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Abstract. Objective: The literature on resveratrol in severe
acute pancreatitis (SAP) is limited though it has been widely
studied in infections and trauma. The aim of this study was
to investigate the inhibitory effect of resveratrol on inflam-
matory responses in a rat model of SAP.

Methods: Male Sprague-Dawley (SD) rats were randomly
divided into 3 groups: SAP group, resveratrol group and
control group. 4.0 % sodium taurocholate was injected into
the pancreatic duct to induce SAP. In the resveratrol group,
resveratrol (10 mg/kg) was injected through penal vein 5
min after SAP was induced. The peritoneal macrophages of
the rats were collected 3, 6 and 12 h after stimulus and then
incubated for 24 h. The expression of nuclear factor kappa
B (NF-xB) and inducible nitric oxide synthase (iNOS) in
peritoneal macrophages was measured. The levels of tumor
necrosis factor alpha (TNF-a), interleukin-1 (IL-1) and nitric
oxide (NO) in culture medium of peritoneal macrophages
and serum of rats were evaluated.

Results: Histological examination of pancreas indicated that
the damage in the SAP group was more severe than that in
the resveratrol group. The expression of NF-kB and iNOS
in peritoneal macrophages was significantly higher in the
SAP group than in the resveratrol group. The concentrations
of TNF-a, IL-1 and NO in culture medium and serum were
significantly elevated in the SAP group when compared with
the resveratrol group.

Conclusions: The inhibiting effect on the inflammatory
response and the decreased expression of TNF-a, IL-1 and
NO in peritoneal macrophages suggest resveratrol as a novel
anti-inflammatory agent for reducing the severity of SAP.
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Introduction

The most serious life-threatening complication in the pro-
gressive stage of SAP is systemic inflammatory response
syndrome (SIRS) [1-5]. SIRS might result in multiple organ
failure [6-9], in which lung dysfunction is the major cause
of death in patients with SAP. Macrophages are the main in-
flammatory cells that modulate the progression of SAP [10-
16]. The activation of macrophages can lead to the release of
a number of inflammatory mediators, including TNF-a, IL-1,
interleukin-6 (IL-6), interleukin-8 (IL-8), platelet-activating
factor (PAF) and NO. These cytokines exhibit multiple
biological activities, many of which show synergism, and
ultimately lead to the initiation and progress of SAP [17,
18]. For example, the excessive release of TNF-a can lead to
irregular metabolism, renal and lung dysfunction, although
low level of TNF-a is known to promote the elimination of
pathogens by leukocytes and has a positive effect on inflam-
matory injury [19]. On the other hand, the increased levels of
inflammatory mediators in serum in the early stage of SAP,
such as IL-1, can reflect partly the severity of SAP and the
occurrence of complications [20, 21].

Since the activation of macrophages is tightly related
to the severity of SAP, it is reasonable to conclude that
the severity of SAP might be decreased by suppressing the
function of macrophages. Recently, Leriol [22] showed that
resveratrol, a natural polyphenol from grapes, at the concen-
trations of 1-10 uM, inhibited the extracellar production of
reactive oxygen intermediates (ROIs) by peritoneal macro-
phages significantly and dose-dependently, which suggested
a possible application of resveratrol in the treatment of dis-
eases involving macrophage hyper-responsiveness. Huang
[23] suggested that resveratrol could inhibit the production
of TNF-a, IL-6 in serum to prevent the initiation and contin-
ual aggravation of SAP and the effective dose was more than
10 mg/kg. In the present study, we investigated the suppres-
sive effect of resveratrol on cytokines secreted by peritoneal
macrophages in a rat model of SAP.
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Material and methods

Materials

Male Sprague-Dawley (SD) rats 12 to 14 weeks old weighing 250-300
g were used in the study. The animals were obtained from the Experi-
mental Animal Center of Xi’an Jiaotong University. They were kept in
regular 12 h light-dark cycle and air-conditioned (21-25 °C) and all rats
were allowed free access to water and standard laboratory chow. Before
the operations, the animals were fasted for 12 h and only allowed free
access to water. All animal protocols were approved by Xi’an Jiaotong
University Institutional Animal Care and Use Committee.

Resveratrol was purchased from Oses, Inc (Xi’an, China). DMEM
and sodium taurocholate were purchased from Sigma, Inc (America).
NF-kB consensus oligonucleotide and single base pair mutant were
purchased from Promega. China). ** P-ATP was purchased from Free
Biotech, China. The rabbit-anti-rat iNOS antibody, the SABC kits and
the diaminobenzidine (DAB) reaction kits were purchased from Wuhan
Borsd Biological Engineering Co, Ltd (China). TNF-a and IL-1 ELISA
kits were purchased from Beijing Zhongshan Golden Bridge Biotech-
nology Co, Ltd (China). NO detection kit was purchased from Nanjing
Jiancheng Biological Engineering Co, Ltd (China). All other reagents
were obtained from commercial sources.

Isolation and incubation of peritoneal macrophages

Fifty-four rats were randomly divided into control group, SAP group
and resveratrol group, with 18 animals in one group. 2 % pentobarbital
sodium (0.1 ml/100 g) was administered by intraperitoneal route for an-
esthesia. Abdomen was opened through a midline epigastric incision. In
control group, only a sham laparotomy was performed. In SAP group,
4.0 % sodium taurocholate (0.1 ml/100 g) was injected into pancreatic
duct to induce SAP in rats, and the injection lasted for one minute. In
resveratrol group, the rats were injected with resveratrol of 10 mg/kg
through penal vein 5 min after SAP was induced. One-third of rats in
each group were killed 3, 6 and 12 h after stimulus, respectively. Ab-
dominal cavities were lavaged with 10 ml DMEM three times, and then
the DMEM was collected aseptically and centrifuged at 2000 rpm for
15 min at 4°C. The supernatants were discarded and the pellets were
immersed in 10 ml DMEM culture medium and incubated in a humidi-
fied incubator containing 5 % carbon dioxide and 95 % oxygen at 37 °C.
After 2 h, the supernatants were discarded and the adherent cells were
washed three times with 10 ml of PBS. The adherent cells were exam-
ined by using Giemsa staining to calculate the percentage of peritoneal
macrophages. The percentages of peritoneal macrophages in adherent
cells in our experiment were all above 95%. These cells were also
stained with trypan blue for the assessment of viability. The percentages
of living cells in adherent cells in our experiment were all above 90 %.
Then the peritoneal macrophages in all groups were incubated. After 24
h, adherent cells were collected and then fixed with alcohol-ether solu-
tion, while the culture medium was centrifuged at 2000 rpm for 5 min
and the supernatants were stored at —20 °C for later use.

Electrophoretic mobility shift assay (EMSA)

Nuclear proteins from peritoneal macrophages were prepared as de-
scribed previously [24]. For binding reactions, nuclear extracts (10 pg of
protein) were incubated in a 25-pL total reaction volume containing 10
mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, 4 % glycerol, 80 pug/ml
sonicated sperm DNA. Double-stranded -*’P labeled NF-xkB oligonu-
cleotide probe (5’-AGTTGAGGGTTTCCCAGGC-3’) was added to the
mixture after preincubation for 10 minutes at 4 °C, and the reaction mix-
ture was then incubated for 20 minutes at room temperature. Samples
were loaded on 6 % polyacrylamide gels in low-ionic strength 0.25 X
TBE buffer (22.3 mmol/L Tris, 22.2 mmol/L borate, 0.5 mmol/L EDTA)
and run at 150 V/cm with cooling. The gels were dried and analyzed by
autoradiography.

523

Immunohistochemical detection of iNOS

The expression of iNOS in peritoneal macrophages of rat was detected
by immunohistochemistry with the streptavidin-biotin-peroxidase com-
plex (SABC) kit. Briefly, peritoneal macrophages were treated with 3 %
hydrogen peroxide to block the endogenous peroxide and incubated
with normal goat serum to reduce the nonspecific antibody binding.
After washing with PBS (0.01 mol/L), the cells were incubated with
rabbit-anti-rat iNOS polyclonal antibody (diluted 1:50) at 37°C for
1.5 h. Then the cells were washed in PBS, and were exposed to second-
ary goat-anti-rabbit IgG, following by incubation with the streptavidin-
biotin-peroxidase complex. The reaction products of peroxidase were
visualized by incubation with DAB. PBS was used to substitute for
primary antibody for negative control.

The average gray values of positive cells in these groups were as-
sessed by using an image analysis system under the same magnification
(400 x microscope). Since the grey value of positive cells is negatively
correlated with the content of iNOS antibody, namely, the content of
iNOS in peritoneal macrophages, when we set the results of grey value x
percentage of negative cells as ANTI™, the value of ANTI can positively
reflect the content of iNOS in peritoneal macrophages.

TNF-a, IL-1 and NO Measurements

5 ml of blood sample was collected from inferior vena cava of rat and
was centrifuged at 3000 rpm for 10 min at 4°C. The serum in upper
layer, together with the culture medium of peritoneal macrophages
described previously, was used for the following experiments: the con-
centrations of TNF-a and IL-1 were measured by ELISA kits, while the
level of NO was measured by NO detection kit.

Histological examination

Pancreas tissues of the rats were removed at 3, 6 and 12 h after the induc-
tion of SAP and was fixed with 10 % buffered formalin. Then the speci-
mens were embedded in paraffin and 3 pum thick sections were cut and
stained with hematoxylin and eosin (H E). A single blinded pathologist
examined the pancreas specimens and the histological characters were
judged in term of the “Schmidt” criterion [25].

Statistical analysis

All data are presented as mean + SEM. Statistical analysis of data
was performed with one-way analysis of variance (ANOVA) using
SPSS11.5. P < 0.05 was considered statistically significant.

Results
NF-xB activation in peritoneal macrophages

The results show that resveratrol decreased the NF-kB ac-
tivation in peritoneal macrophages. Resveratrol led in peri-
toneal macrophages to significantly lower levels of NF-kB
activation at 3 (P < 0.01), 6 (P <0.01) and 12 (P<0.01) h
after the induction of SAP, respectively (Fig.1, 2).

Measurement of the levels of iINOS in peritoneal
macrophages

Among the three groups, the amount of iNOS in peritoneal
macrophages was the lowest in control group, while the
value of ANTI™ in control group was the largest. Compared
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Fig. 1. The NF-kB activation in peritoneal macrophages at 3, 6 and 12
h after induction of SAP. **P <0.01 as compared with SAP group. Data
are means = SEM (n = 6) of binding of oligonucleotide probe.
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Fig. 2. The NF-xB activation in different groups after the induction of
SAP. Data from EMSA gels.
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Fig. 3. The iNOS value of ANTI" (arbitrary unit) in peritoneal macro-
phages at 3, 6 and 12 h after induction of SAP. **P<0.01 as compared
with SAP group. Data are means = SEM (n = 6) of proportion of iNOS-
negative staining cells.
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with SAP group, resveratrol group had low levels of iNOS as
the value of ANTI™ in was high at 3 (P < 0.01), 6 (P < 0.01)
and 12 (P < 0.01) h, respectively (Fig. 3, 4).

Measurements of the levels of TNF-a, IL-1 and NO in culture
medium

The results show that resveratrol caused macrophages to
secrete less TNF-a, IL-1 and NO. At 3, 6 and 12 h after the
induction of SAP resveratrol caused macrophages to secrete
significantly lower levels than those in SAP group. The vari-
ation of the TNF-a. (P < 0.01), IL-1 (P < 0.01) and NO (P <
0.01) secretion by peritoneal macrophages was most evident
at 12 h.

Measurement of the levels of TNF-a, IL-1 and NO in serum

The results show that resveratrol decreased the levels of
TNF-a, IL-1 and NO in serum. At 3, 6 and 12 h after the in-
duction of SAP resveratrol reduced levels in serum to signifi-
cantly lower values than those in SAP group. The variance of
the levels of TNF-a (P < 0.01), IL-1 (P < 0.01)and NO (P <
0.01) was most evident at 12 h. (Fig. 6).

Histological examination of pancreas

Injection of sodium taurocholate into pancreatic duct caused
edema, inflammation, hemorrhage and necrosis changes in
the pancreas of rats. We performed pathologic assessment of
pancreas tissue according to the scoring criteria of Schmidt
and found that in control group almost the entire normal
glandular architecture was preserved, while in SAP group,
various pathologic manifestations such as moderate edema,
substantial inflammatory infiltration, moderate hemorrhage
and acinar cell necrosis could be observed in the pancreas
tissues of rats. However, these histological changes in res-
veratrol group were obviously alleviated when compared
with the SAP group. The “Schmidt” criterion in resveratrol
group at 3 (P < 0.05), 6 (P <0.01) and 12 (P < 0.01) h after
the induction of SAP is shown in Fig. 7.
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Fig. 4. The iNOS expression in
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iNOS antibody and visualized
with DAB-peroxidase after in-
cubation with secondary anti-
body.
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Fig. 5. Time course study of the effect of resveratrol on levels of cytokines in culture medium of peritoneal macrophages. Results are mean +SEM,
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Fig. 7. Pathological assessment of pancreas at 3, 6 and 12 h after induc-
tion of SAP. *P<0.05 as compared with SAP group, **P<0.01 as com-
pared with SAP group. Data are means = SEM (n = 6) for the Schmidt
criterion.

Discussion

TNF-a and IL-1 are mainly produced and released by
macrophages in SAP. Excessive release of TNF-o and IL-
1 will lead to a series of pathological changes in pancreas

Fig. 6. Time course study of the effect of resveratrol on levels of cytokines in serum. Results are mean £SEM, P < 0.05 (n = 6).

and other organs in SAP and the concentrations of TNF-a
and IL-1 in serum are positively related to the severity of
SAP. Masamune [26] suggested that anti-cytokine therapies
against TNF-a, IL-1 and inhibition of macrophage migration
showed appropriate effects in experimental animal models of
SAP. Moreover, microcirculatory disturbance also plays an
important role in the progress of SAP. Excessive NO produc-
tion and release can initiate and aggravate the microcircula-
tory failure in SAP through injuring vascular endothelium
and increasing vascular permeability [27].

Many studies suggested that transcription factor NF-kB
plays a pivotal role in the inflammatory responses of SAP.
When macrophages received inflammatory stimulation by
SAP, such as TNF-o and IL-6, the NF-kB in cytoplasm
would be activated and then translocated to nucleus. As an
important factor of delivering intracellular signals, NF-kB
modulates the transcription of many inflammatory mediators
and furthermore, results in substantive release of inflamma-
tory mediators in SAP, including TNF-a , IL-1 and iNOS
[28-30]. In previous studies, the functions of monocytes
in circulation and macrophages in organs has been studied
extensively. These studies showed existence of a tight cor-
relation between these cells and the failure of pancreas and
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Fig. 8. Histological alterations in
pancrease.x400. © SAP group at
12 h interval @ RESV group at
12 h interval. Z E staining.

distant organs [31-34]. However, the functions of peritoneal
macrophages were rarely discussed. In present study, our
results clearly indicated that the levels of TNF-a, IL-1 and
NO in culture medium of peritoneal macrophages and se-
rum of rats are elevated, along with the upregulation of the
expression of NF-kB and iNOS in peritoneal macrophages.
We conclude that peritoneal macrophages are involved in the
progression of acute pancreatitis.

A series of experiments have demonstrated that resvera-
trol exhibits a wide range of biological and pharmacological
activities both in vitro and in vivo. Many of the biological ac-
tivities of resveratrol, like anti-inflammatory, anti-oxidation,
chemopreventive effects, and inhibition of platelet aggrega-
tion [34-36], indicate a possible effect on SAP. Histological
changes in pancreas were consistent with the levels of TNF-
o and IL-1 in culture medium and serum in our study, with
an obviously milder histological change in pancreas found in
resveratrol group, when compared with SAP group.

In conclusion, resveratrol can reduce the severity of pan-
creatic and systemic inflammatory response in SAP. A pos-
sible mechanism might be related to inhibition of the release
of TNF-a, IL-1 and NO from peritoneal macrophages by
suppressing NF-kB activation. Conceivably, NF-kB activa-
tion in macrophages may be of fundamental importance in
severity of inflammation and a target in stress inflammation
for resveratrol. It is possible that resveratrol may be consid-
ered as an agent for reducing the severity of inflammation.

Reference

[1] Puneet P, Moochhala S, Bhatia M. Chemokines in acute respiratory
distress syndrome. Am J Physiol Lung Cell Mol Physiol 2005; 288:
L3-L15.

[2] Hirota M, Sugita H, Maeda K, Ichibara A, Ogawa M. The concept
of SIRS and severe acute pancreatitis. Nippon Rinsho 2004; 62:
2128-2136.

[3] Raraty MG, Connor S, Criddle DN, Sutton R, Neoptolemos JP.
Acute pancreatitis and organ failure: pathophysiology, natural his-
tory, and management strategies. Curr Gastroenterol Rep 2004; 6:
99-103.

[4] Yu WK, Li WQ, Li N, Li JS. Impact factors and clinical signifi-
cance of the lung injury complicating acute pancreatitis. Zhongguo
Wei Zhong Bing Ji Jiu Yi Xue 2004; 16: 100-102.

[5] Makhija R, Kingsnorth AN. Cytokine storm in acute pancreatitis. J
Hepatobiliary Pancreat Surg 2002; 9: 401-410.

[6] Dugernier T, Reynaert M, Laterre PF. Early multi-system organ
failure associated with acute pancreatitis: a plea for a conservative
therapeutic strategy. Acta Gastroenterol Belg 2003; 66: 177-183.

[7] Dugernier TL, Laterre PF, Wittebole X, Roeseler J, Latinne D, Rey-
naert MS, et al. Compartmentalization of the inflammatory response
during acute pancreatitis: correlation with local and systemic com-
plications. Am J Respir Crit Care Med 2003; 168: 148—157.

[8] Chen X., Wu H, Huang X, Wu X. The alteration of inflammatory
cytokine during acute pancreatitis. Hua Xi Yi Ke Da Xue Xue Bao
2002; 33: 238-240, 243.

[9] Zhang Q, Ni Q, Cai D, Zhang Y, Zhang N, Hou L. Mechanisms
of multiple organ damages in acute necrotizing pancreatitis. Chin
Med J (Engl) 2001; 114: 738-742.

[10] Tadao M, Yuji O. Role of free radicals in the development of severe
acute pancreatitis. Nippon Rinsho 2004; 62: 2015-2020.

[11] Liu HS, Pan CE, Liu QG, Yang W, Liu XM. Effect of NF-kappaB
and p38 MAPK in activated monocytes/macrophages on pro-
inflammatory cytokines of rats with acute pancreatitis. World J
Gastroenterol 2003; 9: 2513-2518.

[12] Mikami Y, Takeda K, Shibuya K, Qiu-Feng H, Shimamura H,
Yamauchi J, et al. Do peritoneal macrophages play an essential role
in the progression of acute pancreatitis in rats? Pancreas 2003; 27:
253-260.

[13] Sakai Y, Masamune A, Satoh A, Nishihira J, Yamagiwa T, Shi-
mosegawa T. Macrophage migration inhibitory factor is a critical
mediator of severe acute pancreatitis. Gastroenterology 2003; 124:
725-736.

[14] Cheng S, He S, Zhang J. The role of alveolar macrophage activa-
tion in rats with lung injury associated with acute necrotizing pan-
creatitis. Zhonghua Wai Ke Za Zhi 2002; 40: 609-612.

[15] TakeyamaY, Nishikawa J, Ueda T, Hori Y, Yamamoto M, Kuroda Y.
Involvement of peritoneal macrophage in the induction of cytotox-
icity due to apoptosis in ascitic fluid associated with severe acute
pancreatitis. J Surg Res 1999; 82: 163-171.

[16] Closa D, Sabater L, Fernandez-Cruz L, Prats N, Gelpi E, Rosello-
Catafau J. Activation of alveolar macrophages in lung injury asso-
ciated with experimental acute pancreatitis is mediated by the liver.
Ann Surg 1999; 229: 230-236.

[17] Leindler L, Morschl E, Laszlo F, Mandi Y, Takacs T, Jarmai K,
et al. Importance of cytokines, nitric oxide, and apoptosis in the
pathological process of necrotizing pancreatitis in rats. Pancreas
2004; 29: 157-161.

[18] Gomez-Cambronero LG, Sabater L, Pereda J, Cassinello N, Camps
B, Vina J, et al. Role of cytokines and oxidative stress in the patho-
physiology of acute pancreatitis: therapeutical implications. Curr
Drug Targets Inflamm Allergy 2002; 1: 393-403.

[19] Grewal HP, Kotb M, Din AM, Ohman M, Salem A, Gaber L, et al.
Induction of tumor necrosis factor in severe acute pancreatitis and
its subsequent reduction after hepatic passage. Surgery 1994; 115:
213-221.

[20] Powell 1], Fearon KC, Siriwardena AK, Ross JA. Evidence against
arole for polymorphisms at tumor necrosis factor,interleukin-1 and



Vol. 54, 2005 Resveratrol for severe acute pancreatitis

interleukin-1 receptor antagonist gene loci in the regulation of dis-
ease severity in acute pancreatitis. Surgery 2001; 129: 633-640.

[21] Mayer J, Rau B, Gansauge F, Beger HG. Inflammatory mediators
in human acute pancreatitis: clinical and pathophysiological impli-
cations. Gut 2000; 47: 546-552.

[22] Leiro J, Alvarez E, Garcia D, Orallo E. Resveratrol modulates rat
macrophage functions. Int Immunopharmacol 2002; 2: 767-774.

[23] Huang JY, Ma QY, Sun Q, Liu XM, Xu J. Experimental study of
resveratrol on severe acute pancreatitis. Journal of Xi’an Jiaotong
University (Medical Science) 2005; 26: 163-165.

[24] Schreiber E, Matthias P, Miiller MM, Schaftner W. Rapid detection
of octamer binding protein with “mini-extracts”, prepared from a
small number of cells. Nucleic Acids Res 1989; 17: 6419

[25] Schmidt J, Lewandrowsi K, Warshaw AL, Compton CC, Rattner
DW. Morphometric characteristics and homogeneity of a new mod-
el of acute pancreatitis in the rat. Int J Pancreatol 1992; 12: 41-51.

[26] Masamune A, Shimosegawa T. Anti-cytokine therapy for severe
acute pancreatitis. Nippon Rinsho 2004; 62: 2116-2121.

[27] Zhou ZG, Chen YD. Influencing factors of pancreatic microcircula-
tory impairment in acute panceatitis. World J Gastroenterol 2002;
8:406-412.

[28] Han SJ, Ko HM, Choi JH, Seo K.H, Lee HS, Choi EK, et al.
Molecular mechanisms for lipopolysaccharide-induced biphasic
activation of nuclear factor-kappa B (NF-kappa B). J Biol Chem
2002; 277: 44715-44721.

527

[29] Suyuki K, Ichinowatari G, Tanimoto A, Yamada M, Yaginuma H,
Ohuchi K. Possible participation of intracellular platelet-activat-
ing factor in NF-kappa B activation in rat peritoneal macrophages.
Biochim Biophys Acta 2002; 1583: 26-34.

[30] Huang KC, Chen CW, Chen JC, Lin WW. HMG-CoA Reductase
Inhibitors Inhibit Inducible Nitric Oxide Synthase Gene Expres-
sion in Macrophages. J Biomed Sci 2003; 10: 396-405.

[31] Hense S, Sparmann G, Weber H, Liebe S, Emmrich J. Immunologic
characterization of acute pancreatitis in rats induced by dibutyltin
dichloride (DBTC). Pancreas 2003; 27: e6—e12.

[32] Akhmad AR. Immune disorders in patients with acute pancreatitis
in postoperative period. Klin Khir 2002; 10: 15-6.

[33] YamaguchiY, Matsumura F, Liang J, Okabe K, Matsuda T, Ohshiro
H, et al. Platelet-activating factor antagonist (TCV-309) attenuates
the priming effects of bronchoalveolar macrophages in cerulein-
induced pancreatitis rats. Pancreas 1999; 18: 355-363.

[34] Olas B, Wachowicz B. Biological activity of resveratrol. Postepy
Hig Med Dosw 2001; 55: 71-79.

[35] Bhat KPL, Kosmeder JW 2nd, Pezzuto JM. Biological effects of
resveratrol. Antioxid Redox Signal. 2001; 3(6): 1041-1064.

[36] Baolin L, Inami Y, Tanaka H, Inagaki N, linuma M, Nagai H.
Resveratrol inhibits the release of mediators from bone marrow-
derived mouse mast cells in vitro. Planta Med 2004; 70: 305-309.

To access this journal online:
http://www.birkhauser.ch




