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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. 
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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-α), 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-γ and TNF-α 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-α, 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 α-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 
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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)-α 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-α, 
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-α, INF-β 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 β(1,6) disaccharide glu- 
coseamine backbone that contains α-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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