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Abstract

Purpose The high mortality index due to sepsis and the

lack of an effective treatment requires the search for new

compounds that can serve as therapy for this disease.

Resveratrol, a well-known anti-inflammatory natural

compound, might be a good candidate for the treatment of

sepsis. The aim of this work was to study the effects of oral

administration of resveratrol, before and after sepsis initi-

ation, on inflammation markers in a murine model of

endotoxin-induced sepsis.

Methods Sprague–Dawley male rats were treated with

resveratrol the 3 days prior to LPS administration and

45 min later. Hematological parameters, TNF-a, IL-1b
and CINC-1, FRAP and TBARS levels were determined.

Resveratrol and resveratrol-derived metabolites profile in

plasma was compared after oral and intraperitoneal

administration.

Results Oral treatment with resveratrol had no apparent

systemic protective effects. However, resveratrol reduced

the levels of lipid peroxidation in the small intestine and

colon. Importantly, the administration of LPS caused a

decrease in resveratrol absorption. When resveratrol bio-

availability after i.p. administration was compared to that

observed after oral administration, a different profile of

resveratrol metabolites was found in plasma.

Conclusion These results highlight the importance of

studying the bioavailability of the assayed compounds in

the experimental models used to be able to choose the best

route of administration depending on the target organ and

to determine which compounds or derived metabolites are

effective treating the studied disease.

Keywords Polyphenol � Lipopolysaccharide endotoxin �
Sepsis � Cytokines � Bioavailability

Introduction

Sepsis is characterized by an exacerbated systemic inflam-

matory response to infection that can be elicited by bacteria,

mycobacteria, parasites, fungus, and viruses but predomi-

nantly by gram-negative bacteria [1]. Lipopolysaccharide

(LPS) is the major component of the outer membrane of

gram-negative bacteria and is composed of a polysaccharide

chain called the O-chain and a lipid moiety named lipid A.

The lipid A region is the biologically active terminus of

endotoxin and is embedded within the bacterial membrane.

When bacterial translocation occurs, LPS molecules or

fragments are released triggering a host response that seems

to be the onset of sepsis. The inflammatory response is

characterized by the induction of a cascade of cytokines and

chemokines, the alteration of hemostasis and the generation

of reactive oxygen (ROS) and nitrogen species that finally

results in multiple organ failure.

In the United States, sepsis is the second-leading cause

of death in non-coronary intensive care unit patients [2].

Despite the advances in medicine and the use of antibiotics,

sepsis mortality rates are still increasing and survivors

suffer quality life decrement [3].

Resveratrol (3,5,40-trihydroxy-trans-stilbene) that natu-

rally occurs in grapes and grape-derived foodstuffs, such as

red wine, has been reported to exert many different health-
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promoting effects including antioxidant, anti-inflammatory,

antitumor, antiplatelet aggregation, cardioprotective, and

aging-delay effects [4]. The anti-inflammatory effect of

resveratrol has been reported in several diseases, including

pancreatitis [5], arthritis [6], and colitis [7]. In an LPS-

induced endotoxemia model, intraperitoneal administration

of resveratrol has shown a protective effect counteracting

the oxidative stress in brain, liver, and kidney [8–10] and

increasing animal survival [11]. In these studies, resvera-

trol was administered as a preventive treatment and not

when the LPS response had been already triggered.

Although sepsis prevention is very important in patients

with high risk of infection, (immunodeficient, cancer

patients), sepsis accounts for 2% of hospital admissions

when the disease is already initiated [1]. The aim of the

present study was to evaluate the effect of orally admin-

istered resveratrol focusing on the use of resveratrol 3 days

before and as a single dose after LPS challenge in a rodent

model to determine its effects on the pro-inflammatory

cytokines, TNF-a, IL-1b, and CINC-1 (the equivalent to

IL-8 in humans) and on the antioxidant status.

Materials and methods

Chemicals

Resveratrol, lipopolysaccharide (LPS) from Escherichia

coli serotype 0111:B4, 1,3,3-Tetramethoxypropane, 2, 4,

6-tripyridyl-s-triazine (TPTZ), ferric chloride, b-glucuron-

idase, and sulfatase were from Sigma–Aldrich (St. Louis,

MO). HPLC solvents were of HPLC grade (Merck,

Darmstadt, Germany). All other chemicals were of ana-

lytical grade.

Experimental protocol

Experiments followed a protocol approved by the local

animal ethics committee and the local government. All

experiments achieved were in accordance with the rec-

ommendations of the European Union regarding animal

experimentation (Directive of the European Council

86/609/EC). Sprague–Dawley male rats (n = 48) with

weights ranging from 150 to 200 g and 7 weeks of age

were purchased from Harlan Iberica (Barcelona, Spain).

Rats were housed in a temperature controlled environment

(22 ± 2 �C) with 55 ± 10% relative humidity and con-

trolled lighting (12 h light/dark cycle), light period began

at 8 o’clock in the morning. Animals were randomly

assigned to four experimental groups (n = 12): (1) control

group (C) that received vehicle solution (5% ethanol) by

gastric probe (2 mL/kg) for 3 days followed by an i.p.

injection of 0.9% sodium saline solution (1.33 mL/kg);

(2) resveratrol group (RESV) that received daily 50 mg/kg

(2 mL/kg) of resveratrol by gastric probe for 3 days fol-

lowed by i.p. injection of 0.9% sodium saline and 45 min

after i.p. injection another dose of resveratrol; (3) LPS

group (LPS) that received vehicle solution by gastric probe

for 3 days followed by i.p. injection of LPS (20 mg/kg,

1.33 mL/kg); and (4) LPS-resveratrol group (LPS-RESV)

that received 50 mg/kg of resveratrol by gastric probe for

3 days followed by i.p. injection of LPS (20 mg/kg). A

fourth dose of resveratrol was administered 45 min after

LPS injection. All the experiments started at 9 o’clock in

the morning. Since the effects of LPS are dose-, time-, and

species-dependent [12], the dose of LPS selected for the

study (20 mg/kg) was chosen taking into account the rat

strain and sex as well as the LPS serotype (0111:B4) based

on previous reports [13]. The dose of RES used in this

study (50 mg/Kg) was based on previously dose-response

published data [14] and was equivalent to 7 mg/kg/day in

humans (500 mg RESV in a 70 kg-person) according to the

human equivalent dose formula, HED = animal dose in

mg/kg 9 (animal weight in kg/human weight in kg)0.33

[15]. Rectal temperature was measured by inserting a

thermometer about 2 cm into the rectum. Rats were gently

held during the temperature measurement. Animal behav-

ior was observed throughout the experimental procedure.

To minimize the risk of animal death during the

experiment, the final endpoint of the experiment was set to

5 h based on the results of a preliminary experiment which

resulted in a 7% of mortality at 8 h. At 1 and 5 h after LPS

injection, rats were anesthetized with a mixture (1:1 v/v;

1 mL/kg body weight) of xylazine (Xilagesic 2%, Calier

Laboratories, Barcelona, Spain) and ketamine (Imalgene

1000, Merial Laboratories, Barcelona, Spain) and were

exanguinated by cardiac puncture. Blood samples were

collected in heparinized tubes to determine hematological

parameters. For the analysis of cytokines, plasma was

separated from the blood by centrifugation and frozen at

-80 �C until analysis. Spleen, lungs, liver, small intestine,

and colon were excised, rinsed in PBS, and stored at

-80 �C until analysis.

One extra group of animals (n = 4) was used to deter-

mine the bioavailability of i.p. administered resveratrol. In

this case, 15 min after i.p. administration of resveratrol

(50 mg/kg) rats were anesthetized as described above and

blood samples were obtained by cardiac puncture.

Hematology

Hematological parameters were determined using an

automated hematological analyzer (Abacus Junior Vet,

CVM S.L., Navarra, Spain) with specific software for rat

blood samples. The parameters analyzed were white blood

cell count (WBC), red blood cell number (RBC),
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hemoglobin concentration (Hb), hematocrit (HCT), lym-

phocyte number (LYM), lymphocyte percentage (LY %),

granulocyte percentage (GR %) and mid cell percentage

(MI %), mean corpuscular volume (MCV), mean corpus-

cular hemoglobin (MCH), mean corpuscular hemoglobin

concentration (MCHC), and platelet number (PLT).

Tissue homogenization and protein extraction

Spleen, lungs, liver, small intestine, and colon were

homogenized in cold RIPA buffer with protease inhibitor

cocktail (Roche, Mannheim, Germany). Lysates were

centrifuged at 15,000 g for 20 min at 4 �C, and protein

concentration was measured using the DC protein assay

(Bio-rad Laboratories, Mitry Mory, France).

Cytokine measurement

TNF-a, IL-1b, and CINC-1 plasma and tissue levels were

determined using commercially available ELISA kits

(Peprotech, Rocky Hill, NJ, USA). The minimum detection

levels were 63, 47, and 16 pg/mL, respectively. An aliquot

of 50 lL of plasma or 20–80 lg of tissue protein extract

were used.

Ferric-reducing antioxidant power (FRAP)

and thiobarbituric acid-reactive substances (TBARS)

determination

FRAP method was assayed in plasma as described by

Larrosa et al. [16]. An aliquot of 10 lL of plasma was

added to 190 lL of the FRAP reagent, and the absorbance

at 593 nm was monitored for 45 min in a plate reader

(Infinite M200 Tecan, Grodig, Austria). A standard curve

was determined with FeCl2 and results were expressed as

lM Fe2?/mL of plasma.

Thiobarbituric acid-reactive substances (TBARS) con-

centration in liver, lungs, spleen, small intestine, and colon

tissue was quantified spectrophotometrically by using the

method described by Pyles and colleagues [17] to avoid

hemoglobin and bilirrubin interference. Protein extracts

(0.2–10 mg) from the each specific tissue were used.

1,1,3,3-Tetramethoxypropane (Sigma, Steinheim, Ger-

many) was used to perform a standard curve. Results were

expressed as nmol of malondialdehyde (MDA) per milli-

gram of protein.

LC–MS–MS plasma analysis

Plasma samples were processed according to Azorı́n-

Ortuño et al. [18]. Enzymatic treatment of plasma samples to

hydrolyze resveratrol metabolites was performed by addition

of 500 U of b-glucuronidase or sulfatase to 300 lL of

plasma and buffered with sodium acetate buffer to pH = 5.

Samples were incubated for 18 h at 37 �C. Identification of

plasma metabolites was carried out in a 1,200 series

HPLC–DAD system (Agilent Technologies, Waldbronn,

Germany) equipped with an HTC Ultra mass detector in

series (Bruker Daltonics, Bremen, Germany). The mass

detector was an ion-trap mass spectrometer equipped with

an electrospray ionization (capillary voltage, 4 kV; dry

temperature, 300 �C). HPLC–DAD and LC–MS condi-

tions, as well as plasma metabolites identification and

quantification were according to Larrosa et al. [19]. Intra-

assay precision and accuracy of the assay were determined

by analysis of the same sample along the day. Inter-assay

precision and accuracy were determined by analysis of the

samples of each animal.

Statistical analysis

Statistical analyses were performed using SPSS statistical

software (Version 17.0, SPSS Inc., Chicago, IL, USA).

The Kolmogorov–Smirnov test showed agreement of the

empirical distribution of the data with normality assump-

tion. Therefore, all data are expressed as the mean ± SD of

independent measurements. Statistical significance was

determined by unpaired Student’s t-test, using two-tailed

and p \ 0.05 as the level of significance. TBARS data

were analyzed by ANOVA and Tukey’s post hoc test.

Results

Hematological parameters

The sequential changes in the levels of hematological

parameters are listed in Table 1. The concentration of

circulating WBC, lymphocytes, and platelets declined

progressively during the 5 h following LPS challenge

(p \ 0.01) and resveratrol treatment did not counteract

these effects. Granulocytes showed a biphasic response to

LPS, decreasing significantly (p \ 0.01) during the first

hour after LPS injection and then increasing above control

levels. There were no significant differences between the

LPS and the LPS-RESV groups in the percentage of

granulocytes. The RBC concentration, hematocrit (HCT),

and hemoglobin (Hb) of all the experimental groups

remained unchanged during the 5 h post-LPS injection.

Body temperature and animal behavior

No significant temperature changes between control ani-

mals and resveratrol-treated animals were observed. Like-

wise, LPS-induced lethargy in rats was not ameliorated by

treatment with resveratrol.
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Plasma cytokine profile

The induction profile and the plasma levels reached after

LPS treatment were different for the three cytokines studied

(Fig. 1). Following LPS administration, the levels of che-

mokine CINC-1 rose swiftly (15-fold) and were maintained

during the next 4 h of the study (p \ 0.01). The levels of IL-

1b significantly increased (p \ 0.01) during the 5 h of the

study after LPS challenge whereas TNF-a showed a rapid

onset response 1 h after LPS administration (p \ 0.01) and

then returned to control levels. No effect of resveratrol on the

levels of these three cytokines was observed.

Spleen, lungs, liver, small intestine, and colon cytokine

profile

The kinetics of induction of CINC-1 upon LPS injection

was different depending on the tissue studied (Table 2). In

the spleen and liver, the maximum levels of CINC-1 were

observed at 1 h (p \ 0.01) and then it decreased at 5 h. In

the lungs, small intestine, and colon the levels of CINC-1

increased progressively during the experimental procedure

(p \ 0.01). Previous studies in our laboratory have shown a

maximum peak at 3 h in these tissues (data not shown).

The maximum absolute production of CINC-1 occurred in

the spleen and the minimum production in the liver. In all

the studied tissues, the pattern and levels of CINC-1 were

not affected by resveratrol treatment and there were no

significant differences between LPS and LPS-RESV

groups.

IL-1b was significantly augmented after LPS injection

(p \ 0.01) in all the studied tissues (Table 3). In the spleen,

lungs, and liver, the levels of IL-1b followed a similar

kinetic pattern to that found for CINC-1 with a significant

increase at 1 h (p \ 0.01) that was maintained at 5 h

(p \ 0.01). The levels of IL-1b in the small intestine and

colon increased progressively during all the study. There

were no significant differences in the levels of IL-1b
between LPS and LPS-RESV groups at the different time

points.

Regarding TNF-a, there were no changes in any of the

studied tissues after LPS or LPS-RESV treatment (results

not shown).

FRAP and TBARS assays

The antioxidant status of plasma was assessed measuring

the ability of plasma to reduce de Fe2? to Fe3? (FRAP

assay). Although the administration of LPS induces the

generation of reactive oxygen species, the plasma antiox-

idant status did not change in the C, LPS, or LPS-RESV

groups (data not shown). Lipid peroxidation levels were

Table 1 Hematological parameters

Parameter C RESV LPS 1 h LPS-RESV 1 h LPS 5 h LPS-RESV 5 h

WBC (103/mm3) 12.0 ± 0.7 9.7 ± 1.0 4.9 ± 0.6a 4.7 ± 2.2 3.0 ± 0.3a 1.8 ± 0.9

RBC (106/mm3) 7.0 ± 0.3 6.3 ± 0.8 6.8 ± 0.4 6.9 ± 0.7 6.5 ± 0.2 6.0 ± 0.9

Hb (g/dL) 14.2 ± 0.5 13.1 ± 1.6 14.0 ± 0.4 14.3 ± 1.6 13.7 ± 0.5 12.3 ± 2.1

HCT (%) 41.9 ± 1.6 43.9 ± 7.4 40.6 ± 0.9 41.8 ± 4.2 38.9 ± 1.1 35.8 ± 5.1

LYM (103/mm3) 9.3 ± 0.9 8.4 ± 0.6 4.4 ± 0.6a 4.3 ± 0.4 1.5 ± 0.5a 1.1 ± 0.5a

LY (%) 77.8 ± 5.0 85.8 ± 2.2 89.6 ± 1.8a 93.0 ± 2.3 48.5 ± 15.3a 60.8 ± 5.9a

GR (%) 18.1 ± 1.1 14.8 ± 2.3 8.6 ± 2.7a 9.9 ± 2.7 49.7 ± 11.3a 36.9 ± 7.0a

MI (%) 1.8 ± 0.4 1.4 ± 0.2 1.8 ± 0.9 0.9 ± 0.6 2.1 ± 1.9 1.0 ± 0.7

MCV (fL) 60.7 ± 0.6 64.3 ± 3.1 60.0 ± 3.6 60.2 ± 1.3 60.3 ± 2.1 59.8 ± 3.9

MCH (pg) 20.6 ± 0.2 20.8 ± 0.7 20.7 ± 1.1 20.7 ± 1 21.2 ± 0.7 20.5 ± 0.8

MCHC (g/dL) 33.9 ± 0.6 32.3 ± 1.2 34.5 ± 0.0 32.1 ± 0.6 35.2 ± 0.7 34.3 ± 2.0

PLT (103/mm3) 542 ± 63 496 ± 98 378 ± 159 468 ± 55 139 ± 54a 148 ± 41a

Results are expressed as mean values ± SD (a p \ 0.05 compared to control). C control group, RESV resveratrol-treated group (50 mg/kg p.o.),

LPS-treated group (20 mg/kg i.p.), and LPS-RESV resveratrol (50 mg/kg p.o.) and LPS (20 mg/kg i.p.) treated group

Fig. 1 Plasma levels of CINC-1, IL-1b, and TNF-a (a p \ 0.01

compared to control group)
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evaluated by the TBARS assay in spleen, liver, lungs, small

intestine, and colon (Table 4). A significant increase

(p \ 0.05) in the lipid peroxidation levels was detected in

the small intestine 1 h after LPS challenge and in the liver,

small intestine, and colon after 5 h (p \ 0.05). Resveratrol

treatment did not counteract lipid peroxidation in the liver

but prevented the increase in the small intestine and colon

(p \ 0.05).

Resveratrol plasma profile

Plasma levels of resveratrol and derived using LC–MS–

MS metabolites were detected in samples obtained 15 min

after resveratrol administration (Fig. 2). In the plasma

samples of the RESV group (resveratrol orally adminis-

tered), several metabolites were detected. The main

resveratrol-derived metabolite found was resveratrol

3-O-glucuronide (peak 3; Fig. 2a). Minor quantities of a

resveratrol sulfoglucuronide (peak 1), several resveratrol

sulfate metabolites (peaks 2, 4, 5), and resveratrol agly-

cone (peak 7) were also detected. In the LPS-RESV group

(Fig. 2b), only resveratrol 3-O-glucuronide (peak 3) was

detected and the levels of this compound were 15-fold

lower (p \ 0.01) than in the RES group. When resveratrol

was i.p. administered, the plasma metabolic profile

(Fig. 2c) exhibited some differences from that found upon

oral administration in the RES group (Fig. 2a). Although

the levels of resveratrol 3-O-glucuronide were similar to

those observed in the RES group, the resveratrol aglycone

(peak 7) was 5-fold higher (p \ 0.01) than in the RES

group. In addition, the profile of sulfate derivatives (peaks

2, 4, 5, and 6) were different from those found in the RES

group. The coefficients of variation were below 2.5% for

intra-assay conditions and below 30% for inter-assay

conditions.

Discussion

Sepsis remains a major cause of morbidity and mortality

with incidence increasing worldwide [2], and only the

activated C protein seems to have some effect in this

pathology [20]. Although there are several limitations,

animal models are essential in the development of new

therapies for sepsis. The instillation of endotoxin into the

abdominal cavity causes sepsis-like symptoms accompa-

nied by similarities to pathophysiological responses in

patients with sepsis [21].

Resveratrol has shown not only anti-inflammatory

activity in several models [5–7] but also antibacterial [22],

antifungal [23], and antiviral action [24]. Hence, resvera-

trol may be a good candidate for sepsis therapy. In in vivo

endotoxemia-induced sepsis studies, i.p. administered res-

veratrol (2–40 mg/kg) exerted a protective effect avoiding

antioxidant enzyme activities depletion and increasing

survival [8, 10, 11], nevertheless its effects on inflamma-

tory markers have not been reported. In the present study,

we investigated the effects of resveratrol orally adminis-

tered 3 days prior to LPS challenge and 45 min after

LPS-induced systemic inflammation, in order to simulate a

pre-treatment before the disease development and treat-

ment once the disease has been triggered.

Table 2 Tissue levels of CINC-1 in spleen, lungs, liver, small

intestine, and colon

Tissue Time (h) LPS LPS-RESV

Spleen 0 0.73 ± 0.36 0.69 ± 0.08

1 14.88 ± 3.03a 18.99 ± 3.02a

5 11.20 ± 2.70a 15.16 ± 2.04a

Lungs 0 0.42 ± 0.27 0.70 ± 0.09

1 8.19 ± 1.50a 8.16 ± 3.10a

5 9.28 ± 3.56a 9.63 ± 1.50a

Liver 0 0.96 ± 0.33 1.84 ± 0.63

1 5.77 ± 0.49a 7.07 ± 1.09a

5 4.31 ± 1.19a 3.75 ± 0.73a

Small intestine 0 0.16 ± 0.06 0.14 ± 0.09

1 3.36 ± 2.29a 1.35 ± 1.02a

5 4.25 ± 1.49a 4.29 ± 2.63a

Colon 0 0.46 ± 0.09 0.60 ± 0.1

1 4.86 ± 0.77a 5.40 ± 0.8a

5 5.96 ± 1.74a 8.88 ± 1.76a

a p \ 0.01 compared to control group (0 h). Results are expressed as

pg/mg protein

Table 3 Tissue levels of IL-1b in spleen, lungs, liver, small intestine,

and colon

Tissue Time (h) LPS LPS-RESV

Spleen 0 7.27 ± 2.11 8.30 ± 2.04

1 50.90 ± 8.22a 50.00 ± 4.03a

5 51.70 ± 14.16a 45.30 ± 5.12a

Lungs 0 1.46 ± 0.6139 7.60 ± 0.10

1 39.50 ± 15.43a 45.48 ± 9.95a

5 32.63 ± 11.13a 36.82 ± 12.51a

Liver 0 4.87 ± 2.30 3.80 ± 2.80

1 11.48 ± 1.32a 9.30 ± 0.90a

5 17.73 ± 4.16a 17.80 ± 2.50a

Small intestine 0 2.15 ± 1.47 4.01 ± 3.06

1 4.59 ± 3.45 4.35 ± 2.97

5 9.17 ± 5.78a 13.29 ± 5.08a

Colon 0 0.89 ± 1.01 1.70 ± 2.00

1 4.80 ± 1.95a 4.90 ± 1.50a

5 18.82 ± 6.25a 19.65 ± 5.07a

a p \ 0.01 compared to control group (0 h). Results are expressed as

pg/mg protein
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Sepsis induces lymphocyte depletion via apoptosis [25].

When lymphocyte cell death is prevented, in LPS-induced

sepsis, mice survival is improved [26]. Although resvera-

trol has shown an anti-apoptotic effect on activated lym-

phocytes B [27], in our model, resveratrol pre-treatment

and resveratrol administration 45 min after LPS challenge

had no effect on lymphocytes depletion. In a previous

study, simultaneous i.p. administration of resveratrol

(40 mg/kg) with LPS counteracted the WBC decrement,

although the authors did not suggest any mechanism

involved in this effect [28]. Unlike previous reports in

which resveratrol i.p. (40 mg/kg) counteracted the decrease

in platelets induced by the LPS treatment [28], our data

show a lack of effect of resveratrol against the LPS-

induced thrombocytopenia. This result is not in line with

published data in which the cytokine profile induced by

LPS challenge in plasma and in the studied tissues (spleen,

liver, lungs, small intestine, and colon) was not changed by

resveratrol treatment. TNF-a, IL-1b, and CINC-1 levels

were increased by LPS treatment but were not affected by

resveratrol. These results agree with Birrell et al. [29] who

did not detect changes in TNF-a and CINC-1 levels in the

lung tissue of rats exposed to aerosolized LPS and that

previously had been treated with different doses of intra-

traqueal resveratrol (1–30 mg/kg). However, in a study

conducted with LPS from Serratia marcescens, oral pre-

treatment with resveratrol (0.5 mg/kg) 30 min before the

LPS challenge attenuated the gene expression and protein

levels of TNF-a, IL-6, and IL-1b in lung tissue [22].

Although the pre-treatment dose (0.5 mg/kg) was 100-fold

lower than in our assay, at the time of LPS challenge (only

30 min after oral dosing), the amount of resveratrol-

derived circulating plasma metabolites must have been in

the range corresponding to maximum absorption [19].

However, in our study, the oral pre-treatment with resve-

ratrol was done 24 h before LPS injection and after this

time there were not detectable levels of resveratrol-derived

metabolites in plasma [19]. An important issue that should

be clarified is whether longer pre-treatments would be

effective reducing systemic inflammation or if only when

resveratrol is administered in a short period before induc-

tion of sepsis is effective. In the last case, the use of res-

veratrol as preventive treatment of sepsis would be very

limited.

The most studied effect of resveratrol in septic shock

models is its influence on oxidative status. We have shown

that LPS challenge led to an increase in lipoperoxidation

levels in liver, small intestine, and colon 5 h after LPS

Table 4 TBARS levels in spleen, liver, lungs, small intestine, and colon

Tissue C RESV LPS 1 h LPS-RESV 1 h LPS 5 h LPS-RESV 5 h

Spleen 0.140 ± 0.035 0.184 ± 0.059 0.136 ± 0.018 0.144 ± 0.018 0.160 ± 0.024 0.137 ± 0.004

Liver 0.178 ± 0.018 0.202 ± 0.036 0.293 ± 0.065 0.283 ± 0.035 0.365 ± 0.065a 0.324 ± 0.049

Lungs 0.335 ± 0.021 0.307 ± 0.035 0.336 ± 0.040 0.308 ± 0.096 0.446 ± 0.026 0.282 ± 0.054

Small intestine 0.145 ± 0.015 0.131 ± 0.032 0.206 ± 0.017a 0.170 ± 0.017 0.186 ± 0.012a 0.088 ± 0.022b

Colon 0.114 ± 0.036 0.095 ± 0.010 0.198 ± 0.034 0.127 ± 0.052 0.254 ± 0.065a 0.126 ± 0.037b

a p \ 0.05 compared to control group and b p \ 0.05 compared to LPS group. Results are expressed as nmol MDA/mg protein

Fig. 2 Representative HPLC chromatograms (320 nm) of rat plasma

samples taken 15 min after oral or i.p. resveratrol administration.

a Resveratrol group (RESV): animals received 50 mg of resveratrol/

kg orally dosed. b LPS-resveratrol group (LPS-RESV): animals were

i.p. challenged with LPS and 45 min later resveratrol was orally

administered (50 mg/kg). c Resveratrol (50 mg/kg) was administered

by i.p. injection. (1) resveratrol sulfoglucuronide, (2, 4, 5, 6)

resveratrol sulfate metabolites, (3) resveratrol 3-O-glucuronide, (7)

resveratrol aglycone
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administration. Resveratrol only attenuated lipid peroxi-

dation in the small intestine and colon. These results are

not in accordance with the studies in which resveratrol

counteracted LPS-induced liver stress reducing lipoperox-

idation [9]. However, it should be aware that the route of

administration of resveratrol and the delivered dose of LPS

were different. The fact that an antioxidant activity of

resveratrol was only found in the gut, led us to study the

bioavailability of resveratrol in our model. In normal

conditions, orally administered resveratrol is rapidly

absorbed and metabolized, mainly into sulfate and glucu-

ronide conjugates and only a small quantity of aglycone is

detected in rat plasma [30]. In our study, resveratrol

absorption was lower in animals treated with LPS com-

pared with rats that were given only resveratrol. A plau-

sible explanation for this result might be that some of the

transporters that are known to be involved in resveratrol

absorption might have been affected by the LPS treatment.

There are several proteins implicated in the transport of

resveratrol. The breast cancer resistant protein (BCRP/

ABCG2) is implicated in the transport of resveratrol

aglycone [31], resveratrol sulfates and resveratrol-3-glu-

curonide [32, 33]. The multidrug resistance-associated

protein 3 (MRP3) transports resveratrol-3-glucuronide [32]

and MRP2 transports resveratrol glucuronides and resve-

ratrol sulfate [34]. Although it is well-known that drug

transport and metabolism are reduced in the intestine and

liver during the inflammatory response, inhibition of the

intestinal transporters implicated in resveratrol absorption

by LPS treatment has not been deeply studied. Kalitsky-

Szirtes and colleagues [35] have described in endotoxin-

treated rats a suppression of MRP2 mRNA besides enzyme

activity decline. A putative inhibition of resveratrol trans-

porters by LPS would reduce absorption and decrease

plasma levels thereby increasing the luminal content of

resveratrol or resveratrol-glucuronide which may exert a

direct effect in the small intestine and colon by reducing

lipoperoxidation. In addition, a preventive effect of resve-

ratrol pre-treatment cannot be ruled out. Although most

studies on sepsis models have been conducted with i.p.

resveratrol, there are no data in the literature about resve-

ratrol bioavailability administered via this route. When we

compared both routes of administration, we observed

similar circulating levels of resveratrol-3-O-glucuronide

but 5-times higher levels of resveratrol aglycone and a

different profile of resveratrol sulfate derivatives. The

observed differences in the metabolic profile may be due to

the fact that oral resveratrol has to undergo both phase I

and II metabolism whereas i.p. resveratrol escapes the

intestinal metabolism. These differences may partially

account for the contradictory results found in literature.

Notwithstanding the numerous studies conducted with

resveratrol and the multiple beneficial properties ascribed

to this molecule to determine whether resveratrol per se or

the circulating derived metabolites, and which of them, are

the molecules responsible for the effects attributable to

resveratrol is still an unresolved issue.

Despite the anti-inflammatory properties attributed to

resveratrol our results show that oral pre-treatment with

resveratrol for 3 days and oral administration of resveratrol

45 min after LPS-induced sepsis did not affect the levels of

a number of inflammatory biomarkers indicating a lack of

effect against systemic inflammation under the conditions

of our study. Importantly, LPS treatment decreased the

absorption and metabolism of the orally administered res-

veratrol which might have led to an increase of its con-

centration in the intestinal lumen and explain the observed

inhibition of lipoperoxidation in the small intestine and

colon. Our results also show noticeable differences in the

plasma metabolic profile of resveratrol depending on

the administration route which may be associated with the

different effectiveness of the molecule and points out to

the need for further research to clarify the most effective

means of resveratrol administration taking into account the

target tissue for which the anti-inflammatory effects are

investigated.

Acknowledgments This work has been supported by the Projects

CICYT-BFU2007-60576 and Consolider Ingenio 2010, CSD2007-

00063 (Fun-C-Food). M.A.O. and M.L. are holders of a predoctoral

JAE grant and JAE-DOC contract, respectively, from CSIC (Spain).

References

1. Annane D, Bellissant E, Cavaillon JM (2005) Septic shock.

Lancet 365:63–78

2. Martin GS, Mannino DM, Eaton S, Moss M (2000) The epide-

miology of sepsis in the United States from 1979 through 2000.

N Engl J Med 348:1546–1554

3. Winters BD, Eberlein M, Leung J, Needham DM, Pronovost PJ,

Sevransky JE (2010) Long-term mortality and quality of life in

sepsis: a systematic review. Crit Care Med 38:1276–1283

4. Baur JA, Sinclair DA (2006) Therapeutic potential or resveratrol:

the in vivo evidence. Nat Rev 5:493–506

5. Ma ZH, Ma QY, Wang LC, Sha HC, Wu SL, Zhang M (2005)

Effect of resveratrol on peritoneal macrophages in rats with

severe acute pancreatitis. Inflamm Res 54:522–527

6. Elmali N, Baysal O, Harma A, Esenkaya I, Mizrak B (2007)

Effects of resveratrol in inflammatory arthritis. Inflammation

30:1–6
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