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Abstract: This paper concerns the potential use of compounds, including lipid A, chitosan, 

and carrageenan, from marine sources as agents for treating endotoxemic complications 

from Gram-negative infections, such as sepsis and endotoxic shock. Lipid A, which can be 

isolated from various species of marine bacteria, is a potential antagonist of bacterial 

endotoxins (lipopolysaccharide (LPSs)). Chitosan is a widespread marine polysaccharide 

that is derived from chitin, the major component of crustacean shells. The potential of 

chitosan as an LPS-binding and endotoxin-neutralizing agent is also examined in this 

paper, including a discussion on the generation of hydrophobic chitosan derivatives to 

increase the binding affinity of chitosan to LPS. In addition, the ability of carrageenan, 

which is the polysaccharide of red alga, to decrease the toxicity of LPS is discussed. We 

also review data obtained using animal models that demonstrate the potency of carrageenan 

and chitosan as antiendotoxin agents. 
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1. Introduction 

Gram-negative bacterial sepsis and its extreme manifestation, septic (endotoxic) shock, continue to 

be a leading cause of death among hospitalized patients [1]. The incidence of sepsis and its associated 

mortality are increasing with the growing use of invasive procedures and both immunosuppressive and 

cytotoxic therapies in medical practice, as well as the aging of the population, which is accompanied 
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by an increase in chronic diseases. The development of new antibiotics and their introduction into 

clinical practices do not fundamentally overcome this problem because treating septic patients with 

antibiotics may in fact cause the patients’ health to worsen rather than improve. 

In recent years, there has been considerable progress in understanding the molecular and cellular 

mechanisms underlying Gram-negative sepsis and endotoxic shock [2]. These clinical syndromes 

result from the accumulation of endotoxins (lipopolysaccharide (LPS)) in the blood of the host, which 

are released from pathogenic bacterial cells during systemic bacterial infections or from the normal 

bacterial flora within the lumen of the intestine. By interacting with specific receptors on the host 

effector cells, LPSs induce the synthesis of a large number of endogenous proinflammatory cytokines 

by these cells. The overproduction of these cytokines leads to an uncontrolled inflammatory reaction, 

which ultimately manifests into serious physiological disorders in the body (Figure 1). 

Figure 1. Mechanisms of action of lipopolysaccharide (LPS) as a sepsis inducer. LPS is 

recognized by Toll-like receptor 4 (TLR-4) on animal’s immune cells. Recognition is aided 

by two accessory proteins known as CD14 and MD-2. Stimulation of TLR-4 triggers 

reaction with the adaptor molecule MyD88 (myeloid differentiation primary-response 

protein 88). The MyD88-depending signaling pathway leads to the activation of  

nuclear factor-κβ (NF-κβ), which regulates the expression of target genes that encode  

pro-inflammatory mediators. The overstimulation of receptors may lead to uncontrolled 

general inflammation and eventually to sepsis. 

 

Therapies for Gram-negative sepsis remain unsatisfactory despite a concerted effort to develop new 

treatments for this life-threatening syndrome. Currently, no drugs are specific for endotoxin-induced 

clinical syndromes. The most compelling therapeutic strategy for sepsis would certainly be the 
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elimination of endotoxins so the systematic inflammatory response and the catastrophic cytokine 

avalanche can be avoided. Hence, compounds with therapeutic potentials as anti-endotoxin agents may 

include those that either bind LPS at high affinity and neutralize its toxicity or those that competitively 

interact with LPS receptors on host cells without the activating antagonists receptor. Both groups of 

agents, acting through different mechanisms, block endotoxin binding to specific receptors on target 

cells, thus preventing the synthesis of proinflammatory cytokines [2]. 

2. Lipid A, Chitosan and Carrageenan—Marine Compounds with Antiendotoxic Potential 

2.1. Marine Lipid A Potential Endotoxin Antagonists 

Chemically, LPS consists of a hydrophilic polysaccharide (S-form of LPS) or oligosaccharide  

(R-form of LPS) covalently linked to a hydrophobic lipid portion designated as lipid A, which is 

responsible for the inflammatory properties of the endotoxin [2,3]. The most potent lipid A is generally 

considered to be the hexa-acylated E. coli one with acyl residues of 12 to 14 carbons in length and a 

bisphosphorylated diglucosamine backbone (Figure 2a) [4,5]. Variations in the chemical structure of  

E. coli lipid A, such as changes in the number or length of the acyl chains, the cleavage of a phosphate 

group, or the replacement of the disaccharide backbone by a monosaccharide backbone (Figure 2b) [6], 

may lead to a strong decrease in the biological activity [4]. The structural derivatives of lipid A that are 

capable of inhibiting physiological response triggered by endotoxin not only in vitro but also in vivo, 

as demonstrated in animal models of sepsis [7], and could be potentially useful in sepsis therapy [8]. 

Figure 2. Chemical structure of certain lipid As. (a) Lipid A of E. coli K-12 [5]; (b) Lipid 

A of Rhodopseudomonas viridis [6]. 

  

Lipid A derivatives exhibiting anti-endotoxin activities can be obtained via the chemical 

degradation of the native molecules of LPS or lipid A [9] or as a product of organic synthesis  

(i.e., synthetic analogues of lipid A [10]). Other sources of endotoxin antagonists based on lipid A 
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include bacterial mutants bearing mutations in the genes involved in lipid A biosynthesis [11] and 

bacteria that are phylogenetically distant from the family Enterobacteriaceae [12]. We hypothesize that 

marine bacteria inhabiting specific environmental niches (e.g., low temperature, high hydrostatic 

pressure, and high salinity) may synthesize lipid A molecules of unusual structures that, which can be 

possible pharmacological interesting. 

Earlier studies on certain lipid A molecules from marine bacteria only identified their fatty acid 

components. [13,14]. Later studies revealed a few special features of the lipid A molecules, the most 

pronounced of which is a penta-acyl type of structure [15]. We conducted systematic studies of lipid A 

from 13 wild strains of marine Proteobacteria belonging to the families of Alteromonadaceae 

(Alteromonas, Idiomarina, and Pseudoalteromonas genera [16–18]) and Vibrionaceae (Shewanella 

and Vibrio genera [16]) and the genera of Marinomonas [19–21] and Chryseobacterium [22]. The 

marine lipid As molecules were shown to be characterized by significant structural diversities  

(Figure 3). Furthermore, these lipid A molecules have a few structural peculiarities: a highly specific 

fatty acid composition (low content or total absence of normal fatty acids, a presence of iso-branched 

3-hydroxy fatty acids and, a presence, in some cases, unsaturated fatty acids), a low degree of acylation 

and phosphorylation, and a monosaccharide backbone (lipid As of the genus Chryseobacterium). In 

addition, unlike the Enterobacteriaceae LPS and lipid As, these molecules have displayed low toxicity 

in animal models [23]. 

Figure 3. Chemical structure of lipid As from certain marine bacteria. (a) Lipid А of  

P. haloplanktis АТСС 14399
Т
 bacteria [17], where R = 3-OH-11:0, 3-OH-12:0, 3-OH-13:0,  

3-OH-iso-11:0, 3-OH-iso-12:0 acid; (b) Lipid A of M. сommunis ATCC 27118
T
 [21] (I), 

M. vaga ATCC 27119
T
 [20] (II) and M. mediterranea АТСС 700492

Т
 [24] (III) bacteria, 

where (I) −R = C12:0 acid; (II) −R = С10:0, С12:0 or С12:1 acids; (III) −R = 3-ОН-С10:0 

acid; С4′ atom in the molecule of this lipid A is replaced with the residue of phosphoric 

acid; (c) Lipid A C. scophthalmum CIP 104199
Т
 [22] and C. indoltheticum CIP 103168

Т
 [24]. 
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Figure 3. Cont. 

 

Due to these findings, biological properties of marine LPSs and lipid As with unusual structures 

(Figure 3b(I),3b(III),3c) are studied using ex vivo bioassays in human whole blood with tumor necrosis 

factor-α (TNF-α) as a marker of cell activation [24]. TNF-α has been shown to be the most important 

inflammatory cytokine that mediates multiple immunopathological features of LPS-induced 

sepsis [23]. Therefore, the ability of the LPS and lipid A to induce and/or inhibit TNF-α release is 

often used as a reflection of their endotoxic and anti-endotoxic potentials [3]. 

LPSs and lipid As of the marine bacteria were shown to only weakly induce TNF-α synthesis or not 

at all in human blood cells. At the same time, these compounds inhibited the endotoxin-induced 

production of TNF-α by up to 80%–90% in a dose-dependent manner [15]. As expected, the 

compounds effectively blocked the TNF-α-inducing activity of any toxic LPS irrespective of its 

source, its polysaccharide chain length, or its toxicity degree. Their inhibitory activities were 

dependent on the dose of the endotoxin used as the agonist: for higher doses of endotoxin, greater 

concentrations of lipid As were needed for efficient inhibition, thus [24] indicating a mechanism of 

competitive inhibition by the marine lipid As and LPSs that were tested. Interestingly, the LPS from 

M. communis had a much higher inhibitory activity than the well-known synthetic endotoxin 

antagonist E-5531, which was designed based on the lipid A from Rhodobacter capsulatus [25]. The 

IC50 dose of M. communis LPS for inhibiting the induction of TNF-α synthesis by 10 ng/mL E. coli 

LPS was approximately 40-fold lower than that of E-5531. Thus, structural and biological 

characteristics of the marine lipid A molecules that have been studied are similar to those of the lipid 

A-like molecules that exhibit the properties of endotoxin antagonists. Taken together, the previous 

results suggest that the search for potential endotoxin antagonists among LPS and lipid A molecules 

from marine Gram-negative bacteria may be promising. 
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2.2. Chitosan as an LPS Binding and Endotoxin Neutralizing Agent 

One of the promising ways to inhibit harmful inflammatory/septic responses of endotoxins is to 

bind the endotoxins with certain polycations, which can interact with lipid A bearing negatively 

charged phosphate groups and, as a result, block this toxic center of the endotoxin. 

Chitosan (Ch) (β-1,4-D-glucosaminoglucan) (Figure 4) a polycation that is widely used in many 

fields, including biomedicine, due to its nontoxicity, biodegradability, biocompatibility and biological 

activity [26,27]. The ability of chitosan to form specific complexes with polyanions of various natures 

is well known [28]. Chitosan has been used to clean certain biological fluids as a sorbent with an 

endotoxin-binding capacity [29]. Moreover, chitosan possesses an antibacterial activity [30] that is 

usually associated with substances that bind and neutralize endotoxins. Therefore, it would be useful to 

study chitosan as a potential agent for treating sepsis. 

Figure 4. Chemical structure of chitosan. 

 

Systematic studies of chitosan binding with LPS and the biological properties of the chitosan-LPS 

complexes have been conducted. Chitosan has been shown to interact specifically with LPS to form 

water-soluble stable complexes of various stoichiometry compositions. The apparent binding constant 

value (Ka) of chitosan with LPS was determined to be approximately 10
5
 M

−1
, which was in line with 

literature data on the binding constants of LPS complexes with other polycations, such as human 

serum albumin [31] and NK-lysine [32]. At saturation, there were 9–11 and 200 glucosamine residues 

per mole of LPS on average in the complexes formed in dilute solutions (LPS concentration  

<0.1 mg/mL) [33] and in concentrated solutions (LPS concentration 1 mg/mL) [34], respectively. The 

stoichiometry of chitosan-LPS complexes and the Ka values were dependent on the reaction conditions, 

including the temperature, component concentration, pH and ionic strength of solutions. These 

environmental factors have influenced the LPS aggregate state, illustrating that the LPS aggregate state 

is the important factor of the interaction between LPS and chitosan [35]. The quantitative parameters of 

chitosan binding to LPS were also dependent on the structural features of the components and their 

molecular sizes. An increase in the molecular mass of LPS molecules led to improved affinity between 

the complex components and a decrease in the LPS content in the complex [33]. 

The interaction of a cationic polymer such as chitosan with the highly anionic LPS undoubtedly has 

an electrostatic component involving the ionic binding between negatively charged groups on LPS and 

positively charged amino groups on chitosan. In a typical LPS molecule, both lipid A and the inner 
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part of the core oligosaccharide carry negatively charged groups [36] that appear to be the major 

contributors of the net negative charge of the LPS and hence the major binding sites for chitosan. This 

hypothesis was proposed based on data showing that partial fragments of LPS containing these 

negatively charged groups could compete with intact LPS for chitosan binding [37]. An essential factor 

affecting the interaction between chitosan and LPS is pH, which determines the degree of ionization of 

the charged groups involved in complex formation. It was found that LPS-chitosan complexes are 

formed in the pH range of 4.0 to 7.0 [38]. The significant role of electrostatic forces in the interaction 

of endotoxin with chitosan is supported by the fact that the stability of a complex decreases with 

increasing ionic strength. However, some LPS-chitosan complexes have been shown to maintain their 

stability in 1 M sodium chloride solutions. This finding clearly indicated the involvement of various 

types of interactions during complex formation. Based on the carbohydrate nature of these substances, 

it is believed that, in addition to the electrostatic forces, hydrogen bonds are also involved in the 

complex formation of LPS with chitosan [38]. 

The studies have shown that chitosan is a LPS-binding polycation with therapeutic potential. 

However, it is desirable to increase the efficiency of interaction between chitosan and LPS. It has been 

demonstrated previously that long-chain aliphatic lipophilic groups, when present in a polycation, 

could stabilize the complex of the polycation with LPS through hydrophobic interactions between 

these substituents and acyl lipid A domains [39]. Based on this concept, a. chemical modification of 

chitosan was performed to increase the affinity of LPS-chitosan binding [37]. The chitosan molecule 

was modified by a lipophilic substituent (residue of 3-hydroxytetradecanoic acid). The modified 

chitosans were soluble in aqueous media due to the use of low molecular weight chitosan derivatives 

and a low degree of their acylation. Using this method, we synthesized mono-acyl-derivatives of 

chitooligosaccharides (di to tetra) and oligochitosan (5.5 kD) with the acyl substituent positioned at the 

reducing termini of the molecules [37]. As described previously [39], amphiphilic compounds of this 

type with distantly localized hydrophobic and hydrophilic regions inside the same molecule interact 

preferentially with the lipid A fragment, and blocking this interaction is important for the 

neutralization of LPS [40]. We found that the apparent binding constants of the N-acyl derivatives of 

chitosan (acyl-ch) with LPSs were an order of magnitude higher in comparison with an unsubstituted 

analogue. The elongation of the carbohydrate chain of the chitosans from 2 to 30 monosaccharide 

residues also led to an increase in the LPS-binding activity with both substituted and unsubstituted 

chitosan derivatives [37]. 

Molecular modeling was used to obtain information about the structure of the LPS-chitosan 

complexes [37]. The ionic, hydroxyl, and carbonyl groups of the monosaccharide and fatty acid 

residues in the core and the lipid A moieties of LPSs were demonstrated to be involved in the 

interaction with chitosans and chitooligosaccharides. The models also showed that the increase in the 

length of the chitosan carbohydrate chain resulted in multipoint binding on several anionic sites 

localized in the core and at the lipid A moiety of the LPS molecule, which seemingly led to an increase 

in the binding affinity. An increase in the amount of acetyl groups in chitosans led to a decrease in the 

number of bonds stabilizing the complex. In the case of N-acylated chitooligosaccharide complexes 

with LPSs, the fatty acid residues on chitosan were incorporated into the polyacyl domain of lipid A 

and were located in parallel to the fatty acid chains of lipid A, which reinforced the hydrophobic 

interactions and increased the affinity of acylated chitosan binding to LPS. These theoretical data for 
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the binding affinity of chitosan [37] to LPS also coincided with the experimental results. [33,34,38]. 

Thus, water-soluble derivatives of chitosans with hydrophobic substituents and low extent of amino 

group substitutions are promising compounds for binding to endotoxins. 

The incorporation of chitosan and its N-acylated derivatives in liposomes can be used to obtain 

nanoparticles with a high LPS binding capacity. The liposomes covered by chitosan were shown to 

cause a significant increase in the binding of LPS by the liposomal bilayer. The high efficiency of 

interaction was achieved due to multipoint binding of LPS with chitosan molecules attached to the 

liposome surface and additional inclusion of LPS into the phospholipid bilayer. A computer simulation 

showed that modifying the liposome lipid bilayer with N-acylated low molecular weight chitosan 

increased the binding of LPS with liposomes due to the formation of additional hydrogen and ionic 

bonds between the molecules of chitosan and LPS [41]. 

The formation of LPS-chitosan complexes is accompanied by the essential modification of several 

immunological properties of LPS. As shown previously, LPS-chitosan complexes possess 10–20 times 

less toxicity than LPS alone [34]. This effect is dependent on the LPS source, the ratio of the components 

in the complex and the molecular mass of chitosan. A substantial reduction of LPS toxicity in  

LPS-chitosan complexes may be explained by the blocking of the toxophoric center of endotoxin or 

the alterations in the molecular charge and/or the structure of LPS aggregates by chitosan [42]. 

The LPS-chitosan complex has been shown to maintain the ability to induce IL-8 and TNF-α. The 

induction efficiency of IL-8 and TNF-α by the LPS-chitosan complex, compared with the parent LPS, 

was found to be approximately 70% for IL-8 and slightly lower for TNF-α [34]. This finding is a 

possible reason for the lower toxicity of LPS when it is complexed with chitosan because, as 

mentioned above, the toxic effect of LPS is associated with its ability to stimulate the synthesis of  

pro-inflammatory cytokines in a host, especially TNF-α. It is known that many LPS-binding cationic 

peptides and proteins significantly inhibit the ability of LPS to induce cytokines [2]; however, the 

mechanisms of inhibition have not been established. It is also known that LPS induces the production 

of cytokines in monocytes and macrophages through TLR-4 receptors [43]. Using human embryonic 

kidney cells (HEK 293 cells) co-transfected with this receptor and MD2, we showed that the decrease 

in the ability of LPS within LPS-chitosan complexes to induce the secretion of pro-inflammatory 

cytokines in macrophages was not dependent on TLR4 and that chitosan did not block the TLR4 

receptor binding to LPS and LPS signal transduction in the cell [34]. However, the possibility remains 

that some degree of inhibition of LPS-TLR4 interaction was caused by chitosan binding to the lipid A 

portion of LPS. The down-modulation of the cytokine-inducing activity of LPS might also be due to 

the competition between LPS and chitosan for the receptor CD14. CD14 has been recognized as a 

common binding receptor on monocytes for both S-LPS and chitosan, and it is involved in the 

transduction of the cytokine-inducing signal [44]. 

2.3. Chitosan and Carrageenan as Auxiliary Agents for Sepsis Therapy 

Sepsis, which is caused by Gram-negative bacteria, is a complex multifactorial syndrome with 

inflammatory, procoagulant, and immunosuppressive aspects. Therefore, combination therapies may 

likely improve current treatment for sepsis [45]. Chitosan and its derivatives may be of particular 

interest because, in addition to their effects on endotoxins, they have biological properties that may be 
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useful in treating sepsis. Other natural polysaccharides such as carrageenans (Figure 5), which belong 

to a complex family of sulfated galactans from red marine algae, may be also considered to be 

potential agents in supporting therapies for sepsis due to their biological activities [46]. 

Figure 5. Chemical structure of κ-carrageenan. 

 

Several studies have shown that the immune cells of patients with sepsis are either hyporesponsive 

or deactivated, suggesting that critically ill patients may be immunosuppressed, especially in the  

post-acute phase of septic shock [47]. Strategies to boost immunity could improve the outcome of 

sepsis when applied early, if measures of immune competence indicate impaired immunity, or when 

applied late in sepsis. Therefore, the use of immunostimulatory substances for the treatment of sepsis is 

a logical approach [45]. Chitosan and its derivatives as well as carrageenans have been shown to 

possess potent immunomodulatory activities [48,49]: These compounds stimulated immune cells to 

produce INF-γ and the anti-inflammatory cytokine interleukin-10. 

Coagulation disorders are known to arise during sepsis, and 30%–50% of patients have 

disseminated intravascular coagulation (DIC), which is the more severe clinical form of sepsis that 

leads to multiple organ dysfunctions [1]. It has been shown that platelets play an important role in the 

development of DIC. 

The effects of carrageenan and chitosan on donor platelets of healthy subjects and patients with 

acute alimentary toxico infection with DIC syndrome have been studied. The pretreatment of donor 

platelets with these polysaccharides reduced LPS-induced platelet aggregation and protected the 

platelets against ADP, another inducer of platelet aggregation [50,51]. In the patients who received the 

complex therapy (polysaccharide together with standart medicines), carrageenan actively restored 

haemostasis and corrected several biochemical indices and parameters of the immune system 

compound. Conversely, the basic therapy did not yield the level of efficacy in the patients [50]. 

One significant piece of evidence that supports the potential therapeutic utility of chitosan, its 

hydrophobic derivatives and carrageenan for treating endotoxemia, sepsis and septic shock is that these 

polysaccharides provide protection against injected LPS in animal models. 

Chitosan, oligochitosan and the N-acylated derivatives were shown to protect against LPS-induced 

mortality in a D-galactosamine-sensitised mouse model. The most protection was observed when the 

chitosans were administered either simultaneously with LPS or two hours after an LPS challenge [52]. 

Carrageenans also raised the lethal dose of LPS in experimental animals. Pretreatment with carrageenan 

significantly prolonged the survival of mice against an LPS challenge [53]. The degree of protection 

O

O

OH

O

OH

O
*

O

OH

*

n

HO3SO



Mar. Drugs 2013, 11 2225 

 

 

depended on the structures of the carrageenans, their doses, and the routes and times of administration. 

The best protective effect was observed in mice that were pretreated with κ-carrageenan. 

The endotoxin that enters the bloodstream during endotoxemia induced by local or systemic  

Gram-negative infections, as it is known, has an impact on almost all systems of a macroorganism, 

causing a number of pathophysiological changes [2,45]. In our experiments, nonlethal doses of LPS 

that were parenterally injected into the mice caused significant biochemical and pathological changes 

in the tissues [53,54]. Chitosan and carrageenan at preventive oral administration doses protected mice 

from endotoxin-induced morphological, endocrine and metabolic disorders in the liver, thymus, spleen 

and adrenal glands of the animals. These data suggest that these polysaccharides conferred resistance 

against bacterial endotoxin in the mice. Thus chitosan and carrageenan prevented the physiologically 

toxic effects of LPS-induced endotoxemia [53,54]. 

3. Conclusions  

Marine organisms and microorganisms have long been recognised as a source of novel therapeutics 

for human diseases. Studies on the potential usefulness of marine compounds in the treatment of 

endotoxin-induced syndromes suggested that chitosan and its derivatives as well as lipid A from 

certain marine Gram-negative bacteria could be promising compounds for treating Gram-negative 

sepsis. In addition, carrageenan and chitosan may be useful for the adjunctive therapy of sepsis due to 

their anticoagulant activity and immunostimulatory properties, respectively. 

Acknowledgments 

This work was partially supported by the grants of the Presidium of the Russian Academy of 

Science “Molecular and cell Biology”. 

Conflict of Interest 

The authors declare no conflict of interest. 

References 

1. Cohen, J. The immunopathogenesis of sepsis. Nature 2002, 420, 885–891. 

2. Van Amersfoort, E.S.; van Berkel, T.J.; Kuiper, J. Receptors, mediators, and mechanisms 

involved in bacterial sepsis and septic shock. Clin. Microbiol. Rev. 2003, 16, 379–414. 

3. Hawkins, L.D.; Christ, W.J.; Rossignol, D.P. Inhibition of endotoxin response by synthetic TLR4 

antagonists. Curr. Topics Med. Chem. 2004, 4, 1147–1171. 

4. Rietschel, E.T.; Kirikae, T.; Schade, F.U.; Mamat, U.; Schmidt, G.; Loppnow, H.; Ulmer, A.J.; 

Zahinger, U.; Seydel, U.; Di Padova, F.; et al. Bacterial endotoxin: Molecular relationships of 

structure to activity and fuction. FASEB J. 1994, 8, 217–225. 

5. Imoto, M.; Kusumoto, S.; Shiba, T.; Naoki, H.; Iwashita, T.; Rietschel, E.T.; Wollenweber, H.-W.; 

Galanos, C.; Luderitz, O. Chemical structure of Escherichia coli lipid A: Linkage site of acyl 

groups in the disaccharide backbone. Tetrahedron Lett. 1983, 24, 4017–4021. 



Mar. Drugs 2013, 11 2226 

 

 

6. Roppel, J.; Mayer, H.; Weckesser, J. Identification of a 2,3-diamino-2,3-dideoxyhexose in the 

lipid A component of lipopolysaccharides of Rhodopseudomonas viridis and Rhodopseudomonas 

palustris. Carbohydr. Res. 1975, 40, 31–40. 

7. Qureshi, N.; Takayama, K.; Kurtz, R. Diphosphoryl lipid A obtained from nontoxic 

lipopolysaccharide of Rhodopseudomonas sphaeroides is on endotoxin antagonist in mice. Infect. 

Immun. 1991, 59, 441–444. 

8. Bunnell, E.; Lynn, M.; Habet, K.; Neumann, A.; Perdomo, C.A.; Friedhoff, L.T.; Rogers, S.L.; 

Parrillo, J.E. A lipid A analog, E5531, blocks the endotoxin response in human volunteers with 

experimental endotoxemia. Crit. Care Med. 2000, 28, 2713–2720. 

9. Ribi, E. Beneficial modification of the endotoxin molecule. J. Biol. Response Mod. 1984, 3, 1–9. 

10. Sato, K.; Yung, Y.C.; Fukushima, A.; Saiki, I.; Takahashi, T.A.; Fujihara, M.; Tonooka, S.; 

Azuma, I. A novel synthetic lipid A analog with low endotoxicity, DT-5461, prevents lethal 

endotoxemia. Infect. Immun. 1995, 63, 2859–2866. 

11. Raetz, С.R.H.; Reynolds, C.M.; Trent, M.S.; Bishop, R.E. Lipid A modification systems in  

Gram-negative bacteria. Annu. Rev. Biochem. 2007, 76, 295–329. 

12. Zahringer, U.; Linder, B.; Rietschel, E.T. Molecular structure of lipid, the endotoxic center of 

bacterial lipopolysaccharides. Adv. Carbohydr. Chem. Biochem. 1994, 50, 211–276. 

13. DiRienzo, J.M.; MacLeod, R.A. Composition of the fractions separated by polyacrylamide gel 

electrophoresis of the lipopolysaccharide of a marine bacterium. J. Bacteriol. 1978, 136, 158–167. 

14. Moule, A.L.; Wilkinson, S.G. Composition of lipopolysaccharides grom Alteromonas putrefaciens 

(Shewanella putrefaciens). J. Gen. Microbiol. 1989, 135, 163–173. 

15. Corsaro, M.M.; Piaz, F.D.; Lanzetta, R.; Parrilli, M. Lipid A structure of Pseudoalteromonas 

haloplanktis TAC 125: Use of electrospray ionization tandem mass spectrometry for the 

determination of fatty acid distribution. J. Mass Spectrom. 2002, 37, 481–488. 

16. Krasikova, I.N.; Kapustina, N.V.; Svetashev, V.I.; Gorshkova, R.P.; Tomshich, S.V.; Nazarenko, E.L.; 

Komandrova, N.A.; Ivanova, E.P.; Gorshkova, N.M.; Romanenko, L.A.; et al. Chemical 

characterization of lipid A from some marine Proteobacteria. Biochemistry (Mosc.) 2001, 66, 

1047–1054. 

17.  Krasikova, I.N.; Kapustina, N.V.; Isakov, V.V.; Gorshkova, N.M.; Solov’eva, T.F. Elucidation of 

structure of lipid A from the marine Gram-negative bacterium Pseudoalteromonas haloplanktis 

ATCC 14393
T
. Russ. J. Bioorg. Chem. 2004, 30, 367–373. 

18. Volk, A.S.; Krasikova, I.N.; Anastyuk, S.D.; Dmitrenok, P.S.; Solov’eva, T.F. Structure of lipid A 

from the marine Gram-negative bacterium Pseudoalteromonas nigrifaciens IAM 13010
T
. Chem. 

Nat. Compd. 2007, 43, 519–524. 

19. Kapustina, N.V.; Krasikova, I.N.; Isakov, V.V.; Gorshkova, N.M.; Solov’eva, T.F. Structure of 

lipid A from the lipopolysaccharide of marine γ-Proteobacterium Marinomonas vaga ATCC 

27119
T
. Biochemistry (Mosc.) 2004, 69, С.407–C.412. 

20. Krasikova, I.N.; Kapustina, N.V.; Isakov, V.V.; Dmitrenok, A.S.; Dmitrenok, P.S.; Gorshkova, N.M.; 

Solov’eva, T.F. Detailed structure of lipid A from lipopolysaccharide from the marine 

proteobacterium Marinomonas vaga ATCC 27119
T
. Eur. J. Biochem. 2004, 271, 2895–2904. 



Mar. Drugs 2013, 11 2227 

 

 

21. Vorobeva, E.V.; Dmitrenok, A.S.; Dmitrenok, P.S.; Isakov, V.V.; Krasikova, I.N.; Solov’eva, T.F. 

The structure of uncommon lipid A from the marine bacterium Marinomonas communis ATCC 

27118
T
. Russ. J. Bioorg. Chem. 2005, 31, 362–371. 

22. Vorobeva, E.V.; Krasikova, I.N.; Dmitrenok, A.S.; Dmitrenok, P.S.; Nedashkovskaya, O.I.; 

Solov’eva, T.F. An unusual lipid A from a marine bacterium Chryseobacterium scophtalmum CIP 

104199
T
. Russ. J. Bioorg. Chem. 2006, 32, 485–491. 

23. Beutler, B.; Milsark, I.W.; Cerami, A.C. Passive immunization against cachectin/tumor necrosis 

factor protects mice from lethal effect of endotoxin. Science 1985, 229, 869–871. 

24. Vorobeva, E.V.; Krasikova, I.N.; Solov’eva, T.F. Influence of lipopolysaccharides and lipids A 

from some marine bacteria on spontaneous and Escherichia coli LPS-induced TNF-α release from 

peripheral human blood cells. Biochemistry (Mosc.) 2006, 71, 759–766. 

25. Christ, W.J.; Asano, O.; Robidoux, A.L.C.; Perez, M.; Wang, Y.A.; Dubuc, G.R.; Gavin, W.E.; 

Hawkins, L.D.; Mcguinness, P.D.; Mullarkey, M.A.; et al. E5531, a pure endotoxin antagonist of 

high potency. Science 1995, 268, 80–83. 

26. Kean, T.; Thanou, M. Biodegradation, biodistribution and toxicity of chitosan. Adv. Drug Deliv. 

Rev. 2010, 62, 3–11. 

27. Nishimura, K.; Nishimura, S.; Nishi, N.; Saiki, I.; Tokura, S.; Azuma, I. Immunologic activity of 

chitin and its derivatives. Vaccine 1984, 2, 93–99. 

28. Il’ina, A.V.; Varlamov, V.P. Chitosan-Based polyelectrolyte complexes: A review. Appl. 

Biochem. Microbiol. 2005, 41, 5–11. 

29. Anspach, F.B. Endotoxin removal by affinity sorbents. J. Biochem. Biophys. Meth. 2001, 49,  

665–681. 

30. Kong, M.; Chen, X.G.; Xing, K.; Park, H.J. Antimicrobial properties of chitosan and mode of 

action: A state of the art review. Int. J. Food Microbiol. 2010, 144, 51–63. 

31. Jurgens, G.; Muller, M.; Gardiel, P.; Koch, M.N.J.; Nakakubo, H.; Blume, A.; Brandenburg, K. 

Investigation into the interaction of recombinant human serum albumin with Re—Lipopolysaccharide 

and lipid A. J. Endotoxin Res. 2002, 8, 115–126. 

32. Andersson, M.; Giorard, R.; Cazenave, P. Interaction of NK-lysine, a peptide produced by 

cytolytic lymphocytes, with endotoxin. Infect. Immun. 1999, 67, 201–205. 

33. Davydova, V.N.; Naberezhnykh, G.A.; Yermak, I.M.; Gorbach, V.I.; Solov’eva, T.F. 

Determination of binding constants of lipopolysaccharides of different structure with chitosan. 

Biochemistry (Mosc.) 2006, 71, 332–339. 

34. Yermak, I.M.; Davidova, V.N.; Gorbach, V.I.; Luk’yanov, P.A.; Solov’eva, T.F.; Ulmer, A.J.; 

Buwitt-Beckmann, U.; Rietschel, E.T.; Ovodov, Y.S. Forming and immunological properties of 

some lipopolysaccharide-chitosan complexes. Biochimie 2006, 88, 23–30. 

35. Seydel, U.; Hawkins, L.; Schromm, A.B.; Heine, H.; Scheel, O.; Koch, M.H.; Brandenburg, K. 

The generalized endotoxic principle. Eur. J. Immunol. 2003, 33, 1586–1592. 

36. Wilkinson, S.G. Bacterial lipopolysaccharides—Themes and variations. Prog. Lipid Res. 1996, 

35, 283–343. 

37. Naberezhnykh, G.A.; Gorbach, V.I.; Likhatskaya, G.N.; Davidova, V.N.; Solov’eva, T.F. 

Interaction of N-acylated chitosans with lipopolysaccharide. Biochemistry (Mosc.) 2008, 73,  

432–441. 



Mar. Drugs 2013, 11 2228 

 

 

38. Davydova, V.N.; Yermak, I.M.; Gorbach, V.I.; Krasikova, I.N.; Solov’eva, T.F. Interaction of 

bacterial endotoxins with chitosan. Effect of endotoxin structure, chitosan molecular mass, and 

ionic strength of the solution on the formation of the complex. Biochemistry (Mosc.) 2000, 65, 

1082–1090. 

39. David, S.A.; Silverstein, R.; Amura, C.R.; Kielian, T.; Morrison, D.C. Lipopolyamines: Novel 

antiendotoxin compounds that reduce mortality in experimental sepsis caused by Gram-negative 

bacteria. Antimicrob. Agents Chemother. 1999, 43, 912–919. 

40. Millera, K.A.; Kumarb, E.V.K.S.; Wooda, S.J.; Cromera, J.R.; Dattab, A.; David, S.A. 

Lipopolysaccharide sequestrants: Structural correlates of activity and toxicity in novel 

acylhomospermines. J. Med. Chem. 2005; 48, 2589–2599. 

41. Naberezhnykh, G.A.; Gorbach, V.I.; Likhatskaya, G.N.; Bratskaya, S.Yu.; Solov’eva, T.F. 

Interaction of N-acylated and N-alkylated chitosans included in liposomes with lipopolysaccharide of 

Gram-negative bacteria. Biochemistry (Mosc.) 2013, 78, 301–308. 

42. Roth, R.I. Hemoglobin enhances the binding of bacterial endotoxin to human endothelial cells. 

Thromb. Haemost. 1996, 76, 258–262. 

43. Tapping, R.I.; Akashi, S.; Miyake, K.; Godowski, P.J.; Tobias, P.S. Toll-like receptor 4, but not 

Toll-like receptor 2, is a signaling receptor for Escherichia and Salmonella lipopolysaccharides.  

J. Immunol. 2000, 165, 5780–5787. 

44. Otterlei, M.; Varum, K.M.; Ryan, L.; Espevik, T. Characterization of binding and TNF-α-inducing 

ability of chitosans on monocytes: The involvement of CD 14. Vaccine 1994, 12, 825–832. 

45. Russell, J.A. Management of sepsis. N. Engl. J. Med. 2006, 355, 1699–1713. 

46. Yermak, I.M.; Khotimchenko, Y.S. Chemical Properties, Biological Activities and Applications 

of Carrageenan from Red Algae. In Recent Advances in Marine Biotechnology; Fingerman, M., 

Nagabhushanam, R., Eds.; Science Publisher Inc.: New York, NY, USA, 2003; Volume 3,  

pp. 207–255. 

47. Döcke, W.D.; Randow, F.; Styrhe, U.; Krausch, D.; Asadullah, K.; Reinke, P.; Volk, H.-D.;  

Kox, W. Monocyte deactivation in septic patients: Restoration by INF-γ treatment. Nat. Med. 

1997, 3, 678–681. 

48. Ivanushko, L.A.; Solov’eva, T.F.; Zaporozhets, T.S.; Lukyanov, P.A.; Gorbach, V.I.; Besednova, 

N.N. Comparative study of immunomodulating properties of chitosan and its derivatives. Med. 

Immunol. (Russ.) 2007, 9, 397–404. 

49. Yermak, I.M.; Barabanova, A.O.; Aminin, D.L.; Davydova, V.N.; Sokolova, E.V.; Solov’eva, T.F.; 

Kim, Y.H.; Shin, K.S. Effects of structural peculiarities of carrageenans on their immunomodulatory 

and anticoagulant activities. Carbohydr. Polym. 2012, 87, 713–720. 

50. Polyakova, A.M.; Astrina, O.S.; Bakhtina, Yu.A.; Maleev, V.V.; Barabanova, A.O.; Yermak, I.M. 

Possibility of correction of functional state of human trombocytes with natural polysaccharides in 

patients with alimentary toxic infections and in experimental endotoxinamia. Infektsionnye Bolezn. 

(Russ.) 2005, 3, 44–46. 

51. Yermak, I.M.; Barabanova, A.O.; Kukarskikh, T.A.; Solovyova, T.F.; Bogdanovich, R.N.; 

Polyakova, A.M.; Astrina, O.S.; Maleev, V.V. Natural polysaccharide carrageenan inhibits toxic 

effect of Gram-negative bacterial endotoxins. Bull. Exp. Biol. Med. 2006, 141, 191–193. 



Mar. Drugs 2013, 11 2229 

 

 

52. Ivanushko, L.A.; Soloviova, T.F; Zaporozhets, T.S.; Somova, L.M.; Gorbatch, V.I. Antibacterial 

and antitoxic properties of chitosan and its derivatives. Pac. Med. J. (Russ.) 2009, 3, 82–85. 

53. Khasina, E.I.; Sgrebneva, M.N.; Yermak, I.M.; Maleev, V.V. Effect of carrageenan on the  

non-specific resistance of mice with LPS-induced endotoxemia. J. Microbiol. Epidemiol. 

Immunol. (Russ.) 2007, 2, 57–60. 

54. Khasina, E.I.; Sgrebneva, M.N.; Yermak, I.M; Gorbach, V.I. Chitosan and unspecific resistance. 

Bull. FEB RAS (Russ.) 2005, 1, 62–71. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access  

article distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


