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ABSTRACT 

Some antibacterial agents have been shown to neu- 
tralize the biological properties of bacterial lipopoly- 
saccharide (LPS). The aim of this study was to eluci- 
date the role of gentamicin, tobramycin, imipenem, 
tigecycline, and isoniazid in affecting the production 
of nitric oxide (NO) induced by LPS in mice. Groups 
of mice were injected intraperitoneally with LPS 
alone, antibacterial agent alone, or LPS in combina- 
tion with an antibacterial agent. Serum NO levels 
were determined at 1, 3, 6 and 9 hours post-injection 
using the Griess reagent method. Thin layer chroma- 
tography was performed to determine if antibacterial 
agent—LPS interaction had occurred. All the anti- 
bacterial agents suppressed NO production. More- 
over, LPS-induced production of NO was suppressed 
by all the antibacterial agents, tobramycin and tige- 
cycline being the most effective at 9 hours post-injec- 
tion. Blocking of any of the stages leading to NO 
production by the antibacterial agents is suggested. 
Moreover, thin layer chromatograms obtained are 
suggestive of LPS-antibacterial agent interactions. 
 
Keywords: Lipopolysaccharide; Antibacterial Agents; 
Nitric Oxide; Mice 

1. INTRODUCTION 

Antibacterial agents have been widely used to treat in- 
fectious diseases. However, it has become apparent that 
antibacterial agents may also play a role in the patho- 
physiological process of septic shock, mainly through 
their ability to liberate immunologically and inflamma-
tory active components such as lipopolysaccharide (LPS) 
from the cell wall of Gram negative bacteria [1]. 

It is well established that septic shock is in part medi- 
ated by inflammatory cytokines including tumor necrosis 
factor alpha (TNF-Ŭ), interleukin-1 (IL-1), interleukin-6 
(IL-6), and interleukin-12 (IL-12) as well as the exces- 
sive production of NO induced by LPS [2]. NO is syn- 
thesized by converting L-arginine to L-citrulline. The 

reaction is catalyzed by a family of nitric oxide synthase 
(NOS) enzymes. Three different NOS isoforms have 
been characterized; neuronal NOS (nNOS, NOS I), 
inducible NOS (iNOS, NOS II) and endothelial NOS 
(eNOS, NOS III). Among the three, iNOS is expressed 
in response to various inflammatory stimuli such as LPS 
and certain pro-inflammatory cytokines which cones- 
quently generate a large amount of NO by macrophages, 
hepatocytes, vascular smooth muscles and cardiac myo-
cytes [2]. 

A number of LPS-detoxifying agents including some 
antibacterial agents have been reported. Serum and frac- 
tions thereof have been reported to detoxify LPS [3-5]. 
Hydrogen peroxide [6], lithium aluminum hydride [7], 
boron trifluoride [8], and sodium deoxycholate [9,10] 
are some of the agents that have been reported to detox- 
ify LPS. It has been suggested that detoxification could 
be due to either binding to, or degrading LPS [11,12]. In 
an earlier study by AL-Shami et al. [13], it was shown 
that there was a decline in interferon-ɔ and TNF-Ŭ levels 
in mice injected with LPS treated with either tobramycin 
or vancomycin. David et al. [14] reported that lipo- 
polyamines which are essentially nontoxic compounds 
inhibit, in a dose-dependent manner, LPS-induced activa- 
tion of the limulus clotting cascade and the production of 
TNF-Ŭ, IL-6, and nitric oxide from LPS-stimulated 
J774.A1 cells, a murine macrophage-like cell line. 
Moore et al. [15] reported that polymyxin B, gentamicin 
and streptomycin bind to LPS and lipid A obtained from 
Pseudomonas aeruginosa and possibly sequester their 
activity. Moreover, various kinds of peptides have been 
developed that bind to, and neutralize the LPS effect in 
septic shock. Some of these peptides include Ŭ-helical 
peptides such as magainin and cecropin. Other peptide 
families include bactenecins, gramicidins, defensins, 
saposins, and lactoferrins [16]. A more recent study by 
Zorko and Jerala shows that chlorhexidine and alexidine 
bind to lipopolysaccharide and lipoteichoic acid pre- 
venting their binding to Toll-like receptor 4 (TLR-4) and 
Toll-like receptor 2 (TLR-2) respectively, hence reduce- 
ing the NO produced by murine macrophages [17]. 
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The aim of this study was to determine the effects of 
gentamicin, tobramycin, imipenem, tigecycline and iso- 
niozid on the ability of LPS to induce the production of 
NO in mice. 

2. MATERIALS AND METHODS 

2.1. Lipopolysaccharide (LPS) and Antibacterial 
Agents 

LPS from Salmonella enterica serovars Minnesota, was 
obtained from Sigma Chemicals Co., MO, USA. 30 µg/ 
0.5 mL of an LPS suspension in pyrogen-free saline 
(confirmed by the Limulus Amebocyte Lysate Assay) 
was prepared. 

Gentamicin sulphate, Tobramycin, Imipenem mono- 
hydrate and Isoniazid were obtained from Sigma-Aldrich, 
USA. Tigecycline was obtained from Wyeth Pharmaceu-
ticals Inc., Philadelphia, USA. Dose of each antibacterial 
agent used alone or in combination with LPS is indicated 
in Table 1. 

2.2. Thin Layer Chromatography (TLC) 

The procedure described by Buttke and Ingram was fol- 
lowed [18]. Fluka silica plates backed on aluminum, with 
fluorescence, size: 10 cm × 20 cm (0.2 mm thickness) 
were used. The solvent (mobile phase) was a mixture of 
isobutyric acid, concentrated NH4OH and pyrogen-free 
water in a ratio of 57:4:39. Ten µL of each of the suspen- 
sions/solutions listed in Table 2 was applied to the plate. 
The plate was then placed in the vessel containing the  
 
Table 1. Doses of LPS, antibacterial agent, and combination of 
LPS and antibacterial agent administered intraperitoneally to 
mice. 

Group Material Injected and Amount 

1 pyrogen-free saline, 0.5 mL/mouse 

2 LPS, 30 µg/0.5 mL saline/mouse 

3 gentamicin, 60 µg/0.5 mL saline/mouse 

4 tobramycin, 120/0.5 saline/mouse 

5 imipenem, 10 µg/0.5 mL saline/mouse 

6 tigecycline, 150 µg/0.5 mL saline/mouse 

7 isoniazid, 150 µg/0.5 mL saline/mouse 

8 LPS, 30 µg + gentamicin, 60 µg/0.5 mL saline/mouse 

9 LPS, 30 µg + tobramycin, 120 µg/0.5 mL saline/mouse

10 LPS, 30 µg + imipenem, 10 µg/0.5 mL saline/mouse 

11 LPS, 30 µg + tigecycline, 150 µg/0.5 mL saline/mouse

12 LPS, 30 µg + isoniazid, 150 µg /0.5 mL saline/mouse 

Table 2. LPS and Antibacterial Agent Suspensions used in 
Thin layer Chromatography. 

LPS, 20 µg/10 µL saline 

Gentamicin; 40 µg/10 µL saline 

40 µg Gentamicin + 20 µg LPS/10 µL saline 

Isoniazid; 50 µg/10 µL saline 

50 µg Isoniazid + 20 µg LPS/10 µL saline 

Tigecycline; 100 µg/10 µL saline 

100 µg Tigecycline + 20 µg LPS/10 µL saline 

Imipenem; 12 µg/10 µL saline 

12 µg Imipenem + 20 µg LPS/10 µL saline 

Tobramycin; 80 µg/10 µL saline 

80 µg Tobramycin + 20 µg LPS/10 µL saline 

Plates were loaded with 10 µL of each suspension. 

 
solvent (mobile phase). The mobile phase was allowed 
to ascend the plate for a period of 6 hours. The plate was 
dried and ultraviolet light was used to observe and mark 
the bands obtained. Retention Factors (Rf) were calcu- 
lated by dividing the distance migrated by the band by 
the distance migrated by the solvent front. 

2.3. Mice 

Female BALB/c mice aged 6 weeks (weight range: 
24-26 g) were obtained from the animal care facility at 
the American University of Beirut Faculty of Medicine. 
Mice were treated and sacrificed in accordance to the 
ethical policies. 

Twelve groups, each containing 12 mice were used. 
They were injected intraperitoneally with pyrogen-free 
saline, LPS alone, antibacterial agent alone, or a combi- 
nation of LPS and antibacterial agent (Table 1). Three 
mice from each group were bled by cardiac puncture at 1, 
3, 6 and 9 hours post-injection. Timings were deduced 
from the work of Terao et al. [19]. In addition, a group 
of three mice that received nothing was also sacrificed to 
measure the basic physiological NO concentration. Prior 
to bleeding, mice were anesthetized with a 0.5 mL mix-
ture of 0.12 mL ketamine (50 mg/mL), 0.03 mL xylazine 
(20 mg/mL), and 0.35 mL pyrogen-free water [20]. Blood 
from each group was collected; serum was separated and 
used for NO determination. 

2.4. Nitric Oxide (NO) Quantification 

Griess Reagent system (Fluka Nitrate/Nitrite assay kit, 
Sigma-Aldrich, USA) was used to measure the amount 
of NO in the mice sera. The procedure described by the 
manufacturer was followed. In this method NO is con-
verted to nitrate and nitrite. The nitrate produced is then 
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converted to nitrite and the total amount of nitrite pro- 
duced is determined. Each serum specimen was tested in 
duplicate and the mean and standard deviation reported. 
Percents change of serum NO levels in the different 
groups that received antibacterial agent alone were cal- 
culated by subtracting the NO level obtained when anti- 
bacterial agent alone was given from the basic NO level 
obtained when nothing was injected. The difference was 
divided by the basic NO value and multiplied by 100. 
Percents change of serum NO levels in the different 
groups that received a combination of LPS and antibac- 
terial agent were calculated by subtracting the concen- 
tration of NO obtained when a combination of LPS and 
antibacterial agent was used from the NO value obtained 
when LPS alone was injected. The difference was di- 
vided by the LPS-alone value and multiplied by 100.  

3. RESULTS 

3.1. Thin Layer Chromatography 

It can be observed in Table 3 and Figure 1 that there 
was a slight change in the Rf value and the appearance of 
tailing when LPS was treated with gentamicin. Only tail-
ing with no apparent bands was obtained upon treatment 
of LPS with tobramycin. A single band with slight dif-
ferences in Rf values were obtained when LPS was treated 
with the other antibacterial agents. In addition, there were 
differences in the shape and intensity of the bands. 

3.2. Nitric Oxide Levels 

The serum nitric oxide levels obtained in the different 
groups of mice at different time intervals are given in 
Table 4. The percent change in NO levels in mice that 
received an antibacterial agent or LPS combined with an 
antibacterial agent are given in Table 5. It can be ob- 
served that at 1 and 3 hours post-injection, LPS alone 
caused a decrease in serum NO levels followed by in- 
creased levels at 6 and 9 hours post-injection. In all 
cases where antibacterial agent alone was administered 
there was a decline in NO levels. In most cases where 
mice were injected with a combination of antibacterial 
agent and LPS, there was a decline in serum NO levels 
when compared to levels obtained in mice that received 
LPS alone. The most pronounced decline was in the 
groups that received LPS combined with tobramycin or 
tigecycline at 9 hours post-injection. 

4. DISCUSSION 

LPS has a broad spectrum of biological activity. It acti- 
vates the complement and coagulation systems and in- 
teracts with the TLR-4. As a result, a number of biologi- 
cally active substances are produced in excess, and 
might lead to disseminated intravascular coagulation, 
hypotension and shock [2]. It has been suggested that 
antibacterial agents used to treat Gram negative infec- 

Table 3. Retention Factors (Rf) of the Different Bands Ob-
tained in Thin Layer Chromatography. 

Preparation Rf 

LPS 0.68 

Gentamicin 0.63 

Gentamicin + LPS 0.60, Tailing 

Tobramycin Tailing, no visible band 

Tobramycin + LPS Tailing, no visible band 

Imipenem 0.71 

Imipenem + LPS 0.69 

Isoniazid 0.79 

Isoniazid + LPS 0.79 

Tigecycline 0.74 

Tigecycline + LPS 0.71 

 

 
From left to right: 

LPS spot: 10 µL containing 20 µg LPS was applied. 
Gentamicin spot: 10 µL containing 40µg gentamicin was applied. 
LPS + Gentamicin spot: 10µL containing 20 µg LPS + 40 µg ge-

tamicin was applied. Note the tailing obtained. 
Rf LPS = 0.68; Rf Gentamicin = 0.63; Rf LPS + Gentamicin = 0.6 

Figure 1. A representative thin layer chromatogram. 
 
tions may promote the release of LPS and contribute to 
transient exacerbation of clinical symptoms [1,21]. On 
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Table 4. Serum Nitric Oxide Levels in Mice Treated with LPS, Antibacterial Agent, or LPS + Antibacterial Agent at Different 
Time Intervals Post-injection. 

Treatment Nitric Oxide Level (µM) Post-Treatment at 

 1 hour 3 hour 6 hour 9 hour 

Saline 198.4 ± 16.8 200.9 ± 16.9 201.9 ± 17.2 202.4 ± 17.1 

LPS 106.4 ± 43.6 99.1 ± 23.9 305.1 ± 49.8 454.3 ± 78.6 

Gentamicin 58.0 ± 14.7 117.7 ± 20.0 106.7 ± 21.0 58.3 ± 17.2 

Imipenem 53.2 ± 34.0 54.1 ± 30.0 69.3 ± 17.6 73.8 ± 21.7 

Isoniazid 46.7 ± 10.7 64.1 ± 19.9 44.8 ± 15.0 59.6 ± 19.2 

Tigecycline 50.5 ± 10.6 45.8 ± 13.0 61.9 ± 20.8 54.7 ± 21.4 

Tobramycin 47.5 ± 5.9 44.7 ± 8.9 32.8 ± 6.4 49.1 ± 6.7 

LPS + Gentamicin 69.0 ± 14.0 103.1 ± 19.2 371.4 ± 77.0 261.2 ± 51.1 

LPS + Imipenem 63.1 ± 15.6 101.0 ± 21.0 145.1 ± 29.4 275.4 ± 59.1 

LPS + Isoniazid 84.2 ± 18.6 78.6 ± 17.4 263.8 ± 53.8 239.6 ± 71.1 

LPS + Tigecycline 46.6 ± 5.7 73.4 ± 7.0 194.6 ± 25.0 145.9 ± 13.3 

LPS + Tobramycin 53.8 ± 11.9 66.0 ± 19.8 134.6 ± 21.4 107.5 ± 16.6 

A group of 3 mice received nothing and the basic NO concentration obtained was 196.4 ± 19.2 µM. comparing this result with values obtained 
for saline alone, we can deduce that there is almost no difference in the values of both. So injecting saline alone has insignificant or no effect 
on nitric oxide levels and it can be used safely as a solvent. 

 
Table 5. Percent change in Serum Nitric Oxide Levels in Mice Injected with an Antibacterial Agent or a Combination of LPS 
and Antibacterial Agent at Different Time Intervals Post-Injection. 

Treatment Percent change Post-treatment at 

 1 hour 3 hour 6 hour 9 hour 

Gentamicin –70.5% –40.1% –45.7% –70.3% 

Imipenem –72.9% –72.4% –64.7% –62.4% 

Isoniazid –76.2% –67.3% –77.2% –69.6% 

Tigecycline –74.3% –76.7% –68.5% –72.2% 

Tobramycin –75.8% –77.2% –83.3% –75.0% 

LPS + Gentamicin –35.2% 0% 0% –42.5% 

LPS + Imipenem –40.7% 0% –52.4% –39.4% 

LPS + Isoniazid –20.9% –20.7% –13.5% –47.3% 

LPS + Tigecycline –56.2% –26.0% –36.2% –67.9% 

LPS + Tobramycin –49.4% –33.4% –55.9% –76.3% 

(-) sign represents a decline in NO level 

 
the other hand there are reports indicating that some an- 
tibacterial agents have an anti-inflammatory effect, in 
addition to their anti-bacterial effect [22-27]. 

In this study the effect of 4 antibacterial agents that 
are usually used to treat Gram negative infections, and 
isoniazid used to treat tuberculosis, on the production of 

NO induced by LPS in mice was investigated. In all 
cases the antibacterial agent reduced the amount of NO 
induced by LPS. 

LPS is a TLR-4 ligand. LPS first binds to serum Lipid 
Binding Protein (LBP) which in turn binds to CD14 ex- 
pressed by dendritic cells, macrophages and other cell 



H. Barsoumian et al. / Advances in Bioscience and Biotechnology 1 (2010) 61-67 

Copyright © 2010 SciRes.                                                                    ABB 

65

types, and finally the complex interacts with TLR4/MD- 
2 [28]. Intracellular signals are then transduced through 
the, MyD88 dependent and independent pathways. In the 
MyD88 dependant pathway, a series of reactions involv- 
ing MyD88, interleukin-1 (IL-1) receptor-associated kinase 
(IRAK) and TNF (tumor necrosis factor)-Ŭ receptor- 
associated factor 6 (TRAF6) will lead to the activation 
of nuclear factor kappa B (NF-kB). This in turn activates 
gene expression and causes the production and release of 
inflammatory mediators including the cytokines TNF-Ŭ, 
IL-1, IL-6 and IL-12 [29]. 

In the MyD88 independent pathway or TRIF [TIR 
(Toll/interleukin-1 receptor) domain-containing adaptor 
protein inducing interferon beta] pathway, the interferon 
regulatory factor 3 (IRF3) is activated initially, resulting 
in the production of INF-Ŭ, INF-ɓ and NO, later NF-kB 
is activated as well [30]. On the other hand, antibacterial 
agents could suppress NO production by suppressing 
gamma interferon production. LPS induces the produc- 
tion of cytokines such as gamma interferon and tumor 
necrosis factor. When gamma interferon engages its re- 
ceptor expressed by cells such as macrophages the sig- 
naling pathway results in activation of the transcription 
factor, IRF-1 and the production of iNOS. In an earlier 
study by Al-Shami et al. it was reported that tobramycin 
and vancomycin suppressed the production of gamma 
interferon and tumor necrosis factor induced by LPS 
[13].  

Antibacterial agents might have an anti-inflammatory 
effect by blocking any one of the stages leading to the 
production of NO induced by LPS. The fact that all 5 
antibacterial agents studied caused a decrease in NO 
levels and suppressed the NO-producing effect of LPS is 
in support of their anti-inflammatory property.  

Another potential property of antibacterial agents is 
their ability to bind to LPS and sequester its activity. 
LPS consists of an O-polysaccharide side chain, a core 
polysaccharide, and a lipid A which is the main biologi- 
cally active part of the molecule. Lipid A in itself is a 
phosphoglycolipid made up of ɓ(1,6) disaccharide glu- 
coseamine backbone that contains Ŭ-glycosidic and 
non-glycosidic phosphoryl groups in the 1 and 4’ posi- 
tions, and (R)-3-hydroxy fatty acids in ester and amide 
linkages. The disaccharide backbone is believed to be 
involved in binding to cell receptors and the fatty acid 
chains are thought to activate the cells following binding 
[13]. Gentamicin, tobramycin, imipenem, isoniazid, and 
tigecycline are rich in reactive amide and hydroxyl 
groups. It could be hypothesized that the antibacterial 
agents investigated bind to the lipid A portion, possibly 
to the ester and amide linkages of the fatty acid chains, 
and alter the bioactivity of LPS, leading to decreased 
activation of cells expressing TLR-4 and less NO pro- 
duction. The thin layer chromatograms obtained are in 
support of this hypothesis. Thin layer chromatograms re-

vealed changes in Rf values, appearance of tailing, and 
differences in the shape and intensity of the bands when 
LPS alone was compared to LPS treated with antibacte- 
rial agent. Tailing could be the result of decomposition, 
or due to some ionization of the acidic or basic groups in 
the chemical structure of one or more of the components 
in the sample [31]. Moreover, Moore et al. [15] proved 
that polycationic aminoglycosides such as gentimicin 
and streptomycin can displace dansyl polymyxin in 
binding to LPS and lipid A. 

Isoniazid (isonicotinic acid hydrazide) (INH), is usu- 
ally used to treat tuberculosis, and not Gram negative 
infections. It prevents the synthesis of mycolic acid, a 
constituent of the cell wall of Mycobacterium tuberculo- 
sis [32]. Because of its cationic nature it was assumed 
that it would bind to LPS and neutralize its effect. The 
results supported this assumption and it is proposed to 
use isoniazid in conjunction with other antibacterial 
agents for treating Gram negative infections in situations 
where exacerbation of clinical symptoms are anticipated 
as a result of LPS release.  

It is worth noting that LPS when given alone resulted 
in a decrease in NO production at 1 and 3 hours, fol- 
lowed by an increase at 6 and 9 hours post-injection. 
Rehan et al. [33] reported that LPS affected the produc- 
tion of pro-inflammatory cytokines in a time-dependent 
manner. At 6 hours post-treatment there was an increase, 
and at 72 hours a decrease in pro-inflammatory markers. 
Behling and Nowotny [34] and Haas et al. [35] have re- 
ported a time-dependent effect related to the adjuvant 
action of LPS and its derivatives. Depending on the time 
interval between the administration of antigen and LPS, 
either immunosuppression or immune enhancement was 
observed. Reasons for this so-called oscillating effect is 
not known, but it has been hypothesized that immuno- 
suppression and immune enhancement might be under 
different genetic control, or the action of LPS on cells in 
accordance to their stage of development. 

In conclusion, the antibacterial agents tested sup- 
pressed the production of NO induced by LPS. It appears 
that two mechanisms might be involved; they bind to 
LPS and block its action, and/or they interfere with 
pathways leading to NO production. 
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ABSTRACT 

The aim of this paper is to describe the possibilities 
of analyzing human mastication. The development 
of a standardized food model is presented. Based 
on the findings of a systematic literature search an 
elastic food model was created with the aim of 
standardizing size and elastic properties. Three 
different eatable jellied products were chosen, cre-
ated by a changing of the amount of gelatin (260 
Blooms) related to the total mass of the standard 
jellied food. The different hardness were classified 
in soft, medium and hard, flavored identically, but 
stained with different colors: soft-green, me-
dium-yellow, hard-red. A cylindrical form was 
chosen with a height of 1 cm and a diameter of 2 
cm. A standard protocol for analyzing chewing 
patterns in men was created. The condylographic 
data off several patients are described in details to 
demonstrate the possible clinical implementation. 
The newly developed standard food model (SFM) 
showed the capability to serve in experimental set-
tings to analyze human mastication, although only 
a few patients have been examined. In addition, 
strength and size of the newly developed SFM load 
the masticatory system in an extent; it should be 
possible to disclose subclinical symptoms of pa-
tients within a short time of examination. The di-
agnostic procedure of temporo-mandibular disor-
der (TMD) should be endorsed by this new method. 
The condylographic data created by a standardized 
protocol should have the ability to enhance the 
clinical functional analysis of patients previous to 
restorative dental procedures. 
 
Keywords: Human Mastication; Standard Food Model; 

Mandibular Movement; EMG; Condylography;  
Biomechanics; Temporo-Mandibular Joint; Swallowing; 
Chewing; Chewing Muscle Activity; Craniomandibular 
System; Nutrition; Tooth Loss 

1. INTRODUCTION 

Mastication is an essential part of the digestive process. 
The ability of the masticatory organ to mince and proc- 
ess food is directly related to with the individual’s vital 
functions and general state of health. Loss of teeth and 
the reduced ability to chew have a significant impact on 
an individual’s nutritional condition, health, gastrointes- 
tinal disorders, and digestion [1]. However, confirmed 
evidence of these associations is scarcer than one would 
expect it to be: key co-factors and variables are yet un- 
known or only partially identified. In the existing studies, 
the nutritional habits of the study participants have been 
poorly or fragmentarily documented. Extrapolation of 
data from animal experiments is such that the results 
may be poorly applicable to the human setting [1]. Life- 
style, morbidity and the individual’s socioeconomic 
status are major factors influencing nutrition and oral 
health. 

If one views prosthetic and restorative measures in the 
light of nutrition and diet, it would be meaningful to 
explore dental measures critically. In a large and system- 
atic overview about nutrition and its relationship with 
oral health and systemic disease, the authors showed that 
the negative impact of edentulism on nutritional habits 
are inadequately compensated for by dental prostheses 
and restorative measures [2]. Furthermore, a reduced 
number of teeth may cause changes in weight; the age 
and characteristics of the respective population are also 
involved in this phenomenon. New and well structured 
studies are needed to evaluate the association between 
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nutrition, dental status and the individual’s state of heal- 
th. Prospective longitudinal studies taking relevant fac-
tors such as mastication and occlusion into account 
would be consequential [2]. A hypothetical model of the 
associations between oral health and nutrition is shown 
in Figure 1.  

Patients without dementia have twenty-fold more 
teeth in their mouth than age-matched patients with se- 
vere Alzheimer dementia (4.7 vs. 0.2 teeth per patient). 
The results of the Neuburg dementia study were highly 
significant. The presence of a large number of teeth in 
advanced age was identified as a protective factor in 
respect of Alzheimer dementia. Conversely, edentulism 
was an independent risk factor for Alzheimer dementia, 
but not for vascular dementia or ischemic stroke [3]. 

Occlusion, occlusal interferences, and the severity of 
craniomandibular disorders (CMD) appear to be associ- 
ated with mastication: the more numerous the occlusal 
interferences, the more advanced the CMD, the longer 
the individual takes to masticate a specific type of food 
and the more pronounced are the person’s atypical mas- 
ticatory movements [4]. These results may be interpreted 
as follows: compensatory masticatory patterns occur on 
a reflex basis, but the effectiveness of such masticatory 
patterns is doubtful and it may be presumed that these 
patterns accelerate the progression of a CMD [4]. 
  Human mastication is controlled by the central nerv-
ous system. Properties such as the hardness, plasticity, 
elasticity and size of the ingested food directly influence 
the feedback control system. Age, gender, and dental sta- 
tus are intrinsic modulators. All of these factors may in- 
fluence the sequence of mastication. Vertical and lateral 
amplitudes as well as the velocity of jaw movements 
during mastication are parameters that can be used for a 
targeted analysis of determinants that are expressive of 
the adaptation abilities of healthy individuals and volun-
teers [5]. On the other hand, the impact of age may not be 
as significant as was initially assumed. The number of 
 

 

Figure 1. A hypothetical model demonstrating the complex 
interactions of oral health status, nutrition and systemic dis-
eases (adapted from 17). 

masticatory cycles needed to grind a standardized unit of 
food increases with age, but the ability to adapt oneself 
to the properties of food is retained even by elderly indi- 
viduals [6]. 

Muscular activity and the frequency of masticatory 
cycles may be influenced by the hardness of food in the 
initial stage of mastication [7]. Flow properties and the 
plastic behavior of food influence the entire masticatory 
cycle. This initial phase is controlled by a programmed 
pattern steered by the cortex and the brain stem, which 
adjusts the initial masticatory cycles to the food intro- 
duced into the mouth. A mechanism with sensory feed- 
back from the structures of the stomatognathic system is 
located in the brain stem. This mechanism then takes 
over the function of modifying the muscle strength of 
the following masticatory movements to the quality of 
the ingested food [7]. 

Food is minced during mastication by a process of se- 
lection and breakup. The chances of a component of 
food being “selected” between the teeth may be viewed 
in relation to the size of the individual unit of food. The 
actual breakup of food may be described as a cumulative 
dividing function. Computer simulations based on these 
two processes could be used to describe the individual’s 
efficiency of mastication [8]. The efficiency of mincing 
food may also be determined with the aid of filter meth- 
ods. A functional model based on a model of human 
mastication describes the qualitative abilities of the mas- 
ticatory organ. 

Mastication and brain activity are closely interrelated. 
With the aid of functional magnetic resonance imaging 
(fMRI) it was shown that mastication involves a bilateral 
increase in the activity of the sensomotor cortex, the 
thalamus, the amygdala and the cerebellum [9]. In eld- 
erly persons, the magnitude of the increase was less in 
the first three above mentioned regions, but greater in 
the cerebellum. Therefore, in the elderly the function of 
mastication is integrated in the neuronal circuits of the 
hippocampus and appears to play an important role in 
preventing age-related disorientation. Mastication may 
be a useful therapy to prevent senile dementia [9]. Hu- 
man mastication is supported to a great extent by the 
tongue. Positioning the food, exploring its consistency 
and size, as well as aiding the process of changing sides, 
are essential functions without which mastication would 
be impossible. Bilateral mastication of chewing gum 
modulates the activity of the primary sensomotor cortex 
during tongue movements, as determined on fMRI in- 
vestigations. This activation appears to differ in the 
hemispheres, depending on the preferred side of masti- 
cation. These data support the postulated existence of 
short-term memory functions which store the recently 
executed movement pattern. Stimulation of the brain in 
the elderly or rehabilitation of injured brains can be 
supported by controlled mastication activity [9].  
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Mastication is a concrete load for the mandible and 
the craniomandibular joint. Loads on the mandible dur- 
ing the closing action reduce the intraarticular distance 
in the craniomandibular joint [10]. Ipsilateral cranio- 
mandibular joints are loaded less during mastication than 
contra-lateral joints [11]. 

Forces acting on the jaw during masticatory move- 
ment have been investigated. It was found that maximal 
forces are achieved in the vicinity of the intercuspal po- 
sition. The forces are lowest when the jaw is opened [12]. 
The consistency of food is a major factor that modulates 
muscle strength: harder food reduces closing strength 
during mastication, but this is not the case when soft 
food is chewed. The latter causes no significant changes. 
Persons who wear full prostheses have lost their ability 
to react adequately to the quality of food [12]. 

Electromyographic studies are used to analyze the 
masticatory muscles. A hypothetical model was used: 
simultaneous activation of the jaw openers during mas- 
tication leads to additional activation of the muscles in- 
volved in closing the jaw [13]. During mastication, addi- 
tional and simultaneous activation of the digastric mus- 
cle was much more pronounced during closure than it is 
in isometric tension. However, such activation was mild 
compared to the maximum possible activation potential 
of the digastric muscle. Therefore, it may be concluded 
that simultaneous activation of the openers has no more 
than a mild impact on the additional activation of masti- 
catory muscles [13]. It was also found that muscle activ- 
ity measured with EMG does not always permit consis- 
tent conclusions about masticatory strength [14]. The 
higher muscle activity during mastication, as seen on 
EMG, is not directly associated with an increase in mus- 
cle strength-as compared to the activity of bruxism. Ad-
ditional EMG measurements are needed to analyze the 
actual masticatory strength. It would not be permissible 
to draw conclusions about loads on the cranioman- 
dibular joints on the basis of muscle activity on EMG 
[14]. The hardness or consistency of food modulates 
EMG activity, especially during the initial masticatory 
movements [15]. 

Masticatory patterns seem to differ from person to 
person, and appear to be markedly dependent on in- 
traoral and neuromuscular sensory feedback controls. A 
high reproducibility may be presumed, provided the 
chewed object has similar or identical properties [5]. 
However, it was shown that even healthy probands with 
class 1 occlusion and no major deviations or missing 
teeth, and no signs or symptoms of a functional disorder, 
vary to a certain extent even under standardized condi- 
tions [5]. The frequency of mastication, the speed of 
shift, the amplitude of motions, and the duration of clo- 
sure were found to differ. Psychological and physical 
variables such as emotional status, irritation or fatigue 
may play a role in this context, but an explicit statement 

in this regard cannot be made yet [5]. 
Registration of masticatory movements by the use of 

electronic systems provides deeper insights into the mo- 
tion and dynamics of the mandible and, at least indirectly, 
into movements of the craniomandibular joint. Mastica- 
tion is characterized by gliding of the teeth, a pause in 
intercuspal position or near-intercuspal position, and 
wide lateral movements [16]. This is true for children as 
well as adults. Masticatory movements in the occlusion 
of milk teeth are marked by a pronounced lateral motion 
during opening. The extent of lateral movement during 
opening is typically larger than that during closure. In 
deciduous teeth, the extent of lateral movement reduces 
when opening while lateral excursion increases during 
closure. The adult reveals an entirely different mastica- 
tory pattern: medial opening and wide lateral closure 
characterize the adult masticatory pattern [16]. The 
properties of food influence masticatory cycles not only 
in adults but also in children. Hard food enhances the 
lateral component in the adult, and increases the medial 
one in children. Neither in the adult nor in the child does 
one find a pure hinge movement during mastication [16]. 
Separation of the molars on the working side is closely 
related to the size of the food bolus. This corroborates 
the hypothesis that opening does not occur incidentally 
during mastication, but is controlled by various feedback 
systems in order to minimize effort during mastication 
[17]. 

Swallowing and mastication are closely related to 
each other. The production of saliva is a basic prerequi- 
site for successful mastication. However, the additional 
intake of fluid during a masticatory cycle influences 
mastication positively only when the individual ingests 
very dry food (for instance, cake); this is not the case 
when fatty (such as cheese) or watery foods (such as 
carrots) are ingested [18]. The optimal time point for 
mastication was investigated, and an optimized mastica- 
tion and deglutition model was developed [17]. Interest-
ingly, the number of masticatory cycles until the first act 
of swallowing was very constant in the individual pro- 
band, independent of the type of food, such as nuts com- 
pared to carrots. In fact, the number of masticatory cy- 
cles until the first act of deglutition was strongly corre- 
lated with the quantity of produced saliva [17]. 

Analysis of human mastication is an extremely func- 
tional resource of assessing the effectiveness of occlu- 
sion and the functional statfus of the stomatognathic sys- 
tem prior to a restorative or prosthetic intervention. For 
this purpose, it is necessary to standardize the investiga- 
tion and the registration procedure of mastication. This 
article describes the use of a standardized model of food 
in combination with mandibular movement recordings. 
Principles of standard model food and standard proce- 
dures of chewing recording are described elsewhere 
[19-22]. 
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2. MATERIAL AND METHOD 

The model food used to analyze mastication should be 
elastic, possess different degrees of hardness, and be of a 
minimum size. Based on a conventional mass of gum for 
manufacturing commercial fruit gum, a standard cylin- 
drical form (height 1 cm, diameter 2 cm) in three differ- 
ent degrees of hardness (soft, hard, medium) was pro- 
duced (A. Egger´ Sohn, Süsswaren und Naturmittel 
GmbH., Mellergasse 4, A-1230 Vienna, Austria). The 
degrees of hardness were achieved by adding different 
quantities of gelatin (edible gelatin SPM 5765, Biogel 
AG Haldenstrasse 11, CH-6006 Lucerne) to the ground 
mass (soft: 15.5 g per mass; medium: 23 g per mass; 
hard: 31 g per mass). (Figure 2(a) and 2(b)). 

Masticatory movements are visualized by the use of a 
paraocclusal clutch and joint path registration. The 
paraocclusal clutch influences the shearing action of the 
teeth due to its buccal fixation. However, currently we 
have no other means of fixing the registration arches. 
The recordings described in this article were made by 
the use of the CADIAX diagnostic system (®GAMMA 
med. wiss. FortbildungsGmbH, Josef Brennerstr. 10, 
A-3400 Klosterneuburg, Austria). All recordings had to 
be based on a standardized protocol in order to perform 
an optimal analysis and make inter-individual compari- 
sons.  

The analysis is started by performing a conventional 
visualization of the joint path in three planes (sagittal, 
frontal, transverse). Initially the extent (quantity) of mo- 
tion is of interest. The quantity is most easily registered 
in the sagittal view. This can be determined for the 
working side (AS) and the non-working side (nAS). AS 
should be less in terms of quantity than nAS (Figure 3). 
The position of masticatory movements is then analyzed  
 

 
(a) 

 

 
(b) 

Figure 2. (a) Prototypes of the standard food model, green 
(soft) yellow (medium) and red (hard). The amount of gelatin 
(260 bloom) per mass was increased for the yellow and hard 
standard food model, to increase the differences of the elastic 
qualities; (b) prototypes of the standard food model, green (soft) 
yellow (medium) and red (hard) with a cylindrical form and 
the dimensions height 1 cm and diameter 2 cm. 

in relation to standard movements (protrusion/retrusion, 
opening/closing, mediotrusion on the right and the left 
side). Movements coincident, below or above the stan- 
dard motions are tolerable (Figure 4). In this context one  
 

 
(a) 

 
(b) 

Figure 3. Sagittal view of recorded mastication pattern, 
(a) 21y, ǀ, r, s; the right side is the ws and shows clearly 
a lesser quantity then the nws; (b) 49y, ǁ, l, s; the left 
side (ws) shows a lesser quantity then the nws. The wide 
movement (*) indicates with the initial first opening for 
intake of the standard food. 

 

 
(a) 

 
(b) 

Figure 4. Sagittal view of recorded mastication pattern, (a) 
18y, ǁ, r, h; the right side is the ws, the standard move-
ment (pro-re) is overlaid by the chewing cycles, the left 
side functions below pro-re; (b) 51y, ǁ, r, s; both sides 
sketches below the pro (ͩ) and are coincident with re. 
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should also analyze whether the AS condyle is deviated 
in a different direction than the nAS condyle during 
mastication (Figure 5). As every movement is started 
from the reference position (RP) after renewed fixation, 
the position of masticatory movement can be assessed in 
relation to RP. Involvement or avoidance of this position 
may also be included in the analysis. Of course, AS and 
nAS can and should be assessed as well (Figure 6). As- 
sessment of harmony can be achieved by the dynamic 
movement and by viewing the registered lines during the 
18-second recording procedure (Figure 7). 

Deviations from the points of occlusion (e.g., molar 
cusps) towards the sides are a physiological phenome- 
non during mastication and have been described in the 
published literature [5,6]. One should always consider 
the fact that the motion is a compound one. The move- 
ment of the mandible to the side and the lateral shift of 
the hinge axis can be analyzed in the frontal view during 
the motion (Figure 8). 

Viewing the joint path registration from the cranial 
aspect (coronary view) provides information about the 
transverse component of masticatory movement. Move- 
ments towards one side or both sides are possible. The 
extent of motion should be noted. Large individual dif- 
ferences may be found. Associations between the quality 
of occlusion and the functional state of the ligaments of 
the stomatognathic system can be derived from these 
registrations (Figure 9). 

Visualization of time-pathway diagrams enables the 
investigator to divide the masticatory cycles of AS and 
 

 
(a) 

 

 
(b) 

Figure 5. Sagittal view of recorded mastication pattern, 
(a) 21y, ǀ, l, s; the right side is the ws, pro-re of both 
sides are overlaid by the chewing cycles only during the 
initial phase of the mastication; (b) 17y, ǀ, r, h; pro-re is 
overlaid by the chewing cycles on both sides. 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

Figure 6. Sagittal view of recorded mastication pattern, 
(a) 17y, ǀ, r, m; ws (Ƹ) shows a tracing behind RP (ͩ) 
and z-axis (vertical axis); (b) same participant as shown in 
6(a), l, s; ws (Ƹ) charts a Re-Sur-trusiv tracting (ͨ); (c) 
18y, ǁ, l, h; ws (Ƹ) uses the area in front and above RP 
(ŶŸ): participant with dental class ll/1 and initial con-
vexity in pro-re recording (see 6(d)); (d) same participant 
as shown in 6(c); standard tracings: pro-re: green, 
Open-Close (blue), Mediotrusion right (red), Mediotru-
sion left (grey). The initial convexity is indicated with 
arrows (ͩ). 
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(a) 

 
(b) 

Figure 7. Sagittal view of recorded mastication pattern; 
(a) 21y, ǀ, r, s; both sides (ws Ƹ) demonstrate a appro-
priate harmony of the chewing strokes; (b) 52y, ǀ, r, s; 
the ws displace a breakup of the harmony, nws (Ƕ) plots 
a non harmonic chewing pattern. 

  
(a)                      (b) 

 

  
(c)                      (d) 

Figure 8. Frontal view (Ǹ) of recorded mastication pat-
tern, (a) 17y, Ǿ, r, m; ws shows a lateral movement to 
the right; (b) same participant as in 8(a), l, m; ws shows a 
lateral movement to the left, but also to the right (ŕ); (c) 
52y, Ǿ, r h; ws shows a lateral movement to the left 
(Class ŉ with cross bite); (d) 49y, ǁ, r, s, ws with a 
triangular movement pattern, the arrows indicate the dy-
namics. 

             
(a)                                                   (b) 

            
(c)                                                   (d) 

Figure 9. Coronar view (Ǹ) of recorded mastication pattern, (a) 17y, ǀ, r, m; ws shows (Ƹ) shows a distinct lateral movement to the 
right; (b) same participant as in 9(a), l, m; ws (Ƹ) plots movements to both sides; (c) 21y, ǀ, r, m; ws (Ƹ) charts a movement to the 
right during opening and to the left during closing (Ÿ); (d) same participant as in 9 (c), l, m; ws (Ƹ) shows a straight movement 
during opening and a shift to the left while closing (Ÿ). 
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nAS and demonstrate these in a similar fashion as an 
ECG. A single masticatory movement is represented by a 
peak. The frequency and harmony of a masticatory 
movement can be viewed separately over an entire mas- 
tication process (18 seconds). The height, breadth and 
symmetry (steepness of the phase before the peak to the 
steepness of the phase after the peak) of individual peaks 
can be described. From such visualization one would 
basically expect a uniform time-pathway diagram with 
regular peaks, which reduce in height as the model food 
is minced and broken up. However, this is a speculative 
assumption and is not confirmed by our perusal of the 
published literature. Nevertheless, the time-pathway 
diagram of mastication can be described and analyzed by 
this method (Figure 10). 

Interesting data can be derived from the transla- 
tion-rotation diagram. Movements can be divided into 
two components, namely translation (horizontal axis) 
and rotation (vertical axis), and visualized accordingly. 
Characteristic differences seem to exist between AS and 
nAS: while AS is associated with greater rotation, nAS is 
marked by significant translation (Figure 11). In this 
recording, the accuracy of movements close to centric 
occlusion during mastication can be analyzed well. 
These sections of movement, which are always accom- 
panied by deceleration, impose great demands on the 
neuromuscular system. The position and precision of 
these sections of motion should be included in the inves- 
tigation procedure. The harmony of motions can be ana- 
lyzed particularly well in this type of visualization. The 
direction of rotation of the pathways thus recorded may 
be significant. Clockwise and anti-clockwise movements 

are possible; AS and nAS may be oriented in different 
directions. A change in the direction of rotation may be 
observed in some cases. However, a conclusive state- 
ment about the potential pathological significance of 
such dynamic features cannot be made at the present 
time (Figure 12). 

Gibbs and co-workers as well as other authors have 
described masticatory movement on the basis of the mo- 
tion of specific occlusal points such as the points of the 
mandibular molars or the incisal edge of the lower front 
teeth [5,6]. Similar visualizations with the aid of 
CADIAX diagnostic software permit simulation of 
movements in individual occlusal regions. Sagittal, 
frontal and coronary views permit spatial analysis. The 
extent of motion and the direction of motion on the 
laterotrusion side (i.e., AS) and the mediotrusion side 
(i.e., nAS) can be analyzed. Notably, the direction of 
motion of the closing movement is not from the outer 
lower aspect to the upper inner aspectˈin the manner 
described by Gibbs and co-workers. It was found that the 
dynamics of some masticatory cycles are changed, and 
the AS now serves as the mediotrusion side while the 
food bolus is retained on the same side (Figure 13). 

Obviously, the above mentioned analyses must always 
be viewed with regard to the different degrees of hard- 
ness of the SFM. The load imposed on the stomatog- 
nathic system during mastication of hard food necessar- 
ily alters the course of the motion. In a fully functioning 
masticatory organ, this additional load should be of no 
major importance. The effects of such loads may be 
more pronounced in the presence of functional disorders 
and/or deviations in occlusion (Figure 14). 

         
(a)                                                   (b) 

 

         
(c)                                                   (d) 

Figure 10. Time-distance diagram of recorded chewing pattern, (a) 21y, ǀ, r, s; subsequent to the initial longer and wider mouth 
opening (*) due to food intake, the ws (Ƹ) plots harmonic and constant chewing cycles. The nws (Ƕ) reveals an active positioning 
of the mandible due to the unequal height of the peaks; (b) same participant as in 9(a), l, s; subsequent to the initial longer and wider 
mouth opening (*) due to food intake, the ws (Ƹ) plots harmonic and constant chewing cycles. The nws (Ƕ) shows an active posi-
tioning of the mandible due to the unequal height of the peaks; (c) 51y, ǁ, r, h; chewing cycles are irregular; (d) 52y, ǁ, r, s; the loss 
of harmony and constancy of chewing cycles is obvious. 
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(a)                                                   (b) 

 
(c) 

Figure 11. Translation-rotations curves of recorded chewing pattern (rotation is traced vertical, translation horizontal), (a) 21y, ǀ, l, s; 
the rotation on the ws (Ƹ) is larger then on the nws (Ƕ); (b) 18y, ǁ, r, s; the rotation on the ws (Ƹ) is larger then on the nws (Ƕ); the 
difference is more distinct compared to 11(a); (c) 21y, ǀ, r, s (*), m (**), h (***); only the ws is displayed. The load and additional 
needed movements can be observed when chewing soft (*), medium (**) of hard (***) standard food. 

 

      
(a)                                                   (b) 

      
(c)                                                   (d) 

Figure 12. Translation-Rotations curves of recorded chewing pattern, (a) 21a, ǀ, l, m; the ws (Ƹ) plots a counterclockwise direction 
of rotation, while the nws (Ƕ) displays a clockwise rotation pattern; (b) same participant as in 12(a), r, h; the ws (Ƹ) do not show a 
particular rotation pattern (ŶŸ), only the final chewing cycles are executed with a counter clockwise rotation (—>). The nws (Ƕ) 
plots a clockwise rotation; (c) 17(a), ǀ, l, h; the ws (Ƹ) displays a counterclockwise direction of rotation, but to an unequal extend. 
The nws (Ƕ) plots an indifferent rotation pattern; (d) 52a, ǀ, l, h; ws (Ƹ), but also nws (Ƕ) shows an undetermined rotation behavior. 
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(a)                                                   (b) 

Figure 13. Tooth movements (Coordinates ws (Ƹ) x = 30, y = 30, z = 30; coordinates nws (Ƕ) x = 30, y = -30, z = 30), (a) 18a, 
ǁ, r, h; ws (Ƹ) and nws (Ƕ) show a lateral movement in direction to the ws (Ŷ). The sagittal view demonstrates the move-
ment back and downward (participant with dental Class l); (b) 18a, ǁ, r, m; the frontal view reveals a similar movement, but 
some chewing strokes are conducted in an atypical manner from down and left (ŷ). The sagittal movement is more oriented 
down and anterior (participant with Class ll/1).  

 

     
(a)                                                   (d) 

 

     
(b)                                                   (e) 

 

     
(c)                                                   (f) 

Figure 14. Demonstration of the loading of the chewing organ due to the different hardness of the model food, (a, b, c) 51a, m, 
r, s; (b, d, f) same participant as in 14(a), r, h. 

 
Bilateral mastication provides no significant addi- 

tional information for quantitative and qualitative de- 
scriptions. However, due to the harmony of changing 
sides, one may draw conclusions about coordination 

with other muscle groups such as the floor of the mouth, 
the suprahyoid muscles, the postural muscles, the tongue, 
and the mimic muscles (Figure 15). One should con- 
sider the fact that especially shifting the food bolus from  
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Figure 15. Time-distance diagram of a chewing sequence, up 
right side, down left side. The participant was asked to change 
the chewing side twice (shaded areas). The change in the regu-
lar chewing cycles can be seen clearly. 
 
the right to the left side or vice versa is rendered much 
more difficult by the paraocclusal clutch and its handle. 
The usual physiological processes of the muscles of the 
cheek, the tongue, and especially the lips are impaired. 

During and after the recording of masticatory move-
ments, the proband should always be asked about any 
sensations or side effects that may have occurred. It was 
found that the nine recordings of masticatory movements 
do impose a load on the masticatory muscles and the 
craniomandibular joints. Even asymptomatic probands 
notice the loads and also perceive certain muscular sen-
sations (general fatigue of muscles, individual sites of 
pain in muscles, pain in the craniomandibular joint either 
spontaneously or on palpation). 

3. SUMMARY AND CONCLUSIONS 

This article highlights the significance of a standardized 
procedure for analysis of human mastication. A database 
consequently created should, in the future, enable the 
dentist to comprehend and describe the physiological 
masticatory pattern and all of its conceivable individual 
variations. Based on the physiological processes thus 
identified, it will be possible to determine parameters 
that influence mastication and utilize these for the indi-
vidual analysis. The discovery of deviations from the 
physiological masticatory pattern, and especially the iden- 
tification of pathophysiological masticatory movements 
by this process, might pave the way for new strategic 
approaches in the diagnosis and treatment of the stoma-
tognathic system. However, dynamic processes can only 
be analyzed on the basis of standardization of the data 
thus obtained. Therefore, this article is intended to serve 
as a contribution to the discussion and may initiate new 
research approaches in the clinical as well as experi-
mental setting. 
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ABSTRACT 

Lectins are the carbohydrate-binding proteins of 
non-immune origin which have been the subject of 
intense investigation over the last few decades owing 
to the variety of interesting biological properties. 
Most of the lectins which have been purified and 
characterized from plants have been obtained from 
dicotyledons. In the present study a lectin was puri-
fied from tubers of a monocot plant Arisaema utile 
(AUL) Schott by affinity chromatography on asia-
lofetuin-linked amino activated silica beads. AUL 
gave a single band in SDS-PAGE at pH 8.3 corre-
sponding to subunit Mr 13.5 kDa. The native mo-
lecular mass of AUL was 54 kDa suggesting a homo-
tetrameric structure. AUL gave multiple bands in 
isoelectric focusing and in native PAGE at pH 8.3. 
AUL was inhibited by N-acetyl-D-lactosamine (Lac 
NAc), a disaccharide and asialofetuin, a complex de-
sialylated serum glycoprotein. When treated with 
denaturing agents, the lectin was stable in the pres-
ence of urea (3 M), thiourea (4 M) and guanidine HCl 
(4 M). AUL was a glycoprotein with a carbohydrate 
content of 1.2%. Complete loss of activity was ob-
served upon modification of tryptophan residues of 
the lectin. The activity was reduced to 25% after 
modification of tyrosine. Chemical modification of 
arginine, histidine, serine and cysteine residues of 
AUL did not affect its activity. Using Far UV CD 
spectra the estimated secondary structure was 37% 
Ŭ-helix, 25% ɓ-sheet and 38% random contributions. 
The lectin showed potent mitogenic response towards 
human lymphocytes. In vitro anti-proliferative assay 
using 11 human cancer cell lines resulted in 50% in-
hibition of six cell lines viz. SW-620, HCT-15, 
SK-N-SH, IMR-32, Colo-205 and HT-29 at 38, 42, 43, 

49, 50 and 89 µg/ml, respectively. 
 
Keywords: N-acetyl-D-lactosamine; Arisaema Utile; 
Affinity Purification; Anti-Proliferative; Asialofetuin; 
Chemical Modification; Lectin; Mitogenicity 

1. INTRODUCTION 

Lectins are proteins or glycoproteins of non-immune 
origin that bind specifically to carbohydrates [1]. Most 
lectins are usually multivalent and able to agglutinate 
erythrocytes and other cells [1,2]. They have been 
proved excellent and versatile macromolecular tools for 
the study of normal or transformed cell surfaces, for the 
isolation of glycoconjugates and for use in other areas of 
biomedical science [3]. One of the most exiting proper-
ties resulting out of the interaction of lectins with lym-
phocytes is mitogenicity, i.e. the triggering of quiescent, 
non-dividing lymphocytes into a state of growth and 
proliferation. The discovery of first mitogenic lectin 
Nowell [4] led to the detection of many other such lec-
tins, most notably concanavalin A [5], Wheat germ ag-
glutinin [6] and Pokeweed mitogen [7]. However, every 
new lectin may have slight differences in the ligand 
binding specificity to serve as a diagnostic tool to find 
immunocompetence of patients suffering from a variety 
of diseases with immunological abnormalities [8]. Thus, 
such mitogenic lectins are invaluable tools to study the 
proliferation of various immune cells and biochemical 
changes associated with lymphocyte activation.  

Very few lectins have been investigated for their use 
in cancer research and therapy. Preliminary investiga-
tions suggest that some lectins but not all can detect al-
terations of malignant cells as well as reduce the cancer 
cell tumorigenicity by immunomodulation and thus may 
be helpful for prognosis of the immune status of the pa-
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tients [9]. The lectin from Viscum album (mistletoe), for 
instance, increases the reactivity of the lymphocytes of 
tumor-bearing mice in vitro, indicating its immune sti-
mulating effects on the cancer-immunosuppressed lym-
phocytes. It also inhibits the protein synthesis in various 
malignant cell lines [10]. Some lectins inhibit cell pro-
liferation while others stimulate it [11,12]. A few plant 
lectins have been identified which induce apoptosis in 
tumor cells, as for example, Viscum album L. [13,14]. 
Lectins interact with specific carbohydrate structures on 
the tumor cell surface and may be used to differentiate 
malignant from normal cells [15]. We report herein puri-
fication, characterization and amino acid modifications 
of a new monocot plant lectin from Himalayan cobra lily 
Arisaema utile Schott belonging to family Araceae 
which has shown significant proliferation inhibition to-
wards six human cancer cell-lines and potent mitogenic 
response towards human lymphocytes.  

2. MATERIALS AND METHODS  

2.1. Materials and Chemicals 

Underground tubers of Himalayan cobra lily A. utile 
were collected from Khajjiar, Dalhousie, India. Fetal calf 
serum from Sera Lab (GB) and RPMI-1640 from 
GIBCO-BRL (New York, USA) were procured and 
stored at 4Ņ. Carbohydrates, diethylpyrocarbonate (DEP), 
N-acetylimidazole, (NAI), N-bromosuccinimide (NBS), 
2-hydroxy-5-nitrobenzyl bromide (HNB-Br), bis-dithio- 
nitrobenzoic acid, (DTNB), bovine serum albumin, so-
dium azide, Con A, 5-fluorouracil, adriamycin, mitomy-
cin-C and other general chemicals were obtained from 
Sigma Chemical Co. (St. Louis, USA). Standard mo-
lecular weight markers, gel filtration markers and am-
pholine (pH 3.0-10.0) were procured from Amersham 
Pharmacia (New Jersey, USA). Amino activated silica 
beads used were from Clifmar, UK. The Cell-lines viz. 
MCF-7 (Breast), SK-N-SH (CNS), 502713 (Colon), 
Colo-205 (Colon), HCT-15 (Colon), HT-29 (Colon), 
SW-620 (Colon), Hep-2 (Liver), IMR-32 (Neuroblas-
toma), DU-145 (Prostate) and PC-3 (Prostate) were pro-
cured from National Center for Cell Sciences, Pune, In-
dia. These cell lines were maintained in RPMI 1640 me-
dium with 10% FCS, 10 U/ml penicillin and 100 ɛg/ml 
streptomycin at 37Ņ, in humidified atmosphere (90% 
air and 10% CO2) in CO2 incubator (Heracell, Heraeus). 

2.2. Isolation and Purification of AUL 

Lectin from homogenized A. utile tubers was extracted 
overnight at 4Ņ with 10 mM phosphate-buffered saline 
(PBS), pH 7.2 (1:5 w/v). After centrifugation at 20,000 
xg for 30 min, the supernatant was chromatographed on 
asialofetuin-linked amino activated silica beads (1000Å; 
pore size, 100 ɛ; diameter) as described by Shangary et 
al. [16]. The bound lectin was eluted with 100 mM gly-

cine-HCl buffer, pH 2.5. The fractions were neutralized 
immediately with 2 M Tris-HCl buffer, pH 8.3. The pro-
tein rich fractions were dialyzed against PBS and stored 
at 4Ņ for further analysis.  

2.3. Lectin-Activity Assay and Sugar Inhibition 
of Lectin 

To 30 ɛl (1 mg/ml) of serial two fold dilution of the lec-
tin in microtitre plate, an equal volume of 2% (v/v) sus-
pension of rabbit erythrocytes (3.5 × 108 cells/ml) was 
added [17]. Agglutination was assessed after 1h at 37Ņ 
when the RBCs in the control well had fully settled to 
form buttons. Agglutination activity was expressed as 
the reciprocal of the highest dilution that gave a positive 
result and was reckoned as one hemagglutination unit. 
To find the carbohydrate specificity of AUL, sugar inhi-
bition was performed in a manner analogous to the he-
magglutination test [17]. For this purpose, a series of 42 
sugars/derivatives were used which included 4 pentoses: 
D-Arabinose, L-arabinose, D-ribose, D-xylose; 18 hex-
oses or their derivatives: D-fructose, D-galactose, D- 
glucose, D-mannose, L-sorbose, L-fucose, L-rhamnose, 
N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, N- 
acetyl-ɓ-D-mannosamine, phenyl-D-glucosamine, Ŭ- 
methyl-D-glucopyranoside, Ŭ-methyl-D-mannopyran- 
oside, ɓ-methyl-D-glucopyranoside, ɓ-phenyl-D-gluco- 
pyranoside, sialic acid, adonitol, myo-inositol; 10 disac-
charides: ɓ-gentiobiose, D-lactose, Ŭ-maltose, D-melibiose, 
D-trehalose, Ŭ-D-man (1,2)-D-man, Ŭ-D-man (1,3)-D- 
man, Ŭ-D-man (1,6)-D-man, N-acetyl-D-lactosamine and 
N-acetyl neuraminic acid; 3 trisaccharides: melezitose, 
raffinose and N,N’,N”-triacetylchitotriose; 3 polysac-
charides: chitin, inulin and yeast mannan. Four glyco-
proteins, i.e., asialofetuin, fetuin, mucin and thyroglobu-
lin were also used. Sugars or their derivatives were 
tested at a concentration of 100 mM while polysaccha-
rides and glycoproteins at a concentration of 4 mg/ml. 
Lectin was used at twice the lowest concentration caus-
ing agglutination of rabbit RBCs as determined through 
double dilution technique. The minimum concentration 
of the sugar in the final mixture that completely inhib-
ited the lectin induced hemagglutination was taken as 
minimal inhibitory sugar concentration (MISC). To as-
certain the biological specificity of AUL, the hemagglu-
tination activity was tested against both normal as well 
as neuraminidase treated erythrocytes from rabbit, goat, 
sheep, guinea pig, rat, and human (ABO) blood and hu-
man lymphocytes [17]. 

3. BIOCHEMICAL AND BIOPHYSICAL 
CHARACTERIZATION 

3.1. Protein and Neutral Sugar Content Analysis 

Protein concentration in the crude and purified lectin 
was determined by the method of Lowry et al. [18] using 
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bovine serum albumin as standard while neutral sugar 
content of the purified lectin preparation was estimated 
by anthrone method [19] using D-glucose as standard.  

3.2. Polyacrylamide Gel Electrophoresis of  
Native and Denatured Lectin 

Native polyacrylamide gel electrophoresis (PAGE) was 
carried out using 7.5% (w/v) gel at pH 4.5 [20] and 10% 
(w/v) gel at pH 8.3 [21,22]. SDS–PAGE was performed 
according to Laemmli [23] using 11% (w/v) separating 
gel. The lectin sample was heated in the presence/ 
absence of 2-mercaptoethanol for 10min in boiling water 
bath. The gels were stained with Coomassie Brilliant 
Blue. The subunit molecular mass of the purified lectin 
was determined by comparing its electrophoretic mobil-
ity with those of molecular weight markers (14.4-94 
kDa).  

3.3. Isoelectric Focusing 

It was carried out in 5% polyacrylamide tube gels con-
taining 5% ampholine of pI range 3.0-9.5 according to 
Robertson et al. [24]. A set of pI markers was also 
loaded on a separate tube gel. Before staining, am-
pholine were eluted from the gel by incubation in 10% 
trichloroacetic acid (TCA) for 10 min followed by 1% 
TCA for 30 min at room temperature. The gels were 
stained with Coomassie brilliant blue. Isoelectric point 
was calculated by comparing the mobility of lectin with 
that of pI markers.  

3.4. Gel-Exclusion Chromatography 

The molecular mass of the native lectin was determined 
by gel filtration chromatography on Biogel P-200 col-
umn (1.6 × 62 cm) calibrated with molecular weight 
markers in the range of 12.4-66 kDa according to the 
method of Andrews [25]. The column was equilibrated 
and eluted with 10mM PBS, pH 7.2. 

3.5. Effect of Temperature, PH, Denaturants, 
and Chelating Agents on Lectin Activity 

To determine thermal stability of affinity purified AUL, 
100 ɛl of it was heated for 15min at a defined tempera-
ture ranging from 20 to 100Ņ and cooled to room tem-
perature. As the bound lectin was desorbed from the af-
finity matrix by employing glycine-HCl buffer, pH 2.5, 
the effect of such a low pH on lectin-induced hemagglu-
tination was ascertained before standardizing the purifi-
cation protocol. The lectin sample was incubated with 
the above-mentioned buffer for time intervals ranging 
from 15 min to 6 h, followed by neutralization with 
Tris-HCl buffer, pH 8.3. Thereafter, titer of each treated 
sample was compared with that of controls i.e. lectin 
sample mixed with glycine-HCl followed by immediate 
neutralization and lectin sample in PBS alone. The effect 

of three denaturing agents i.e. urea, thiourea, and gua-
nidine-HCl, at a concentration range of 1.0-8.0 M was 
tested on lectin activity by incubating 100 µl of each 
denaturant solution with equal volume of AUL at 37Ņ 
for 1h. To examine divalent cation requirement of AUL 
for hemagglutination, demetallization of purified lectin 
was carried out by the method of Paulova et al. [26] by 
using EDTA followed by dialysis of sample with 0.1M 
CaCl2 and MnCl2. Following these treatments hemag-
glutination assay was performed with each sample and 
titer was compared with that of respective untreated 
samples. 

4. SPECTROSCOPIC MEASUREMENTS 

4.1. Fluorescence Studies 

Fluorescence measurements were performed on a Shi-
madzu RF-1501 Spectrofluorophotometer. Samples were 
excited at 295 nm and emission spectra were recorded 
between 250 nm to 500 nm. Excitation and emission slit 
widths were 5 nm. Measurements were made using lec-
tin at a concentration of 0.1 mg/ml protein in deionized 
water. Base-line corrections were carried out with de-
ionized water without protein in all cases. The fluores-
cence spectra of native and NBS modified lectin samples 
were recorded.  

4.2. Circular Dichroism Studies 

Circular dichroism spectra of AUL were recorded using 
a Jasco J-715 spectropolarimeter over a wavelength of 
200-250 nm at a scan speed of 50 nm/min, under con-
stant N2 purging according to the manufacturer’s in-
structions (Jasco). The lectin was used at a concentration 
of 0.15 mg/ml in deionized water, in quartz cuvettes of 
0.1 mm path length. The accumulated average of five 
protein spectra was corrected by subtraction of the spec-
tra measured from deionized water blank. Analysis of 
CD spectra in terms of secondary structure content was 
performed using K2D programme.  

4.3. Chemical Modification Studies of Amino 
Acids 

The modification of tryptophan residues was carried out 
using NBS [27] and HNB-Br [28] Modification of tyro-
sine residues was carried out using NAI [29]. Arginine, 
histidine, serine and cysteine residues of AUL were 
modified as per defined conditions in Table 1. Both 
modified and unmodified lectin samples were dialyzed 
and residual activity was determined after appropriate 
dilution. Percentage residual activities were calculated 
using the native lectin as control possessing 100% activ-
ity. For ligand protection, AUL was pre-incubated for 30 
minutes with N-acetyl-D-lactosamine and then modifi-
cation was done. 
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Table 1. Condition for the chemical modification studies of amino acids of AUL. 

Residue mod-
ified 

Reagent 
Concentration 

(mM) 
Buffer used Solvent Reagent 

Temperature
in Ņ 

Time (min)

Tryptophan NBS 10 50 mM acetate buffer, pH 6.0 Water NBS 30 60 

Tryptophan HNB-Br 10 50 mM acetate buffer, pH 3.0 Dry Acetone HNB-Br 30 60 

Tyrosine NAI 10 50 mM Tris-HCl buffer, pH 8.0 Water NAI 30 60 

Arginine Phenylglyoxal 10 100 mM Sodium bicarbonate, pH 8.0 Water Phenylglyoxal 30 60 

Histidine DEPC 10 100 mM PBS, pH 7.2 Absolute alcohol DEPC 30 60 

Serine PMSF 10 50 mM PBS, pH 7.2 Water PMSF 30 60 

Cysteine DTNB 10 100 mM Phosphate buffer, pH 8.0 Water DTNB 30 60 

NBS- N-bromosuccinimide; HNB-Br- 2-hydroxy-5-nitrobenzyl bromide; NAI- N-acetylimidazole; DEPC- Diethylpyrocarbonate;  
PMSF- Phenylmethylsulphonyl fluoride; DTNB- 5, 5’-dithiobis 2-nitrobenzioc acid. 

 
5. BIOLOGICAL CHARACTERIZATION 

5.1. Serological Studies 

Antiserum against Purified AUL was raised by immu-
nizing healthy rabbits with one mg/ml of the lectin and 1 
mL of Freund’s complete adjuvant (Sigma). Three doses 
were given at one-week interval each. After a weak of 
the last dose, the blood was collected by puncturing the 
ear pinna vein of the animal. Antiserum separated was 
preserved at –20Ņ in aliquots containing 0.01% sodium 
azide. Double immunodiffusion (Ouchterlony) was per-
formed to study serological cross-reactions. The gels 
stained for 30 minutes with 0.1% amido black and de-
stained with 7% glacial acetic acid to visualize the 
stained precipitin lines. 

5.2. Assay of Anti-Fungal Activity 

Anti-fungal activity of AUL against selected plant patho- 
genic fungi, i.e., Fusarium oxysporum, Fusarium gra-
minearum, Trichoderma reesei, Colletotrichum linde-
muthianum, Alternaria solani, Rhizoctonia solani and 
Botrytis cinerea was performed as described by Wang et 
al. [30].  

5.3. MTT (3, 4, 5-Dimethylthiazol-2yl-2, 
5-Diphenyltetrazolium Bromide) Assay 

A non-radioactive method [31] was employed to test the 
mitogenic potential of lectin on human peripheral blood 
mononuclear cells (HPBMC) separated by the method of 
Boyum [32]. The assay was carried out in quadruplicates 
in microtitre plate having 96 U-shaped wells (Nunc, 
Denmark). The test lectin and standard mitogen con A 
were filtered through 0.22 µ membrane filters (13 mm 
diameter, Schleicher and Schull, Germany) and stored at 
4Ņ in aliquots of 1 ml each. The protein content was 
estimated for all the lectin samples after filtration. The 

lectins were diluted in RPMI-1640 medium supple-
mented with 10% FCS to obtain the desirable concentra-
tion required for the experiment. A volume of 50 ml of 
each affinity purified lectin at concentrations ranging 
between 1.25-80.0 mg/ml along with standard Con A (1 
mg/ml) was dispensed into 96 well microtitre plate. Now, 
50 ml of lymphocyte suspension containing 2 × 106 
cells/ml was added to each well of the microtitre plate 
and incubated for 72 hours. Four hours before the ter-
mination of cultures, 25 ml of MTT having a concentra-
tion of 2 mg/ml was added to each well. After 4 hours, 
100 ml of acidified isopropanol was added. The blue 
colour of formazan formed was read at 492 nm with 
Labsystems Multiskan EX ELISA reader against a re-
agent blank.  

5.4. Proliferation Inhibition Assay 

To check that the lectin receptors for mitogenicity are 
glyco-components in nature, the inhibitors revealed by 
sugar inhibition assay AUL was used to analyze their 
effect on the proliferation by MTT assay. AUL had been 
were inhibited by a complex desialylated glycoprotein 
i.e. asialofetuin. Therefore, asialofetuin (Sigma, USA) 
was dissolved in RPMI-1640 medium supplemented 
with 10% FCS at a final concentration of 2 mg/ml. In the 
wells of a microtitre plate, asialofetuin from its stock 
solution was serially double diluted in a total volume of 
25 µl. To this an equal volume of each lectin at double 
the optimum concentration was added and the plate was 
incubated at 37Ņfor one hour. For the positive controls, 
25 µl each of test lectin and ConA at their optimum 
concentrations with an equal volume of supplemented 
medium, were set in quarduplicates, thus constituting a 
total volume of 50 µl/well. After the incubation step, 50 
µl of lymphocyte suspension at a concentration of 2 × 
106 cells/ml was added to each well.  
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5.5. In Vitro Anti-Proliferative Potential of AUL 
on Human Cancer Cell Lines 

Inhibitory potential of the lectin was tested against ele-
ven human cancer cell lines viz. MCF-7 (Breast), 
SK-N-SH (CNS), 502713 (Colon), Colo-205 (Colon), 
HCT-15 (Colon), HT-29 (Colon), SW-620 (Colon), 
Hep-2 (Liver), IMR-32 (Neuroblastoma), DU-145 
(Prostate) and PC-3 (Prostate) according to the method 
of Monks et al. [33] known as SRB assay. Cells were 
seeded at 104 cells/well in 100 ɛl RPMI medium con-
taining 10% FCS in 96-well tissue culture plate and in-
cubated for 24 h in CO2 incubator. Subsequently, 100 ɛl 
of lectin solution (100 ɛg/ml), prepared in RPMI 1640 
medium, was added to cells and the cultures were incu-
bated for 48 h. After incubation period, adherent cell 
cultures were fixed in situ by adding 50 ɛl of 50% (v/v) 
trichloroacetic acid (final concentration 10% TCA) and 
incubated for 1h at 4Ņ. The supernatant was discarded 
and plates were washed five times with deionized water 
and dried. Hundred microliters of sulforhodamine B 
(SRB, 0.4% w/v in acetic acid) was added to each well 
and the cultures were incubated for 30min at room tem-
perature. The unbound SRB was removed by washing 
with 1% acetic acid and plates were air-dried. The dye 
bound to basic amino acids of the cell membranes was 
solubilized with Tris buffer (10 mM, pH 10.5) and the 
absorption was measured at 540 nm using ELISA reader 
to determine the relative cell growth viability in the 
treated and untreated cells. Anti-cancer agents 5-flurou- 
racil at a concentration of 1 × 10-5 M and mytomycin C 
and adriamycin at a concentration of 1 × 10-6 M were 
used as positive controls. 

6. RESULTS AND DISCUSSION 

6.1. Lectin Purification, Activity and Sugar  
Inhibition 

In the present study, a plant lectin having mitogenic and 
antiproliferative activity has been purified from tubers of 
Arisaema utile Schott by affinity chromatography using 
asialofetuin as affinity ligand. The results of isolation of 

the lectin are summarized in Table 2. The lectin was 
eluted with 0.1 M glycine-HCl buffer, pH 2.5 (Figure 1). 
In a separate experiment, AUL was found to be stable at 
pH 2.0-9 for 1 hour. The efficiency of single step affinity 
purification protocol is apparent from the fact that there 
was 76% recovery of the lectin activity. It is also note-
worthy that lectin constitutes a sizable (21%) proportion 
of the total extractable tuber protein and may serve as a 
major storage protein in the tubers as also reported for 
Arum maculatum [34]. 

Out of the 42 sugars/derivatives tested, N-acetyl-D- 
lactosamine (LacNAc) and asialofetuin inhibited lectin- 
induced hemagglutination. Earlier reports on monocot 
lectins from the family araceae have shown their inhibi-
tion by, N-acetyl-D-lactosamine [16,17] and mannose 
[35]. It is noteworthy that monocot lectins from families 
amaryllidaceae and alliaceae bind mannose with high 
affinity [36] but lectins from family araceae are refrac-
tory towards mannose except in Acorus lectins [35]. The 
specific inhibitor of AUL i.e. LacNAc is one of the im-
portant cancer markers [37]. In this context the AUL 
specific for this disaccharide may serve as a marker for 
the detection of various types of cancers. Minimal in-
hibitory sugar concentration with LacNAc was 25.0 mM, 
while for asialofetuin was 250 µg/ml. Inhibition of he-
magglutination with asialofetuin and not with fetuin may 
suggest that sialic acid hinders the binding of the lectin 
to the recognition sites on fetuin. The structure of asia-
lofetuin reveals that it consists of 80% Asn-linked oli-
gosaccharides terminating in LacNAc (Gal-ɓ-1, 4 
GlcNAc) and 20% Ser/Thr-linked oligosaccharides hav-
ing T-Disa-ccharide (Gal-ɓ-1, 3-GalNAc) [38]. In the 
sugar inhibition assay lectin showed binding with Lac-
NAc but not to T-Disaccharide and similar may be the 
case of asialofetuin which has both disaccharides in its 
structure.  

AUL was reactive towards erythrocytes from rabbit, 
rat, goat, sheep, and guinea pig and human lymphocytes 
but non-reactive towards human ABO blood group eryt-
hrocytes even after neuraminidase treatment (Table 3). 
In this regard AUL has broad biological specificity as 

Table 2. Affinity purification of Arisaema utile lectin on asialofetuin-linked amino activated silica beads. 

Step 
Total Protein 

(mg) 
Total activity 

(HU) 

Specific 
activity 

(HU/mg) 

Purification 
fold 

Recovery 
(%) 

MEAPC 
(mg/ml) 

       

       

Crude 890 12800 14.38 1.0 100.0 69.53 

PBS fractions 230 -- -- -- -- -- 

Glycine-HCl fractions 188 9760 51.91 3.60 76.25 19.26 

Data are for 100 g tubers. 
HU = Hemagglutination unit. MEAPC = Minimal erythrocyte agglutinating protein concentration 
HU- One hemagglutination unit (HU) is defined as the reciprocal of the highest dilution still causing a visible agglutination. 
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Figure 1. Affinity purification of AUL from tuber extract on 
asialofetuin-linked amino activated silica beads. Crude dia-
lyzed tuber extract of A. utile was applied to the column (0.8 × 
6.0cm), pre-equilibrated with 10mM PBS, pH 7.2. Bound 
lectin was eluted with 100mM glycine-HCl, pH 2.5 at flow rate 
30 ml/h. [ǒ    ǒ] Absorbance of the complex formed, in pro-
tein estimation by Lowry et al. (1951), was taken at 540 nm. 
[ǅ----ǅ] Log2 hemagglutination titre was determined using 2% 
suspension of rabbit erythrocytes. 
 
Table 3. Reactivity of AUL towards different types of erythro-
cytes and human lymphocytes. 

Erythrocytes MEAPC/MLAPC (ɛg/ml) 

 Untreated 
Neuraminidase 

treated 

Rabbit 14.0 14.0 

Rat 56.2 14.0 

Guinea pig 28.1 7.0 

Sheep 28.1 28.1 

Goat NA 135 

   

Lymphocytes   

Human 14.0 7.0 

 
reported earlier for other araceous lectins [11,12,16]. The 
preferential agglutination of rabbit RBCs over other an-
imal blood cells may suggest easy availability of AUL 
receptors on these cells, their scanty presence on RBCs 
of rat, sheep and guinea pig and complete absence on 
human red blood cells. Further, increase in reactivity of 
rat and guinea pig erythrocytes and human lymphocytes 
following neuraminidase treatment supports the fact that 
sialic acid hinders access of lectin to their receptors. 

6.2. Biochemical and Biophysical  
Characterization 

Purified AUL was subjected to various tests to check the 

purity of the preparation. In SDS-PAGE at pH 8.3, under 
both reducing and non-reducing conditions, AUL mi-
grated as a single band of 13.5 kDa (Figure 2(a)). Simi-
larly, in native PAGE at pH 4.5 it moved as single band 
(Figure 2(b)). The native molecular mass of AUL was 
54 kDa, as determined by gel filtration chromatography 
on calibrated Biogel P-200 column (Figure 2(c)). The 
results of SDS-PAGE under reducing and non-reducing 
conditions and gel filtration chromatography revealed 
that the lectin exists as a homotetramer of four identical 
subunits which are not held together by disulphide link-
ages [12,35]. However, AUL gave two bands when sub-
jected to native PAGE at pH 8.3 (Figure 2(d)). These 
results indicate the presence of isolectins in the affinity 
purified AUL. Similarly, when subjected to isoelectric 
focusing, multiple bands were seen representing a mix-
ture of isolectins, mostly in acidic range (Figure 2(e)) as 
reported in many lectins. These findings for AUL cor-
roborate with earlier observations on various monocot as 
well as dicot lectins [39-41]. The lectin isomers may be 
due to variations in oligosaccharide chains [42] or it may 
stem from few altered amino acids in the lectins [43]. 
The carbohydrate content of the lectin was 1.2% indi-
cating the lectin to be a glycoprotein. Lectin remained 
stable up to 55Ņ for 15 minutes beyond which activity 
was gradually decreased and completely lost at 80Ņ 
(data not shown) indicating high thermal stability of 
AUL as reported earlier for other araceous lectins [16]. 
AUL was stable in 3M Urea, 4M thiourea and 4M Gua-
nidine-HCl. The activity declined at higher concentra-
tions of denaturants but was not completely lost even at 
8 M concentration of urea, thiourea and guanidine hy-
drochloride (data not shown). The denaturation by these 
agents indicates the globular nature of lectins, stabilized 
mainly by hydrophobic interactions (Nelson and Cox, 
2001). EDTA treatment cations showed no effect on lec-
tin activity suggesting that either the lectin activity was 
not dependent on metal cations or these metal ions are 
too strongly held in lectin structure and cannot be re-
moved by dialysis (data not shown).  

6.3. Spectroscopic Measurements and Amino 
Acid Modifications 

Native AUL upon excitation at 295 nm exhibited a fluo-
rescence emission maximum (ɚmax) at 340 nm. When 
compared with emission maximum of free tryptophan 
(348 nm), the emission peak of the tryptophan residue in 
AUL blue-shifted by about 8 nm to 340 nm, which 
showed that tryptophan residue of AUL is located in 
hydrophobic areas [44]. As shown above, the modifica-
tion of tryptophan residues in AUL were essential groups 
and the hydrophobic areas where they were located help 
in lectin-sugar binding. The decline in fluorescence 
spectrum on modification of tryptophan residues of AUL 
was caused by modification of Trp (Figure 3). 
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                   (a)               (b)                      (c)                   (d)                       (e) 

Figure 2. (a) SDS–PAGE, pH 8.3, patterns of purified AUL (lane 1) using 12% gel with (lanes 1) and without (lanes 2) 2% 
2-mercaptoethanol (running time 3 h at a constant 100 V). The amount of purified lectin loaded is 20 ɛg. 40 µg of marker mixture 
loaded in Lane M, (from top to bottom): phosphorylase b (94 kDa); albumin bovine (67 kDa); ovalbumin (43 kDa); and carbonic 
anhydrase (30 kDa); trypsin inhibitor (20.1 kDa); and a-lactalbumin (14.4 kDa). The gel was stained with Coomassie brilliant blue. 
(b) Discontinuous-PAGE, pH 4.5, using 7.5% gel (running time 6 h at a constant 100 V); protein load, 30 ɛg; lane 1, AUL. (c) Native 
molecular mass estimation by standard plot of AUL on Biogel P-200 superfine gel filtration chromatography column. Standards used 
for gel filtration analysis were 1) b-amylase 2) Alcohol dehydrogenase 3) Albumin bovine serum 4) Carbonic anhydrase 5) Cyto-
chrome C (d) Discontinuous-PAGE, pH 8.3, using 10% gel (running time 6 h at a constant 100 V); amount of protein loaded, 30 ɛg; 
lane 1, AUL. (e) Isoelectric focussing of non-denatured AUL lectin on 7.5% polyacrylamide gel using carrier ampholine of pH range 
3.5-10.0 (running time 12 h at a constant 200 V); protein load, 30 ɛg; lane M, position of pI marker proteins; 1) carbonic anhydrase I, 
human erythrocytes (pI 6.6); 2) carbonic anhydrase II, bovine erythrocytes (pI 5.9); and 3) trypsin inhibitor, soybean (pI 4.6); lane (1) 
AUL. 
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Figure 3. The decline of fluorescence intensity of AUL during 
tryptophan modification (with NBS) of AUL (100 µg/ml) was 
excited at 295 nm, and spectra were recorded between 250 and 
500 nm. Control is without NBS and rest values (a, b, c, d and 
e) indicate the concentration of NBS in protein solution. 
 

Far UV CD spectra of AUL were recorded (Figure 4). 
The spectrum is characterized by two negative minima at 
around 224 and 228 nm and a positive to negative cros-
sover at around 205 nm. Using K2D software the esti-
mated secondary structures are 37% Ŭ-helix, 25% 
ɓ-sheet and 38% random contributions. The secondary  
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Figure 4. Far-UV CD spectrum of AUL in water. 
 
structure of AUL is comparable with Con A [45] and 
Arisaema helliborifolium [46].  

Upon chemical modification of tryptophan with N- 
bromosuccinimide (NBS) as well as 2-hydroxy-5-nitro- 
benzyl bromide (HNB-Br), AUL completely lost its ac-
tivity. Ligand protection with N-acetyl-D-lactosamine 
did not protect the lectin from losing activity suggesting 
that tryptophan may not be present within the sugar 
binding site but is essential in maintaining the functional 
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three dimensional structure of the lectin. Tyrosine modi-
fication with N-acetylimidazole (NAI) led to 50% inac-
tivation of AUL lectin-sugar interaction. Ligand protec-
tion assay before tyrosine modification completely pro-
tected its activity which further supported the presence 
of tyrosine in the sugar binding site of the lectin. On the 
contrary, modification of arginine, histidine, serine and 
cysteine residues with pyridoxal, diethylpyrocarbonate 
(DEPC), phenylmethylsulphonyl fluoride (PMSF) and 
bis-dithionitrobenzoic acid (DTNB) respectively did not 
affect hemagglutinating activity of AUL suggesting that 
these amino acids may not play any important role in 
lectin-sugar interactions. Earlier, tryptophan modifica-
tion studies on Glycine max [47], Erythrina indica [48] 
and Erythrina speciosa [49] have been shown to have 
deleterious effect on the lectin activity. In Trichosanthes 
dioica lectin [50], tyrosine residues are essential in car-
bohydrate binding and hemagglutination activities. Both 
tryptophan and tyrosine seem to play an important role 
in AUL activity in the present study. 

6.4. Biological Characterization 

In Oucterlony’s double immunodiffusion, AUL antisera 
gave lines of identity with lectins from other araceous 
species (Figure 5), thus indicating evolutionary conser-
vation of antigenic determinants on lectins from these 
species. In case of Amaryllidaceae and Alliaceae, sero-
logical relationship has been reported, as lectins from 
them resemble each other in their molecular structure 
and carbohydrate-binding properties. When the purified 
lectins from Allium moly, A. sativum, A. vineale and A. 
ursinum were loaded against antiserum raised against 
Narcissus cv Carlton lectins, single precipitin lines of 
identity were observed between the Alliaceae and Ama-
ryllidaceae lectins thus indicating the evolutionary con-
servation of these monocot mannose-binding lectins [36]. 
When tested for anti-fungal activity against plant patho-
genic fungi, AUL was found non-inhibitory. 

In MTT assay, AUL gave potent mitogenic response 
towards human peripheral blood mononuclear cells. The 
relative mitogenic stimulation of AUL towards human 
lymphocytes was almost equal to that of Con A, a 
well-known standard plant mitogen (Figure 6). The op-
timum proliferation dose of AUL was 20 ɛg/ml. The 
mitogenic response of AUL was inhibited in a concen-
tration dependent manner in the presence of asialofetuin 
that has been found inhibitory towards A. utile (Figure 
7). The inhibition of hemagglutination and mitogenicity 
induced by AUL in the presence of asialofetuin confirms 
that lectin is producing mitogenic effect. 

The in vitro anti-proliferative activity of AUL was car- 
ried out on eleven human cancer cell lines viz. MCF-7 
(Breast), SK-N-SH (CNS), 502713 (Colon), Colo-205 
(Colon), HCT-15 (Colon), HT-29 (Colon), SW-620 (Co- 
lon), Hep-2 (Liver), IMR-32 (Neuroblastoma), DU-145 
(Prostate) and PC-3 (Prostate) (Table 4). AUL produced 
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Figure 5. Double immunodiffusion. AUL antiserum was 
loaded in the central well (A), 15 mg of the purified AUL was 
loaded in the peripheral (well 1) and the same amount of puri-
fied lectin from Sauromatum guttatum (well 2), Gonatanthus 
pumilus (well 3). The wells 4 and 5 were without lectin. 
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Figure 6. Relative mitogenic index of AUL. Human peripheral 
blood lymphocytes (1 × 105 cells/well) were cultured with 
AUL at different concentrations. A positive control is also 
shown using Con A at different concentrations. In the control 
wells, cells were cultured with medium alone (no lectin). The 
proliferation of lymphocytes was measured by MTT assay and 
the mitogenic index was calculated by dividing absorbance of 
AUL-stimulated lymphocytes with absorbance of lymphocytes 
without lectin. The relative mitogenic index of AUL is its mi-
togenic index relative to mitogenic index of Con A (taken as 
100). (Data represent means ± SD, n = 4.) 
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