inflammation however, it is by no means a trivial undertaking. With 

this knowledge, we may in the near future be able to influence further clinical trials 

and look forward to expand its use as an anti-asthmatic agent.   



 

157 
 

REFERENCES 

1. Wardrop D, Keeling D. The story of the discovery of heparin and warfarin. 

British Journal of Haematolology. 2008;141:757-763. 

2. Ogura H, Hasegawa A, Suami T. Carbohydrates: synthetic methods and 

applications in medicinal chemistry. Tokyo: Kodansha; 1992. 

3. Lane DA, Lindahl U. Heparin: chemical and biological properties, clinical 

applications. London: Edward Arnold; 1989. 

4. Hoppensteadt D, Walenga JM, Fareed J, Bick RL. Heparin, Low-Molecular-

Weight Heparins, and Heparin Pentasaccharide: Basic and Clinical Differentiation. 

Hematology/Oncology Clinics of North America. 2003;17:313-342. 

5. Casu B, Lindahl U. Structure and biological interactions of heparin and 

heparan sulfate. Advances In Carbohydrate Chemistry and Biochemistry. 

2001;57:159-206. 

6. Hirsh J. Heparin. New England Journal of Medicine. 1991;324:1565-1574. 

7. Hirsh J, Raschke R. Heparin and Low-Molecular-Weight Heparin. Chest. 

2004;126:188S-203S. 

8. Turpie A. Efficacy of a postoperative regimen of enoxaparin in deep vein 

thrombosis prophylaxis. American Journal of Surgery. 1991;161:532-536. 

9. Samama CM, Barre E, Combe S, Dreux S, Kieffer E, Viars P. A pilot study on 

the use of a low molecular weight heparin (Enoxaparin) in arterial reconstructive 

surgery. Seminars In Thrombosis and Hemostasis. 1991;17:367-370. 

10. Lam LH, Silbert JE, Rosenberg RD. The separation of active and inactive 

forms of heparin. Biochemical and Biophysical Research Communications. 

1976;69:570-577. 



 

158 
 

11. Taylor KR, Gallo RL. Glycosaminoglycans and their proteoglycans: host-

associated molecular patterns for initiation and modulation of inflammation. FASEB 

Journal. 2006;20:9-22. 

12. Tyrrell DJ, Horne AP, Holme KR, Preuss JM, Page CP. Heparin in 

inflammation: potential therapeutic applications beyond anticoagulation. Advances In 

Pharmacology. 1999;46:151-208. 

13. Lever R, Page CP. Novel drug development opportunities for heparin. Nature 

Reviews Drug Discovery. 2002;1:140-148. 

14. Casu B, Petitou M, Provasoli M, Sinay P. Conformational flexibility: a new 

concept for explaining binding and biological properties of iduronic acid-containing 

glycosaminoglycans. Trends In Biochemical Sciences. 1988;13:221-225. 

15. Garg HG, Yu L, Hales CA, Toida T, Islam T, Linhardt RJ. Sulfation patterns 

in heparin and heparan sulfate: effects on the proliferation of bovine pulmonary artery 

smooth muscle cells. Biochimica Et Biophysica Acta. 2003;1639:225-231. 

16. Ishihara M. Structural requirements in heparin for binding and activation of 

FGF-1 and FGF-4 are different from that for FGF-2. Glycobiology. 1994;4:817-824. 

17. Ono K, Hattori H, Takeshita S, Kurita A, Ishihara M. Structural features in 

heparin that interact with VEGF165 and modulate its biological activity. 

Glycobiology. 1999;9:705-711. 

18. Shifren A, Witt C, Christie C, Castro M. Mechanisms of remodeling in 

asthmatic airways. Journal of Allergy. 2012;2012:316049. 

19. Ozier A, Allard B, Bara I, Girodet P-O, Trian T, Marthan R, Berger P. The 

pivotal role of airway smooth muscle in asthma pathophysiology. Journal of Allergy. 

2011;2011:742710. 



 

159 
 

20. Elias JA, Zhu Z, Chupp G, Homer RJ. Airway remodeling in asthma. Journal 

of Clinical Investigation. 1999;104:1001-1006. 

21. Jarjour NN, Kelly E. Pathogenesis of asthma. Medical Clinics of North 

America. 2002;86:925-936. 

22. Grootendorst D, Sont J, Willems L, Kluin-Nelemans J, Van Krieken J, 

Veselic-Charvat M, Sterk P. Comparison of inflammatory cell counts in asthma: 

induced sputum vs bronchoalveolar lavage and bronchial biopsies. Clinical and 

Experimental Allergy. 1997;27:769-779. 

23. Bloemen K, Verstraelen S, Van Den Heuvel R, Witters H, Nelissen I, 

Schoeters G. The allergic cascade: review of the most important molecules in the 

asthmatic lung. Immunology Letters. 2007;113:6-18. 

24. Holgate ST, Davies DE, Lackie PM, Wilson SJ, Puddicombe SM, Lordan JL. 

Epithelial-mesenchymal interactions in the pathogenesis of asthma. Journal of Allergy 

and Clinical Immunology. 2000;105:193-204. 

25. Holt PG. Antigen presentation in the lung. American Journal of Respiratory 

and Critical Care Medicine. 2000;162:S151-S156. 

26. Corry DB, Kheradmand F. Induction and regulation of the IgE response. 

Nature. 1999;402:18-23. 

27. Corrigan C, Kay A. T cells and eosinophils in the pathogenesis of asthma. 

Immunology Today. 1992;13:501-507. 

28. Broide DH. Molecular and cellular mechanisms of allergic disease. Journal of 

Allergy and Clinical Immunology. 2001;108:S65-S71. 

29. Bradding P, Holgate ST. Immunopathology and human mast cell cytokines. 

Critical Reviews In Oncology/Hematology. 1999;31:119-133. 



 

160 
 

30. Parameswaran K, Willems-Widyastuti A, Alagappan VK, Radford K, 

Kranenburg AR, Sharma HS. Role of extracellular matrix and its regulators in human 

airway smooth muscle biology. Cell Biochemistry and Biophysics. 2006;44:139-146. 

31. Boxall C, Holgate S, Davies D. The contribution of transforming growth 

factor-β and epidermal growth factor signalling to airway remodelling in chronic 

asthma. European Respiratory Journal. 2006;27:208-229. 

32. Nader H, Dietrich C. Natural occurrence and possible biological role of 

heparin. In: Lane D, Lindahl U, editors. Heparin: chemical and biological properties, 

clinical applications. London: Edward Arnold; 1989. p. 81-96. 

33. Nelson RM, Cecconi O, Roberts WG, Aruffo A, Linhardt RJ, Bevilacqua MP. 

Heparin oligosaccharides bind L-and P-selectin and inhibit acute inflammation. 

Blood. 1993;82:3253-3258. 

34. Lasser E, Simon R, Lyon S, Hamblin A, Stein R. Heparin-like anticoagulants 

in asthma. Allergy. 1987;42:619-625. 

35. Bowler SD, Smith SM, Lavercombe PS. Heparin inhibits the immediate 

response to antigen in the skin and lungs of allergic subjects. American Journal of 

Respiratory and Critical Care Medicine. 1993;147:160-163. 

36. Brown RA, Allegra L, Matera MG, Page CP, Cazzola M. Additional clinical 

benefit of enoxaparin in COPD patients receiving salmeterol and fluticasone 

propionate in combination. Pulmonary Pharmacology and Therapeutics. 2006;19:419-

424. 

37. Lider O, Mekori YA, Miller T, Bar-Tana R, Vlodavsky I, Baharav E, Cohen 

IR, Naparstek Y. Inhibition of T lymphocyte heparanase by heparin prevents T cell 

migration and T cell-mediated immunity. European Journal of Immunology. 

1990;20:493-499. 



 

161 
 

38. Sasaki M, Herd CM, Page CP. Effect of heparin and a low-molecular weight 

heparinoid on PAF-induced airway responses in neonatally immunized rabbits. British 

Journal of Pharmacology. 1993;110:107-112. 

39. Okona-Mensah K, Shittu E, Page C, Costello J, Kilfeather S. Inhibition of 

serum and transforming growth factor beta (TGF-β1)-induced DNA synthesis in 

confluent airway smooth muscle by heparin. British Journal of Pharmacology. 

1998;125:599-606. 

40. Ahmed T, Garrigo J, Danta I. Preventing bronchoconstriction in exercise-

induced asthma with inhaled heparin. New England Journal of Medicine. 

1993;329:90-95. 

41. Ahmed T, Gonzalez BJ, Danta I. Prevention of exercise-induced 

bronchoconstriction by inhaled low-molecular-weight heparin. American Journal of 

Respiratory and Critical Care Medicine. 1999;160:576-581. 

42. Diamant Z, Timmers MC, Van der Veen H, Page CP, Van der Meer F, Sterk 

PJ. Effect of inhaled heparin on allergen-induced early and late asthmatic responses in 

patients with atopic asthma. American Journal of Respiratory and Critical Care 

Medicine. 1996;153:1790-1795. 

43. Motojima S, Frigas E, Loegering DA, Gleich GJ. Toxicity of eosinophil 

cationic proteins for guinea pig tracheal epithelium in vitro. American Journal of 

Respiratory and Critical Care Medicine. 1989;139:801-805. 

44. Venge R, Byström J, Carlson M, Håkansson L, Karawacjzyk M, Peterson C, 

Seveus L, Trulson A. Eosinophil cationic protein (ECP): molecular and biological 

properties and the use of ECP as a marker of eosinophil activation in disease. Clinical 

and Experimental Allergy. 1999;29:1172-1186. 



 

162 
 

45. Bock P, Luscombe M, Marshall S, Pepper D, Holbrook J. The multiple 

complexes formed by the interaction of platelet factor 4 with heparin. Biochemical 

Journal. 1980;191:769-776. 

46. Muller WA. Mechanisms of transendothelial migration of leukocytes. 

Circulation Research. 2009;105:223-230. 

47. Lever R, Hoult JRS, Page CP. The effects of heparin and related molecules 

upon the adhesion of human polymorphonuclear leucocytes to vascular endothelium 

in vitro. British Journal of Pharmacology. 2000;129:533-540. 

48. Silvestro L, Viano I, Macario M, Colangelo D, Montrucchio G, Panico S, 

Fantozzi R. Effects of heparin and its desulfated derivatives on leukocyte-endothelial 

adhesion. Seminars In Thrombosis and Hemostasis. 1994;20:254-258. 

49. Wang L, Brown JR, Varki A, Esko JD. Heparin’s anti-inflammatory effects 

require glucosamine 6-O-sulfation and are mediated by blockade of L-and P-selectins. 

Journal of Clinical Investigation. 2002;110:127-136. 

50. Lakshmi T, Shanmugasundaram N, Shanmuganathan S, Karthikeyan K, 

Meenakshi J, Babu M. Controlled release of 2, 3 desulfated heparin exerts its anti-

inflammatory activity by effectively inhibiting E-selectin. Journal of Biomedical 

Materials Research Part A. 2010;95:118-128. 

51. Peter K, Schwarz M, Conradt C, Nordt T, Moser M, Kübler W, Bode C. 

Heparin inhibits ligand binding to the leukocyte integrin Mac-1 (CD11b/CD18). 

Circulation. 1999;100:1533-1539. 

52. Forrest M, Paulson JC. Selectin family of adhesion molecules. In: Granger 

DN, Schmid-Schoenbein GW, editors. Physiology and Pathophisiology of leukocyte 

adhesion. New York: Oxford University Press; 1995. p. 43-82. 



 

163 
 

53. Koenig A, Norgard-Sumnicht K, Linhardt R, Varki A. Differential interactions 

of heparin and heparan sulfate glycosaminoglycans with the selectins. Implications for 

the use of unfractionated and low molecular weight heparins as therapeutic agents. 

Journal of Clinical Investigation. 1998;101:877-889. 

54. Skinner MP, Lucas C, Burns G, Chesterman C, Berndt MC. GMP-140 binding 

to neutrophils is inhibited by sulfated glycans. Journal of Biological Chemistry. 

1991;266:5371-5374. 

55. Lawrence MB, Springer TA. Leukocytes roll on a selectin at physiologic flow 

rates: distinction from and prerequisite for adhesion through integrins. Cell. 

1991;65:859-873. 

56. Adams DH, Rlloyd A. Chemokines: leucocyte recruitment and activation 

cytokines. Lancet. 1997;349:490-495. 

57. Johnson Z, Proudfoot A, Handel T. Interaction of chemokines and 

glycosaminoglycans: a new twist in the regulation of chemokine function with 

opportunities for therapeutic intervention. Cytokine Growth Factor Reviews. 

2005;16:625-636. 

58. Lever R, Page C. Glycosaminoglycans, airways inflammation and bronchial 

hyperresponsiveness. Pulmonary Pharmacology and Therapeutics. 2001;14:249-254. 

59. Kuschert GS, Coulin F, Power CA, Proudfoot AE, Hubbard RE, Hoogewerf 

AJ, Wells TN. Glycosaminoglycans interact selectively with chemokines and 

modulate receptor binding and cellular responses. Biochemistry. 1999;38:12959-

12968. 

60. Bar-Ner M, Eldor A, Wasserman L, Matzner Y, Cohen IR, Fuks Z, Vlodavsky 

I. Inhibition of heparanase-mediated degradation of extracellular matrix heparan 

sulfate by non-anticoagulant heparin species. Blood. 1987;70:551-557. 



 

164 
 

61. Parish CR, Freeman C, Hulett MD. Heparanase: a key enzyme involved in cell 

invasion. Biochimica Et Biophysica Acta. 2001;1471:M99-108. 

62. Barnes PJ, Karin M. Nuclear Factor-KappaB: A Pivotal Transcription Factor 

in Chronic Inflammatory Diseases. New England Journal of Medicine. 

1997;336:1066-1071. 

63. Gagliardo R, Chanez P, Mathieu M, Bruno A, Costanzo G, Gougat C, Vachier 

I, Bousquet J, Bonsignore G, Vignola AM. Persistent Activation of Nuclear Factor–

κB Signaling Pathway in Severe Uncontrolled Asthma. American Journal of 

Respiratory and Critical Care Medicine. 2003;168:1190-1198. 

64. Li X, Zheng Z, Ma X. Unfractionated heparin inhibits lipopolysaccharide-

induced inflammatory response through blocking p38 MAPK and NF-kappaB 

activation on endothelial cell. Cytokine. 2012;60:114-121. 

65. Hecht I, Hershkoviz R, Shivtiel S, Lapidot T, Cohen IR, Lider O, Cahalon L. 

Heparin-disaccharide affects T cells: inhibition of NF-κB activation, cell migration, 

and modulation of intracellular signaling. Journal of Leukocyte Biology. 

2004;75:1139-1146. 

66. Lucio J, D'Brot J, Guo C, Abraham WM, Lichtenstein LM, Kagey-Sobotka A, 

Ahmed T. Immunologic mast cell-mediated responses and histamine release are 

attenuated by heparin. Journal of Applied Physiology. 1992;73:1093-1101. 

67. Page C. One explanation of the asthma paradox: inhibition of natural anti-

inflammatory mechanism by β2-agonists. Lancet. 1991;337:717-720. 

68. Bissonnette E, Befus A. Mast cells in asthma. Canadian Respiratory Journal. 

1998;5:23-24. 



 

165 
 

69. Ramsden L, Rider CC. Selective and differential binding of interleukin (IL)-

1α, IL-1β, IL-2 and IL-6 to glycosaminoglycans. European Journal of Immunology. 

1992;22:3027-3031. 

70. Ji S-L, Cui H-F, Shi F, Chi Y-Q, Cao J-C, Geng M-Y, Guan H-S. Inhibitory 

effect of heparin-derived oligosaccharides on secretion of interleukin-4 and 

interleukin-5 from human peripheral blood T lymphocytes. World Journal of 

Gastroenterology. 2004;10:3490-3494. 

71. Ramdin L, Perks B, Sheron N, Shute J. Regulation of interleukin-8 binding 

and function by heparin and a2-macroglobulin. Clinical and Experimental Allergy. 

1998;28:616-624. 

72. Salek-Ardakani S, Arrand JR, Shaw D, Mackett M. Heparin and heparan 

sulfate bind interleukin-10 and modulate its activity. Blood. 2000;96:1879-1888. 

73. Hasan M, Najjam S, Gordon MY, Gibbs RV, Rider CC. IL-12 is a heparin-

binding cytokine. Journal of Immunology. 1999;162:1064-1070. 

74. Salas Martínez A, Sans i Cuffí M, Soriano A, Reverter Calatayud JC, 

Anderson D, Piqué J, Panés Díaz J. Heparin attenuates TNF-alpha induced 

inflammatory response through a CD11b dependent mechanism. Gut. 2000;47:88-96. 

75. Koopmann W, Krangel MS. Identification of a glycosaminoglycan-binding 

site in chemokine macrophage inflammatory protein-1α. Journal of Biological 

Chemistry. 1997;272:10103-10109. 

76. Koopmann W, Ediriwickrema C, Krangel MS. Structure and Function of the 

Glycosaminoglycan Binding Site of Chemokine Macrophage-Inflammatory Protein-

1β. Journal of Immunology. 1999;163:2120-2127. 

77. Proudfoot AE, Fritchley S, Borlat F, Shaw JP, Vilbois F, Zwahlen C, Trkola 

A, Marchant D, Clapham PR, Wells TN. The BBXB motif of RANTES is the 



 

166 
 

principal site for heparin binding and controls receptor selectivity. Journal of 

Biological Chemistry. 2001;276:10620-10626. 

78. Maccarana M, Lindahl U. Mode of interaction between platelet factor 4 and 

heparin. Glycobiology. 1993;3:271-277. 

79. Guimond S, Maccarana M, Olwin B, Lindahl U, Rapraeger A. Activating and 

inhibitory heparin sequences for FGF-2 (basic FGF). Distinct requirements for FGF-1, 

FGF-2, and FGF-4. Journal of Biological Chemistry. 1993;268:23906-23914. 

80. Martino MM, Briquez PS, Ranga A, Lutolf MP, Hubbell JA. Heparin-binding 

domain of fibrin(ogen) binds growth factors and promotes tissue repair when 

incorporated within a synthetic matrix. Proceedings of the National Academy of 

Sciences of the United States of America. 2013;110:2563-2568. 

81. Ermolieff J, Duranton J, Petitou M, Bieth J. Heparin accelerates the inhibition 

of cathepsin G by mucus proteinase inhibitor: potent effect of O-butyrylated heparin. 

Biochemical Journal. 1998;330:1369-1374. 

82. Redini F, Tixier J, Petitou M, Choay J, Robert L, Hornebeck W. Inhibition of 

leucocyte elastase by heparin and its derivatives. Biochemical Journal. 1988;252:515-

519. 

83. Fath MA, Wu X, Hileman RE, Linhardt RJ, Kashem MA, Nelson RM, Wright 

CD, Abraham WM. Interaction of secretory leukocyte protease inhibitor with heparin 

inhibits proteases involved in asthma. Journal of Biological Chemistry. 

1998;273:13563-13569. 

84. Butterworth AE, Wassom DL, Gleich GJ, Loegering DA, David JR. Damage 

to schistosomula of Schistosoma mansoni induced directly by eosinophil major basic 

protein. Journal of Immunology. 1979;122:221-229. 



 

167 
 

85. Nilsson L, Peterson C, Venge P, Borowiec JW, Thelin S. Eosinophil granule 

proteins in cardiopulmonary bypass with and without heparin coating. Annals of 

Thoracic Surgery. 1995;59:713-716. 

86. Page C. Heparin and Related Drugs: Beyond Anticoagulant Activity. ISRN 

Pharmacology. 2013;2013:910743. 

87. Holgate ST, Polosa R. The mechanisms, diagnosis, and management of severe 

asthma in adults. Lancet. 2006;368:780-793. 

88. Kilfeather S, Tagoe S, Perez A, Okona-Mensa K, Matin R, Page C. Inhibition 

of serum-induced proliferation of bovine tracheal smooth muscle cells in culture by 

heparin and related glycosaminoglycans. British Journal of Pharmacology. 

1995;114:1442-1446. 

89. Wright T, Castellot J, Petitou M, Lormeau J, Choay J, Karnovsky M. 

Structural determinants of heparin's growth inhibitory activity. Interdependence of 

oligosaccharide size and charge. Journal of Biological Chemistry. 1989;264:1534-

1542. 

90. Castellot JJ, Karnovsky MJ, Beeler DL, Rosenberg RD. Structural 

determinants of the capacity of heparin to inhibit the proliferation of vascular smooth 

muscle cells. Journal of Cellular Physiology. 1984;120:315-320. 

91. Fryer A, Huang YC, Rao G, Jacoby D, Mancilla E, Whorton R, Piantadosi 

CA, Kennedy T, Hoidal J. Selective O-desulfation produces nonanticoagulant heparin 

that retains pharmacological activity in the lung. Journal of Pharmacology and 

Experimental Therapeutics. 1997;282:208-219. 

92. Besner GE, Whelton D, Crissman-Combs MA, Steffen CL, Kim GY, 

Brigstock DR. Interaction of heparin-binding EGF-like growth factor (HB-EGF) with 



 

168 
 

the epidermal growth factor receptor: modulation by heparin, heparinase, or synthetic 

heparin-binding HB-EGF fragments. Growth Factors. 1992;7:289-296. 

93. Kalmes A, Vesti BR, Daum G, Abraham JA, Clowes AW. Heparin blockade 

of thrombin-induced smooth muscle cell migration involves inhibition of epidermal 

growth factor (EGF) receptor transactivation by heparin-binding EGF-like growth 

factor. Circulation Research. 2000;87:92-98. 

94. Dolowitz D, Dougherty T. The use of heparin as an anti-inflammatory agent. 

Laryngoscope. 1960;70:873-884. 

95. Ceyhan B, Celikel T. Effect of inhaled heparin on methacholine-induced 

bronchial hyperreactivity. Chest. 1995;107:1009-1012. 

96. Crimi N, Armato F, Lamicela M, Magri S, Pisotorio M, Mastruzzo C, 

Vancheri C. Inhibitory effect of heparin on eosinophil recruitment after nasal allergen 

challenge. European Respiratory Journal. 1995;8:10s. 

97. Bendstrup KE, Chambers CB, Jensen JI, Newhouse MT. Lung deposition and 

clearance of inhaled (99m)Tc-heparin in healthy volunteers. American Journal of 

Respiratory and Critical Care Medicine. 1999;160:1653-1658. 

98. O'Donnell W, Rosenberg M, Kelleher K, Drazen J, Israel E. Inhaled heparin 

does not protect asthmatics against antigen-induced bronchoconstriction. American 

Review of Respiratory Disease. 1992;145:A422. 

99. Pavord I, Mudassar T, Bennett J, Wilding P, Knox A. The effect of inhaled 

heparin on bronchial reactivity to sodium metabisulphite and methacholine in patients 

with asthma. European Respiratory Journal. 1996;9:217-219. 

100. Garrigo J, Danta I, Ahmed T. Time course of the protective effect of inhaled 

heparin on exercise-induced asthma. American Journal of Respiratory and Critical 

Care Medicine. 1996;153:1702-1707. 



 

169 
 

101. Antczak M, Kuna P, editors. Heparin inhibits allergen-induced airway 

response in athmatics. Results of a double blind placebo-controlled study. Journal of 

Allergy and Clinical Immunology. Mosby-Year Book Inc., 11830 Westline Indrustrial 

Dr, St. Louis, MO; 1995. 

102. Norris DA, Puri N, Sinko PJ. The effect of physical barriers and properties on 

the oral absorption of particulates. Advanced Drug Delivery Reviews. 1998;34:135-

154. 

103. Baughman RA, Kapoor SC, Agarwal RK, Kisicki J, Catella-Lawson F, 

FitzGerald GA. Oral delivery of anticoagulant doses of heparin. A randomized, 

double-blind, controlled study in humans. Circulation. 1998;98:1610-1615. 

104. Ahmed T, Smith G, Abraham WM. Effect of oral and intravenous heparin 

tetrasaccharide on allergic airway responses: critical role of N-sulfation. Pulmonary 

Pharmacology and Therapeutics. 2013;26:180-188. 

105. Shastri MD, Johns C, Hutchinson JP, Khandagale M, Patel RP. Ion exchange 

chromatographic separation and isolation of oligosaccharides of intact low-molecular-

weight heparin for the determination of their anticoagulant and anti-inflammatory 

properties. Analytical and Bioanalytical Chemistry. 2013;405:6043-6052. 

106. Ludwig RJ, Alban S, Bistrian R, Boehncke W, Kaufmann R, Henschler R, 

Gille J. The ability of different forms of heparins to suppress P-selectin function in 

vitro correlates to their inhibitory capacity on blood-borne metastasis in vivo. 

Thrombosis and Haemostasis. 2006;95:535-540. 

107. Simonis D, Christ K, Alban S, Bendas G, editors. Affinity and kinetics of 

different heparins binding to P-and L-selectin. Seminars In Thrombosis and 

Hemostasis. 2007;33:534-539. 



 

170 
 

108. Chande N, MacDonald JK, Wang JJ, McDonald JW. Unfractionated or low 

molecular weight heparin for induction of remission in ulcerative colitis: a Cochrane 

inflammatory bowel disease and functional bowel disorders systematic review of 

randomized trials. Inflammatory Bowel Disease. 2011;17:1979-1986. 

109. Hodak E, Yosipovitch G, David M, Ingber A, Chorev L, Lider O, Cahalon L, 

Cohen IR. Low-dose low-molecular-weight heparin (enoxaparin) is beneficial in 

lichen planus: a preliminary report. Journal of the American Academy of 

Dermatology. 1998;38:564-568. 

110. Pervin A, Alhakim A, Linhardt R. Separation of glycosaminoglycan-derived 

oligosaccharides by capillary electrophoresis using reverse polarity. Analytical 

Biochemistry. 1994;221:182-188. 

111. Green D, Hirsh J, Heit J, Prins M, Davidson B, Lensing A. Low molecular 

weight heparin: a critical analysis of clinical trials. Pharmacological Reviews. 

1994;46:89-109. 

112. Fareed J, Jeske W, Hoppensteadt D, Clarizio R, Walenga JM. Low-molecular-

weight heparins: pharmacologic profile and product differentiation. American Journal 

of Cardiology. 1998;82:3L-10L. 

113. Patel RP, Narkowicz C, Hutchinson JP, Hilder EF, Jacobson GA. A simple 

capillary electrophoresis method for the rapid separation and determination of intact 

low molecular weight and unfractionated heparins. Journal of Pharmaceutical and 

Biomedical Analysis. 2008;46:30-35. 

114. Kennedy TP. Methods of treating acute exacerbations of chronic obstructive 

pulmonary disease. 2008; US Patent 20090054374. 



 

171 
 

115. Turnbull JE, Fernig D, Ke Y, Wilkinson MC, Gallagher JT. Identification of 

the basic fibroblast growth factor binding sequence in fibroblast heparan sulfate. 

Journal of Biological Chemistry. 1992;267:10337-10341. 

116. Patel RP, Narkowicz C, Jacobson GA. Investigation of the effect of heating on 

the chemistry and antifactor Xa activity of enoxaparin. Journal of Pharmaceutical 

Sciences. 2009;98:1700-1711. 

117. Patel RP, Narkowicz C, Jacobson GA. Investigation of freezing-and thawing-

induced biological, chemical, and physical changes to enoxaparin solution. Journal of 

Pharmaceutical Sciences. 2009;98:1118-1128. 

118. Patel RP, Narkowicz C, Jacobson GA. Effective reversed-phase ion pair high-

performance liquid chromatography method for the separation and characterization of 

intact low-molecular-weight heparins. Analytical Biochemistry. 2009;387:113-121. 

119. Langeslay DJ, Urso E, Gardini C, Naggi A, Torri G, Larive CK. Reversed-

phase ion-pair ultra-high-performance-liquid chromatography–mass spectrometry for 

fingerprinting low-molecular-weight heparins. Journal of Chromatography A. 

2013;1292:201-210. 

120. Moncada S, Higgs A. The L-arginine-nitric oxide pathway. New England 

Journal of Medicine. 1993;329:2002-2012. 

121. Wraight JM, Smith AD, Cowan JO, Flannery EM, Herbison GP, Taylor DR. 

Adverse effects of short-acting beta-agonists: potential impact when anti-

inflammatory therapy is inadequate. Respirology. 2004;9:215-221. 

122. Sears MR, Taylor DR, Print CG, Lake DC, Li QQ, Flannery EM, Yates DM, 

Lucas MK, Herbison GP. Regular inhaled beta-agonist treatment in bronchial asthma. 

Lancet. 1990;336:1391-1396. 



 

172 
 

123. Gibson PG, Saltos N, Borgas T. Airway mast cells and eosinophils correlate 

with clinical severity and airway hyperresponsiveness in corticosteroid-treated 

asthma. Journal of Allergy and Clinical immunology. 2000;105:752-759. 

124. Djukanović R, Wilson JW, Britten KM, Wilson SJ, Walls AF, Roche WR, 

Howarth PH, Holgate ST. Effect of an inhaled corticosteroid on airway inflammation 

and symptoms in asthma. American Review of Respiratory Disease. 1992;145:669-

674. 

125. Hanania NA, Chapman KR, Kesten S. Adverse effects of inhaled 

corticosteroids. American Journal of Medicine. 1995;98:196-208. 

126. Haahtela T, Jarvinen M, Kava T, Kiviranta K, Koskinen S, Lehtonen K, 

Nikander K, Persson T, Selroos O, Sovijarvi A. Effects of reducing or discontinuing 

inhaled budesonide in patients with mild asthma. New England Journal of Medicine. 

1994;331:700-705. 

127. Sharek PJ, Bergman DA. The effect of inhaled steroids on the linear growth of 

children with asthma: a meta-analysis. Pediatrics. 2000;106:E8. 

128. Casu B. In: Garg HG, Linhardt RJ, Hales CA, editors. Chemistry and biology 

of heparin and heparan sulfate. 1st ed. Oxfordshire: Elsevier Science; 2005. p. 1-28. 

129. McLean J. The discovery of heparin. Circulation. 1959;19:75-78. 

130. Weitz JI. Low-Molecular-Weight Heparins. New England Journal of 

Medicine. 1997;337:688-699. 

131. Linhardt RJ, Gunay NS. Production and chemical processing of low molecular 

weight heparins. Seminars In Thrombosis and Hemostasis. 1999;25:5-16. 

132. Linhardt R. Heparin: an important drug enters its seventh decade. Chemistry 

and Industry. 1991;1:45-50. 



 

173 
 

133. Altinbas M, Coskun HS, Er O, Ozkan M, Eser B, Unal A, Cetin M, Soyuer S. 

A randomized clinical trial of combination chemotherapy with and without low-

molecular-weight heparin in small cell lung cancer. Journal of Thrombosis and 

Haemostasis. 2004;2:1266-1271. 

134. Evans R, Wong V, Morris A, Rhodes J. Treatment of corticosteroid-resistant 

ulcerative colitis with heparin—a report of 16 cases. Alimentary Pharmacology and 

Therapeutics. 1997;11:1037-1040. 

135. Pacheco H, Kerdel F. Successful treatment of lichen planus with low-

molecular-weight heparin: a case series of seven patients. Journal of Dermatological 

Treatment. 2001;12:123-126. 

136. Chen JL, Fan J, Chen MX, Dong Y, Gu JZ. Effect of non-anticoagulant N-

desulfated heparin on basic fibroblast growth factor expression, angiogenesis, and 

metastasis of gastric carcinoma in vitro and in vivo. Gastroenterology Research and 

Practice. 2012;2012:752940. 

137. Papa A, Danese S, Gasbarrini A, Gasbarrini G. Review article: potential 

therapeutic applications and mechanisms of action of heparin in inflammatory bowel 

disease. Alimentary Pharmacology and Therapeutics. 2000;14:1403-1409. 

138. Barnes PJ. The cytokine network in asthma and chronic obstructive pulmonary 

disease. Journal of Clinical Investigation. 2008;118:3546-3556. 

139. Takafuji S, Bischoff SC, De Weck AL, Dahinden CA. IL-3 and IL-5 prime 

normal human eosinophils to produce leukotriene C4 in response to soluble agonists. 

Journal of Immunology. 1991;147:3855-3861. 

140. Trifilieff A, Walker C, Keller T, Kottirsch G, Neumann U. Pharmacological 

profile of PKF242-484 and PKF241-466, novel dual inhibitors of TNF-alpha 



 

174 
 

converting enzyme and matrix metalloproteinases, in models of airway inflammation. 

British Journal of Pharmacology. 2002;135:1655-1664. 

141. Rael EL, Lockey RF. Interleukin-13 signaling and its role in asthma. World 

Allergy Organization Journal. 2011;4:54-64. 

142. Spahn JD, Szefler SJ, Surs W, Doherty DE, Nimmagadda SR, Leung DY. A 

novel action of IL-13: induction of diminished monocyte glucocorticoid receptor-

binding affinity. Journal of Immunology. 1996;157:2654-2659. 

143. Peters SP, Ferguson G, Deniz Y, Reisner C. Uncontrolled asthma: a review of 

the prevalence, disease burden and options for treatment. Respiratory Medicine. 

2006;100:1139-1151. 

144. To T, Stanojevic S, Moores G, Gershon AS, Bateman ED, Cruz AA, Boulet 

LP. Global asthma prevalence in adults: findings from the cross-sectional world 

health survey. BMC Public Health. 2012;12:204. 

145. Baram D, Rashkovsky M, Hershkoviz R, Drucker I, Reshef T, Ben-Shitrit S, 

Mekori YA. Inhibitory effects of low molecular weight heparin on mediator release 

by mast cells: preferential inhibition of cytokine production and mast cell-dependent 

cutaneous inflammation. Clinical and Experimental Allergy. 1997;110:485-491. 

146. Hochart H, Jenkins PV, Smith OP, White B. Low-molecular weight and 

unfractionated heparins induce a downregulation of inflammation: decreased levels of 

proinflammatory cytokines and nuclear factor-kappaB in LPS-stimulated human 

monocytes. British Journal of Haematology. 2006;133:62-67. 

147. Shastri MD, Peterson GM, Stewart N, Sohal SS, Patel RP. Non-anticoagulant 

derivatives of heparin for the management of asthma: distant dream or close reality? 

Expert Opinion on Investigational Drugs. 2014;23:357-373. 



 

175 
 

148. Olie RA, Simoes-Wust AP, Baumann B, Leech SH, Fabbro D, Stahel RA, 

Zangemeister-Wittke U. A novel antisense oligonucleotide targeting survivin 

expression induces apoptosis and sensitizes lung cancer cells to chemotherapy. Cancer 

Research. 2000;60:2805-2809. 

149. Weidmann E, Brieger J, Jahn B, Hoelzer D, Bergmann L, Mitrou PS. Lactate 

dehydrogenase-release assay: a reliable, nonradioactive technique for analysis of 

cytotoxic lymphocyte-mediated lytic activity against blasts from acute myelocytic 

leukemia. Annals of Hematology. 1995;70:153-158. 

150. Ruiz-Calero V, Puignou L, Diez M, Galceran MT. Determination of free and 

total sulfate and phosphate in glycosaminoglycans by column-switching high-

performance size-exclusion and ion chromatography and single-column ion 

chromatography. Analyst. 2001;126:169-174. 

151. Roy S, Lai H, Zouaoui R, Duffner J, Zhou H, Laxmi PJ, Zhao G, Ganguly T, 

Kishimoto TK, Venkataraman G. Bioactivity screening of partially desulfated low-

molecular-weight heparins: a structure/activity relationship study. Glycobiology. 

2011;21:1194-1205. 

152. Kidd P. Th1/Th2 balance: the hypothesis, its limitations, and implications for 

health and disease. Alternative Medicine Review: A Journal Of Clinical Therapeutic. 

2003;8:223-246. 

153. Guerrini M, Bisio A. Low-molecular-weight heparins: differential 

characterization/physical characterization. Handbook of Experimental Pharmacology. 

2012;207:127-157. 

154. Khorana AA, Sahni A, Altland OD, Francis CW. Heparin inhibition of 

endothelial cell proliferation and organization is dependent on molecular weight. 

Arteriosclerosis, Thrombosis, and Vascular Biology. 2003;23:2110-2115. 



 

176 
 

155. Vignoli A, Marchetti M, Balducci D, Barbui T, Falanga A. Differential effect 

of the low-molecular-weight heparin, dalteparin, and unfractionated heparin on 

microvascular endothelial cell hemostatic properties. Haematologica. 2006;91:207-

214. 

156. Teixeira LK, Fonseca BP, Barboza BA, Viola JP. The role of interferon-

gamma on immune and allergic responses. Memorias Do Instituto Oswaldo Cruz. 

2005;100:137-144. 

157. Flint N, Cove FL, Evans GS. Heparin stimulates the proliferation of intestinal 

epithelial cells in primary culture. Journal of Cell Science. 1994;107 401-411. 

158. Hanke H, Oberhoff M, Hanke S, Hassenstein S, Kamenz J, Schmid KM, Betz 

E, Karsch KR. Inhibition of cellular proliferation after experimental balloon 

angioplasty by low-molecular-weight heparin. Circulation. 1992;85:1548-1556. 

159. Barblu L, Herbeuval JP. Three-dimensional microscopy characterization of 

death receptor 5 expression by over-activated human primary CD4+ T cells and 

apoptosis. PLoS One. 2012;7:e32874. 

160. Chwae YJ, Chang MJ, Park SM, Yoon H, Park HJ, Kim SJ, Kim J. Molecular 

mechanism of the activation-induced cell death inhibition mediated by a p70 

inhibitory killer cell Ig-like receptor in Jurkat T cells. Journal of Immunology. 

2002;169:3726-3735. 

161. Young E. The anti-inflammatory effects of heparin and related compounds. 

Thrombosis Research. 2008;122:743-752. 

162. Thanawiroon C, Linhardt RJ. Separation of a complex mixture of heparin-

derived oligosaccharides using reversed-phase high-performance liquid 

chromatography. Journal of Chromatography A. 2003;1014:215-223. 



 

177 
 

163. Maurice MM, Lankester AC, Bezemer AC, Geertsma MF, Tak PP, Breedveld 

FC, van Lier RA, Verweij CL. Defective TCR-mediated signaling in synovial T cells 

in rheumatoid arthritis. Journal of Immunology. 1997;159:2973-2978. 

164. Baniyash M. TCR zeta-chain downregulation: curtailing an excessive 

inflammatory immune response. Nature Reviews Immunology. 2004;4:675-687. 

165. Rabenstein DL. Heparin and heparan sulfate: structure and function. Natural 

Product Reports. 2002;19:312-331. 

166. Dotan I, Hallak A, Arber N, Santo M, Alexandrowitz A, Knaani Y, 

Hershkoviz R, Brazowski E, Halpern Z. Low-Dose Low-Molecular Weight Heparin 

(Enoxaparin) Is Effective as Adjuvant Treatment in Active Ulcerative Colitis: An 

Open Trial. Digestive Diseases and Sciences. 2001;46:2239-2244. 

167. Fernández C, Hattan CM, Kerns RJ. Semi-synthetic heparin derivatives: 

chemical modifications of heparin beyond chain length, sulfate substitution pattern 

and N-sulfo/N-acetyl groups. Carbohydrate Research. 2006;341:1253-1265. 

168. Riesenfeld J, Thunberg L, Höök M, Lindahl U. The antithrombin-binding 

sequence of heparin. Location of essential N-sulfate groups. Journal of Biological 

Chemistry. 1981;256:2389-2394. 

169. Hostettler N, Naggi A, Torri G, Ishai-Michaeli R, Casu B, Vlodavsky I, Borsig 

L. P-selectin- and heparanase-dependent antimetastatic activity of non-anticoagulant 

heparins. FASEB Journal. 2007;21:3562-3572. 

170. Rai R, Kaur I, Kumar B. Low-dose low-molecular-weight heparin in lichen 

planus. Journal of the American Academy of Dermatology. 2002;46:141-143. 

171. Bergamaschini L, Rossi E, Storini C, Pizzimenti S, Distaso M, Perego C, De 

Luigi A, Vergani C, De Simoni MG. Peripheral treatment with enoxaparin, a low 



 

178 
 

molecular weight heparin, reduces plaques and β-amyloid accumulation in a mouse 

model of Alzheimer's disease. Journal of Neuroscience. 2004;24:4181-4186. 

172. Mousa SA, Petersen LJ. Anti-cancer properties of low-molecular-weight 

heparin: Preclinical evidence. Thrombosis and Haemostasis. 2009;102:258-267. 

173. Lever R, Lo WT, Faraidoun M, Amin V, Brown RA, Gallagher J, Page CP. 

Size-fractionated heparins have differential effects on human neutrophil function in 

vitro. British Journal of Pharmacology. 2007;151:837-843. 

174. Whitelock JM, Murdoch AD, Iozzo RV, Underwood PA. The degradation of 

human endothelial cell-derived perlecan and release of bound basic fibroblast growth 

factor by stromelysin, collagenase, plasmin, and heparanases. Journal of Biological 

Chemistry. 1996;271:10079-10086. 

175. Pervin A, Gallo C, Jandik KA, Han XJ, Linhardt RJ. Preparation and 

structural characterization of large heparin-derived oligosaccharides. Glycobiology. 

1995;5:83-95. 

176. Johnson EA. An approach to a molecular weight calibration for low molecular 

weight heparins. Thrombosis Research. 1987;45:675-680. 

177. Ramasamy I, Kennedy J, Tan K. Capillary electrophoresis for characterization 

of low molecular weight heparins. Laboratory Hematology. 2003;9:64-66. 

178. Jayasri M. Determination of anti-factor Xa activity of enoxaparin fractions 

using reversed-phase HPLC separation [Master's thesis]. Hobart: University of 

Tasmania; 2009. 

179. Skidmore MA, Turnbull JE. In: Garg HG, Linhardt RJ, Hales CA, editors. 

Chemistry and biology of heparin and heparan sulfate. 1st ed. Oxfordshire: Elsevier 

Science; 2005. p. 179-201. 



 

179 
 

180. Bazin RJL-HG. In: Fraser-Reid B, Tatsuta K, Thiem J, editors. Glycoscience: 

chemistry and chemistry biology. 1st ed. Berlin: Springer Berlin-Heidelberg; 2002. p. 

63-74. 

181. Sumyk GB, Kyle JL, Hawrylewicz EJ. Method for the preparation of heparin. 

1969; US patent 3,451,996. 

182. Mahoney JR, Beutler BA, Le Trang N, Vine W, Ikeda Y, Kawakami M, 

Cerami A. Lipopolysaccharide-treated RAW 264.7 cells produce a mediator that 

inhibits lipoprotein lipase in 3T3-L1 cells. Journal of Immunology. 1985;134:1673-

1675. 

183. Miller MJS, Sandoval M. III. A molecular prelude to intestinal inflammation. 

American Journal of Physiology, Gastrointestinal and Liver Physiology. 

1999;276:G795-G799. 

184. Miranda KM, Espey MG, Wink DA. A Rapid, Simple Spectrophotometric 

Method for Simultaneous Detection of Nitrate and Nitrite. Nitric Oxide. 2001;5:62-

71. 

185. Moncada S, Higgs A. The L-arginine-nitric oxide pathway. New England 

Journal of Medicine. 1993;329:2002-2012. 

186. Lundberg JO, Lundberg JM, Alving K, Weitzberg E. Nitric oxide and 

inflammation: the answer is blowing in the wind. Nature Medicine. 1997;3:30-31. 

187. Turpie AGG. Selective factor Xa inhibition with fondaparinux: from concept 

to clinical benefit. European Heart Journal Supplements. 2008;10:C1-C7. 

188. Luo Y, Cho HH, McKeehan WL. Biospecific extraction and neutralization of 

anticoagulant heparin with fibroblast growth factors (FGF). Journal of Pharmaceutical 

Sciences. 2003;92:2117-2127. 



 

180 
 

189. Ludwig RJ. Therapeutic use of heparin beyond anticoagulation. Current Drug 

Discovery Technologies. 2009;6:281-289. 

190. Shastri MD, Stewart N, Eapen M, Peterson GM, Zaidi ST, Guven N, Sohal 

SS, Patel RP. Opposing Effects of Low Molecular Weight Heparins on the Release of 

Inflammatory Cytokines from PBMC of Asthmatics. PLoS One. 2015;10:e0118798. 

191. Mosmann TR, Coffman RL. TH1 and TH2 cells: different patterns of 

lymphokine secretion lead to different functional properties. Annual Review of 

Immunology. 1989;7:145-173. 

192. Faustino L, Mucida D, Keller AC, Demengeot J, Bortoluci K, Sardinha LR, 

Carla Takenaka M, Basso AS, Faria AMC, Russo M. Regulatory T Cells Accumulate 

in the Lung Allergic Inflammation and Efficiently Suppress T-Cell Proliferation but 

Not Th2 Cytokine Production. Clinical and Developmental Immunology. 

2012;2012:721817. 

193. Kay AB. Allergy and allergic diseases (Part I). New England Journal of 

Medicine. 2001;344:30-37. 

194. Lukacs NW, Strieter RM, Chensue SW, Widmer M, Kunkel SL. TNF-alpha 

mediates recruitment of neutrophils and eosinophils during airway inflammation. 

Journal of Immunology. 1995;154:5411-5417. 

195. Barnes PJ. Efficacy of inhaled corticosteroids in asthma. Journal of Allergy 

and Clinical Immunology. 1998;102:531-538. 

196. Pelaia G, Vatrella A, Maselli R. The potential of biologics for the treatment of 

asthma. Nature Reviews Drug Discovery. 2012;11:958-972. 

197. Bousquet J, Chiron R, Humbert M. Biologics in asthma: difficulties and 

drawbacks. Expert Opinion on Biolological Therapy. 2008;8:1921-1928. 



 

181 
 

198. Vrij AA, Jansen JM, Schoon EJ, de Bruine A, Hemker HC, Stockbrugger RW. 

Low molecular weight heparin treatment in steroid refractory ulcerative colitis: 

clinical outcome and influence on mucosal capillary thrombi. Scandinavian Journal of 

Gastroenterology. 2001;234:41-47. 

199. Bluestone JA, Bour-Jordan H. Current and future immunomodulation 

strategies to restore tolerance in autoimmune diseases. Cold Spring Harbor 

Perspectives in Biolology. 2012;4:a007542. 

200. Yang B, Solakyildirim K, Chang Y, Linhardt RJ. Hyphenated techniques for 

the analysis of heparin and heparan sulfate. Analytical and Bioanalytical Chemistry. 

2011;399:541-557. 

201. Viegas A, Manso Jo, Nobrega FL, Cabrita EJ. Saturation-Transfer Difference 

(STD) NMR: A Simple and Fast Method for Ligand Screening and Characterization 

of Protein Binding. Journal of Chemical Education. 2011;88:990-994. 

202. Friberg D, Bryant J, Shannon W, Whiteside TL. In vitro cytokine production 

by normal human peripheral blood mononuclear cells as a measure of 

immunocompetence or the state of activation. Clinical and Diagnostic Laboratory 

Immunology. 1994;1:261-268. 

203. Torkvist L, Thorlacius H, Sjoqvist U, Bohman L, Lapidus A, Flood L, Agren 

B, Raud J, Lofberg R. Low molecular weight heparin as adjuvant therapy in active 

ulcerative colitis. Alimentary Pharmacology and Therapeutics. 1999;13:1323-1328. 

204. Iraji F, Asilian A, Saeidi A, Siadat AH, Saeidi AR, Hassanzadeh A. 

Comparison of therapeutic effect of low-dose low-molecular-weight heparin 

(enoxaparin) vs. oral prednisone in treatment of patients with lichen planus; A clinical 

trial. Advanced Biomedical Research. 2013;2:76. 



 

182 
 

205. Koller M, Kutscha-Lissberg F, Brom J, Weidinger G, Muhr G. Influence of 

low molecular weight heparin (certoparin) and unfractionated heparin on the release 

of cytokines from human leukocytes. Inflammation. 2001;25:331-337. 

206. Ma Q, Cornelli U, Hanin I, Jeske WP, Linhardt RJ, Walenga JM, Fareed J, 

Lee JM. Heparin oligosaccharides as potential therapeutic agents in senile dementia. 

Current Pharmaceutical Design. 2007;13:1607-1616. 

207. Kilpatrick D. Lectins in immunology. In: Pusztai A, Bardocz S, editors. 

Lectins: Biomedical Perspectives. London: Taylor & Francis; 1995. p. 131-153. 

208. Perrin PJ, Davis TA, Smoot DS, Abe R, June CH, Lee KP. Mitogenic 

stimulation of T cells reveals differing contributions for B7-1 (CD80) and B7-2 

(CD86) costimulation. Immunology. 1997;90:534-542. 

209. Valentine MA, Tsoukas CD, Rhodes G, Vaughan JH, Carson DA. 

Phytohemagglutinin binds to the 20-kDa molecule of the T3 complex. European 

Journal of Immunology. 1985;15:851-854. 

210. Steinberg SF. Structural basis of protein kinase C isoform function. 

Physiological Reviews. 2008;88:1341-1378. 

211. Milner SM. Activation of mouse spleen cells by a single short pulse of 

mitogen. Nature. 1977;268:441-442. 

212. Crabtree GR. Contingent genetic regulatory events in T lymphocyte 

activation. Science. 1989;243:355-361. 

213. Wiskocil R, Weiss A, Imboden J, Kamin-Lewis R, Stobo J. Activation of a 

human T cell line: a two-stimulus requirement in the pretranslational events involved 

in the coordinate expression of interleukin 2 and gamma-interferon genes. Journal of 

Immunology. 1985;134:1599-1603. 



 

183 
 

214. Sheng GJ, Oh YI, Chang SK, Hsieh-Wilson LC. Tunable heparan sulfate 

mimetics for modulating chemokine activity. Journal of the American Chemical 

Society. 2013;135:10898-10901. 

215. Zhang S, Condac E, Qiu H, Jiang J, Gutierrez-Sanchez G, Bergmann C, 

Handel T, Wang L. Heparin-induced leukocytosis requires 6-O-sulfation and is 

caused by blockade of selectin- and CXCL12 protein-mediated leukocyte trafficking 

in mice. Journal of Biological Chemistry. 2012;287:5542-5553. 

216. Kanabar V, Hirst SJ, O'Connor BJ, Page CP. Some structural determinants of 

the antiproliferative effect of heparin-like molecules on human airway smooth muscle. 

British Journal of Pharmacology. 2005;146:370-377. 

217. Kanabar V, Page CP, Simcock DE, Karner C, Mahn K, O'Connor BJ, Hirst SJ. 

Heparin and structurally related polymers attenuate eotaxin-1 (CCL11) release from 

human airway smooth muscle. British Journal of Pharmacology. 2008;154:833-842. 

218. den Dekker E, Grefte S, Huijs T, ten Dam GB, Versteeg EM, van den Berk 

LC, Bladergroen BA, van Kuppevelt TH, Figdor CG, Torensma R. Monocyte cell 

surface glycosaminoglycans positively modulate IL-4-induced differentiation toward 

dendritic cells. Journal of Immunology. 2008;180:3680-3688. 

219. Diamond MS, Alon R, Parkos CA, Quinn MT, Springer TA. Heparin is an 

adhesive ligand for the leukocyte integrin Mac-1 (CD11b/CD1). Journal of Cell 

Biology. 1995;130:1473-1482. 

220. Kim HY, DeKruyff RH, Umetsu DT. The many paths to asthma: phenotype 

shaped by innate and adaptive immunity. Nature Immunology. 2010;11:577-584. 

221. Bezemer GF, Sagar S, van Bergenhenegouwen J, Georgiou NA, Garssen J, 

Kraneveld AD, Folkerts G. Dual role of Toll-like receptors in asthma and chronic 

obstructive pulmonary disease. Pharmacological Reviews. 2012;64:337-358. 



 

184 
 

222. Kagnoff MF, Eckmann L. Epithelial cells as sensors for microbial infection. 

Journal of Clinical Investigation. 1997;100:6-10. 

223. Marini M, Vittori E, Hollemborg J, Mattoli S. Expression of the potent 

inflammatory cytokines, granulocyte-macrophage-colony-stimulating factor and 

interleukin-6 and interleukin-8, in bronchial epithelial cells of patients with asthma. 

Journal of Allergy and Clinical Immunology. 1992;89:1001-1009. 

224. Rincon M, Irvin CG. Role of IL-6 in asthma and other inflammatory 

pulmonary diseases. International Journal of Biological Sciences. 2012;8:1281-1290. 

225. Barnes PJ, Chung KF, Page CP. Inflammatory mediators of asthma: an update. 

Pharmacological Reviews. 1998;50:515-596. 

226. Zeilhofer HU, Schorr W. Role of interleukin-8 in neutrophil signaling. Current 

Opinion In Hematology. 2000;7:178-182. 

227. Marandi Y, Farahi N, Hashjin GS. Asthma: beyond corticosteroid treatment. 

Archives of Medical Science. 2013;9:521-526. 

228. Descotes J. Immunotoxicity of monoclonal antibodies. MAbs. 2009;1:104-

111. 

229. Louis SG, Sato M, Geraci T, Anderson R, Cho SD, Van PY, Barton JS, Riha 

GM, Underwood S, Differding J, Watters JM, Schreiber MA. Correlation of missed 

doses of enoxaparin with increased incidence of deep vein thrombosis in trauma and 

general surgery patients. JAMA Surgery. 2014;149:365-370. 

230. Kaya S, Hatemi I, Hamzaoglu I, Uzunismail H. Massive haemorrhage induced 

by low molecular weight heparin in a patient with steroid refractory ulcerative colitis. 

Scandinavian Journal of Gastroenterology. 2004;39:613. 



 

185 
 

231. Palmberg L, Larsson BM, Malmberg P, Larsson K. Induction of IL-8 

production in human alveolar macrophages and human bronchial epithelial cells in 

vitro by swine dust. Thorax. 1998;53:260-264. 

232. Dulon S, Cande C, Bunnett NW, Hollenberg MD, Chignard M, Pidard D. 

Proteinase-activated receptor-2 and human lung epithelial cells: disarming by 

neutrophil serine proteinases. American Journal of Respiratory Cell and Molecular 

Biology. 2003;28:339-346. 

233. Asokananthan N, Graham PT, Fink J, Knight DA, Bakker AJ, McWilliam AS, 

Thompson PJ, Stewart GA. Activation of protease-activated receptor (PAR)-1, PAR-

2, and PAR-4 stimulates IL-6, IL-8, and prostaglandin E2 release from human 

respiratory epithelial cells. Journal of Immunology. 2002;168:3577-3585. 

234. Huang JN, Tsai MC, Fang SL, Chang MD, Wu YR, Tsai JJ, Fu LS, Lin HK, 

Chen YJ, Li TW. Low-molecular-weight heparin and unfractionated heparin decrease 

th-1, 2, and 17 expressions. PLoS One. 2014;9:e109996. 

235. Guerrini M, Elli S, Gaudesi D, Torri G, Casu B, Mourier P, Herman F, 

Boudier C, Lorenz M, Viskov C. Effects on molecular conformation and 

anticoagulant activities of 1,6-anhydrosugars at the reducing terminal of antithrombin-

binding octasaccharides isolated from low-molecular-weight heparin enoxaparin. 

Journal of Medicinal Chemistry. 2010;53:8030-8040. 

236. Wishart DS, Jewison T, Guo AC, Wilson M, Knox C, Liu Y, Djoumbou Y, 

Mandal R, Aziat F, Dong E, Bouatra S, Sinelnikov I, Arndt D, Xia J, et al. HMDB 

3.0-The Human Metabolome Database in 2013. Nucleic Acids Research. 

2013;41:D801-807. 

237. Danielsson A, Raub E, Lindahl U, Bjork I. Role of ternary complexes, in 

which heparin binds both antithrombin and proteinase, in the acceleration of the 



 

186 
 

reactions between antithrombin and thrombin or factor Xa. Journal of Biological 

Chemistry. 1986;261:15467-15473. 

238. Petitou M, Lormeau JC, Choay J. Interaction of heparin and antithrombin III. 

The role of O-sulfate groups. European Journal of Biochemistry. 1988;176:637-640. 

239. Bellosta P, Iwahori A, Plotnikov AN, Eliseenkova AV, Basilico C, 

Mohammadi M. Identification of receptor and heparin binding sites in fibroblast 

growth factor 4 by structure-based mutagenesis. Molecular and Cellular Biology. 

2001;21:5946-5957. 

240. Carter WJ, Cama E, Huntington JA. Crystal structure of thrombin bound to 

heparin. Journal of Biological Chemistry. 2005;280:2745-2749. 

241. Salek-Ardakani S, Arrand JR, Shaw D, Mackett M. Heparin and heparan 

sulfate bind interleukin-10 and modulate its activity. Blood. 2000;96:1879-1888. 

242. Lau EK, Paavola CD, Johnson Z, Gaudry JP, Geretti E, Borlat F, Kungl AJ, 

Proudfoot AE, Handel TM. Identification of the glycosaminoglycan binding site of 

the CC chemokine, MCP-1: implications for structure and function in vivo. Journal of 

Biological Chemistry. 2004;279:22294-22305. 

243. Edwards JP, Zhang X, Mosser DM. The expression of heparin-binding 

epidermal growth factor-like growth factor by regulatory macrophages. Journal of 

Immunology. 2009;182:1929-1939. 

244. Asokananthan N, Graham PT, Fink J, Knight DA, Bakker AJ, McWilliam AS, 

Thompson PJ, Stewart GA. Activation of protease-activated receptor (PAR)-1, PAR-

2, and PAR-4 stimulates IL-6, IL-8, and prostaglandin E2 release from human 

respiratory epithelial cells. Journal of Immunology. 2002;168:3577-3585. 



 

187 
 

245. Zhou H, Mazzulla MJ, Kaufman JD, Stahl SJ, Wingfield PT, Rubin JS, 

Bottaro DP, Byrd RA. The solution structure of the N-terminal domain of hepatocyte 

growth factor reveals a potential heparin-binding site. Structure. 1998;6:109-116. 

246. Abrahamson SL, Wu HM, Williams RE, Der K, Ottah N, Little R, Gazzano-

Santoro H, Theofan G, Bauer R, Leigh S, Orme A, Horwitz AH, Carroll SF, Dedrick 

RL. Biochemical characterization of recombinant fusions of lipopolysaccharide 

binding protein and bactericidal/permeability-increasing protein. Implications in 

biological activity. Journal of Biological Chemistry. 1997;272:2149-2155. 

247. Austin RC, Sheffield WP, Rachubinski RA, Blajchman MA. The N-terminal 

domain of antithrombin-III is essential for heparin binding and complex-formation 

with, but not cleavage by, alpha-thrombin. Biochemical Journal. 1992;282:345-351. 

 

 

 


