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Abstract:

Lipopolysaccharide (LPS), called endotoxin, is a major component of Gram-negative bacteria cell wall. LPS stimulates the synthesis

and release of several metabolites from mammalian phagocytes which leads to fulminant systemic inflammation (endotoxic shock).

Among LPS-induced metabolites, reactive oxygen species are considered to play crucial role in the pathogenesis of endotoxic shock

via oxidative stress generation. In this study, the effect of early administration of antioxidant �-lipoic acid (LA) on plasma lipid

peroxidation and total antioxidant blood capacity was evaluated in endotoxic shock in rats. Lipid peroxidation was measured as

plasma thiobarbituric acid reactive substances (TBARS) levels, while total blood antioxidant capacity was assessed as ferric

reducing ability of plasma (FRAP). The endotoxic shock was induced by administration of LPS (Escherichia coli 026:B6, 30 mg/kg,

iv) in anesthetized rats. Then, 30 min later, animals were treated intravenously (iv) with LA at 60 mg/kg. After 5 h observation

animals were killed and blood from heart was taken for TBARS and FRAP measurements. LPS injected to saline-pretreated animals

resulted in development of oxidative stress indicated by significant increases in plasma TBARS and significant decrease in total

antioxidant capacity of plasma. Conversely, LA injected to saline pretreated animals caused an increase in FRAP values and the

decrease in TBARS levels. The administration of LA 0.5 h after LPS challenge resulted in an increase in FRAP values and decrease

in plasma lipid peroxidation as compared to LPS group. Moreover, the levels of TBARS and FRAP in LPS + LA group were similar

to those observed in LA group.

In conclusion, our present study demonstrates that early treatment with LA significantly protects against endotoxin-induced

oxidative stress in rats.
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Introduction

Endotoxic shock is a systemic inflammatory response

that develops as a result of severe infection. Lipopoly-

saccharide (LPS), a major structural and functional

component of Gram-negative bacteria [28], is be-

lieved to be responsible for the initiation of Gram-

negative bacteria-induced endotoxic shock [10]. LPS

is composed of three primary components: the outer-

part (O) of polysaccharide type, the core and the lipid

component (lipid A). From the three LPS components,

lipid A was causally related to the pathogenesis of Gram-

negative bacteria-induced sepsis and endotoxic shock [36].

The initial symptoms of endotoxic shock are usully

associated with acute inflammation due to activation
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of phagocytic cells [1] and their products [19]. In re-

sponse to LPS, macrophages secrete proinflammatory

cytokines such as tumor necrosis factor-� (TNF-�),

interleukin-6 (IL-6), IL-1� or IL-12 [18], and reactive

oxygen species (ROS) [35]. ROS (hydrogen peroxide,

singlet oxygen and oxygen free radicals such as su-

peroxide anions and hydroxyl radicals) are dangerous

for biological systems. They may cause cellular dam-

age by reacting with lipids, proteins and DNA [7, 16,

23]. Oxidative modification of lipids mediated by

ROS is called lipid peroxidation.

Malondialdehyde (MDA) is a commonly used

marker of lipid peroxidation, one of the end-products

of membrane lipid peroxidation. MDA is a three-

carbon compound formed from peroxidized polyun-

saturated fatty acids, mainly arachidonic acid. Since

MDA levels are increased in various diseases charac-

terized by an excess of oxygen free radicals, its many

relationships with free radical-elicited damage were

observed [13, 25].

Living organisms have developed complex antioxi-

dant systems to counteract oxygen species activity

and to reduce oxidative organ damage. These antioxidant

systems include enzymes, macromolecules and a variety

of small molecules, among them lipoic acid (LA) [20].

LA is a disulfide derivative of octanoic acid and is

a crucial prosthetic group of various cellular enzy-

matic complexes. Recently, LA has been identified as

a potent antioxidant therapeutic agent in the preven-

tion or treatment of pathological conditions mediated

via oxidative stress [2].

The present study was undertaken to investigate the

effects of LA administration on lipid peroxidation and

antioxidant capacity of plasma in endotoxin-induced

shock in rats.

Materials and Methods

Animals

Experiments were performed on 45 male Wistar rats

weighing 260–300 g. The animals were housed 6 per

cage under standard laboratory conditions of 12/12 h

light-dark cycle (light on at 7.00 a.m.) at an ambient

temperature 20 ± 2°C. All animals received a standard

diet and water ad libitum. All animals were given

a one-week acclimation period before the onset of ex-

perimentation. The experimental procedures followed

the guidelines for the care and use of laboratory ani-

mals, and they were approved by the Medical Univer-

sity of £ódŸ Ethics Committee.

Experimental design

Animals were randomly divided into four groups as

follows:

– Group I (control group, n = 10) received twice 0.2 ml

of 0.9% NaCl, 0.5 h apart;

– Group II (LPS group, n = 15 with 5 dead animals

during the experiment) received 0.2 ml of 0.9% NaCl

solution and 0.5 h later endotoxic shock was induced

by injection of Escherichia coli LPS at a concentra-

tion of 30 mg/kg;

– Group III (LA group, n = 10) was given 0.2 ml of

0.9% NaCl and 0.5 h later rats were injected with

a single dose (60 mg/kg) of �-LA;

– Group IV (LPS + LA group, n = 10) received a sin-

gle dose of LPS (30 mg/kg) and after 0.5 h a single

dose of LA (60 mg/kg).

All agents were injected intravenously (iv) into the

tail vein between 8.00 a. m. and 9.00 a.m. The rats’

body temperature was taken in rectum with a thermis-

tor thermometer (type PU 391/1, Czechoslovakia) be-

fore the first injection and then 1, 2, 3 and 5 h later.

After 5 h observation, the animals were anesthetized

with pentobarbital (50 mk/kg ip). Then blood from

the hearts was collected into EDTA-containing tubes

(for determination of lipid peroxidation products) and

into heparinized tubes (for measurement of antioxi-

dant capacity). Plasma was separated and stored at

–80°C until analysis.

Chemicals

Lipopolysaccharide [Escherichia coli LPS 026:B6;

lyophilized powder chromatographically purified by

gel filtration (protein content < 1%), �-lipoic acid

(D,L-�-lipoic acid), thiobarbituric acid (TBA), buty-

lated hydroxytoluene, sodium acetate trihydrate,

TPTZ (2,4,6-tripyridyl-s-triazine), ferric chloride

hexahydrate, Trolox (water soluble analog of vitamin

E)] were purchased from Sigma Chemical Co. (St. Louis,

MO, USA). All other reagents were obtained from POCh

(Gliwice, Poland) and were of analytical grade.

Shortly before use, LPS was dissolved in sterile

pyrogen-free normal saline.
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�-Lipoic acid was dissolved as described by Cam-

eron et al. [8]. The powder was mixed with sterile

normal saline in the dark bottle, and NaOH was added

until the suspension had been dissolved. The pH was

then brought to pH 7.4 with HCl.

TBA solution was prepared by dissolving 0.67 g of

TBA in 100 ml of deionized water and then diluted at

1:1 with glacial acetic acid. Sterile, deionized water

(resistance > 18 M� cm, HPLC Water Purification

System USF ELGA, England) was used throughout

the study.

FRAP assay

The antioxidant plasma capacity was assayed as ferric

reducing ability of plama (FRAP) according to origi-

nal description by Benzie and Strain [5] with modifi-

cations. This method measures the ability of antioxi-

dants contained in a sample to reduce ferric-tripyri-

dyltriazine (Fe3+-TPTZ) to a ferrous form (Fe2+) that

absorbs light at 593 nm. In brief, the working FRAP

reagent was prepared ex tempore by mixing 10 vol. of

300 mmol/l acetate buffer, pH 3.6 with 1 vol. of

10 mmol/l 2, 4, 6,-tripyridyl-s-triazine in 40 mmol/l HCl

with 1 vol. of 20 mmol/l FeCl3 × 6 H2O. Then, 1 ml of

the working FRAP reagent was warmed to 37°C and

its absorbance against water was read at 593 nm (rea-

gent blank). Subsequently, 50 µl of plasma and 50 µl

of deionized water were added to 900 µl the FRAP rea-

gent and the absorbance was monitored for 20 min. The

final results were expressed as mmol Trolox equivalent/l.

Measurement of TBARS in plasma

The lipid peroxidation products content in plasma was

determined by MDA plasma concentration and as-

sayed as thiobarbituric acid reactive substances

(TBARS), previously described by Kasielski and

Nowak [18]. Briefly, 0.5 ml of 0.05 M H2SO4 and

0.25 ml of 1.23 M trichloroacetic acid were added to

0.05 ml of plasma, mixed and then centrifuged for

10 min (1500 × g, 4°C). The supernatant was dis-

carded and the residue was mixed with 2 ml of dis-

tilled water, 0.01 ml of 4.53 nM butylated hydroxy-

toluene in methanol and 0.5 ml of TBA solution. The

obtained mixture was incubated for 30 min in a water

bath at 100°C in tightly closed tubes. After cooling to

10°C, 2.5 ml of butanol was added to each tube, and

after intensive shaking, tubes were centrifuged for

10 min (1500 × g, 20°C). Measurements were made in

the supernatant of butanol layer. Fluorescence was

measured at an excitation wavelength of 515 nm and

emission wavelength of 546 nm. Readings were con-

verted into µM using the calibration curve obtained

for tetramethoxypropane (0.01–50 µM). The control

samples contained deionized water instead of plasma.

Statistical analysis

Data are presented as the mean ± SE from 10 animals

in each group. Statistical significance was evaluated

by ANOVA followed by Duncan’s multiple range test

for comparison of different means. A p value of less

than 0.05 was considered significant.

Results

Body temperature and general behavior

In the control group, there was no change in body

temperature during experimental period (mean 33.2 ± 0.1).

Similarly, injection of LA alone (LA group) had no ef-

fect on body temperature. Injection of LPS resulted in

body temperature decline by about 2°C (p < 0.001). In

LPS + LA group a significant decrease in body tem-

perature was seen only 2 h after LPS injection (p <

0.05), then a gradual increase in body temperature

was observed (Fig. 1). All rats had reduced activity

and adoped a hunched posture. The changes in animal

behavior were already visible 1 h after LPS injection.

In LPS group about 30% mortality was observed.

Lipid peroxidation

The levels of lipid peroxidation indices in plasma are

shown in Figure 2. In control group, the average base-

line level of TBARS in plasma was 0.195 ± 0.02 µM

(n = 10). Injection of LA alone did not result in any

significant alterations in level of plasma TBARS

compared with the control groups (0.22 ± 0.023 µM;

p > 0.05, n = 10). Injection of LPS caused a signifi-

cant increase in the plasma TBARS level by a mean

of 1.43 ± 0.1 µM (p < 0.05 vs. control group). The ad-

ministration of LA after LPS challenge significantly

reduced the extent of lipid peroxidation in plasma

(0.44 ± 0.04 µM, p < 0.01 vs. LPS group, n = 10) (Fig. 2).
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Total antioxidant capacity

Mean FRAP value in the control group was 0.914

± 0.07 mM Trolox equivalent/l. Injection of LA caused

a significant increase in FRAP value to 1.376 ± 0.1 mM

Trolox equivalent/l (p < 0.02, n = 10 vs. control

group). Injection of LPS resulted in a significant de-

crease in FRAP value (0.63 ± 0.02 mM Trolox

equivalent/l, p < 0.001, n = 10 vs. control group).

Treatment of LPS-challenged rats with lipoic acid

caused a significant increase in FRAP value (1.4 ± 0.1 mM

Trolox equivalent/l, p < 0.05 vs. LPS group, n = 10)

(Fig. 3).

Discussion

Oxidative stress occurs when there is an imbalance

between free radical production and antioxidant ca-

pacity of the body. This may be due to both increased

free radical generation and/or failure of normal anti-

oxidant defences. Antioxidant defense system in-

cludes enzymatic antioxidants e.g. catalase (CAT),

glutathione peroxidase (GPx), superoxide dismutase

(SOD) and nonenzymatic antioxidative agents like low

molecular weight scavengers and quenchers (vitamins

A, C, E, �-carotene, glutathione, uric acid, lipoic acid).

Our data show that infusion of LPS causes signifi-

cant increase in TBARS level in plasma and signifi-

cant decrease in total antioxidant capacity of plasma.

The former suggests increased production of oxidants

while the latter indicates diminished antioxidant de-

fense. Both indicate existence of profound oxidative

stress. This result is concordant with acknowledged

prooxidant properties of LPS. Systemic administra-

tion of LPS generally leads to fulminant release of re-

active oxygen species (ROS). ROS are produced dur-

ing the leukocyte respiratory burst induced by the

LPS [11, 34]. Intravenous administration of LPS also

results in an increase in plasma TNF-� and NO levels,

sugestive of activation of the inflammatory response

and thus an increase in lipid peroxidation related to

reactive nitrogen species (RNS) as well as ROS

[31–33]. The significant decrease in TBARS plasma
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levels with concomitant significant increase in FRAP

value as compared to LPS group were observed by us

in LPS-challenged rats subjected to following iv in-

jection of LA. Moreover, the increase in total antioxi-

dant capacity of plasma as measured with the FRAP

assay and decrease in TBARS levels in the plasma of

LPS-shocked animals treated with LA, were similar

in magnitude to those observed in LA group (Fig. 2

and 3). Therefore, LPS-induced oxidative stress was

not only attenuated but in fact reversed by subsequent

LA treatment. The beneficial effects of lipoic acid

may be attributed to its complex ability to modulate

antioxidant/prooxidant metabolism. Firstly, LA, due

to its dithiol nature, can scavenge a number of ROS,

among them hydroxyl radical, superoxide anion, and

alkoxyl radical [4, 5]. Moreover, LA inhibits LPS-

induced activation of inducible NO synthase in

macrophages [8, 17, 21]. This may influence the pro-

duction of peroxynitrite, a potent prooxidant agent. In

addition, LA and its metabolite, dihydrolipoic acid,

may protect against lipid peroxidation by chelating di-

valent metal ions (e.g. iron and copper). Lodge and

co-workers [21] showed in in vitro experiments that

dihydrolipoic acid could inhibit copper-induced LDL

oxidation by direct chelation of free copper ions.

Similarly Suh et al. [29] indicated that LA was a po-

tent chelator of iron ions and improved antioxidant

status. It has been shown that peroxyl radicals can be

scavenged by lipoic acid which interrupts the propa-

gation of lipid peroxidation [5]. In addition to its

scavenging properties, LA has been shown to be in-

volved in the recycling of the many antioxidants in

the body including vitamin C, vitamin E, coenzyme

Q10, ubiquinone [12, 18, 24]. Furthermore, LA can indi-

rectly increase GSH levels by increasing cysteine uptake,

which is a rate-limiting step for GSH biosynthesis [28].

This increase in thiol antioxidant levels can in turn en-

hance total antioxidant capacity.

Oxidative stress has been suggested, among other

mechanisms of LPS-induced damage, as the underly-

ing injurious process responsible for the high mortal-

ity associated with endotoxic shock [22, 33, 35, 37].

Lipid peroxidation mediated by free radicals is be-

lieved to be one of the important causes of cell mem-

brane destruction and cell damage, because the cell

membrane contains much lipid, especially unsaturated

fatty acid [9, 14, 27].

In the present study, the early administration of LA

counteracted not only the LPS-induced lipid peroxi-

dation but also protected the animals against subse-

quent death (data not shown). We also observed that

LA applied 30 min after LPS attenuated thermoregu-

lation disturbances related to endotoxemia (Fig. 1),

which is in agreement with others authors [27, 30].

Conclusion

The present in vivo study demonstrates that early ad-

ministration of LA protects against oxidative stress

and improves the survival rate of rats treated with en-

dotoxin. The antioxidant effects of lipoic acid seem to

contribute to the increased survival of animals with

endotoxic shock. This animal endotoxic shock model

findings can be exptrapolated to the humans.
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