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glutathione was found in the PHDCLP group. This
was reversed by curcumin application, after which
the GSH to GSSG ratio increased markedly. The hepatocellular damage, measured by ALT liberation, was
significantly lower in the curcumin treated group.
The relative liver weight in the curcumin group was
significantly higher 24 h after PHDCLP. However, hepatocellular proliferation parameters were not significantly improved by antioxidative treatment with
curcumin. Only the Ki-67 index was slightly higher in
the curcumin treated PHDCLP group (14 ± 3%) than
in the untreated PHDCLP group (7% ± 3%). The hepatocyte density was significantly lower in the curcumin
group than in the corresponding untreated group.
Conclusion. In the present model, curcumin revealed significant hepatoprotective effects with stabilization of redox state, reduced liberation of liver
enzymes, and attenuated expression of pro-inflammatory cytokines. However, the hepatocellular proliferation was not significantly influenced. Ó 2009 Published by

Background. Curcumin is a nontoxic, hepatoprotective antioxidant. It has been shown to efficiently
scavenge oxygen free radicals, increase intracellular
glutathione concentrations, and prevent lipid peroxidation in rat hepatocytes. Moreover, it has strong
anti-inflammatory effects. In the present study we
assessed its effect in a model of liver regeneration
impaired by bacterial infections.
Material and Methods. Male Sprague-Dawley rats
underwent sham operation, cecal ligation and puncture (CLP), synchronous partial hepatectomy (PH),
and CLP or synchronous PHDCLP with perioperative
application of curcumin (100 mg per kg bodyweight
per d) 48 h before surgery. Rats were sacrificed 24 h
after surgery. Liver function was analyzed by measuring the serum albumin, serum bilirubin, and bile
production. The local inflammatory response in the
liver tissue was evaluated by quantification of TNF-a,
IL-6 mRNA, and quantification of IL-1ß by ELISA.
In addition, hepatic concentrations of reduced
glutathione (GSH) and the oxidized disulfide dimer of
glutathione (GSSG) were measured for determination
of the redox state.
Results. After simultaneous PHDCLP curcumin significantly reduced the expression of TNF- a and IL-6
mRNA in the liver tissue. The IL-1b concentration in
the liver was also slightly, but not significantly, lower
in the curcumin group. A severe depletion of hepatic
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INTRODUCTION

Curcumin has been used in Asian medicine for more
than 4000 y for the treatment of wounds, tumors, and
inflammatory conditions. It is a very potent antioxidant
[1] with hepatoprotective activity [2]. For instance,
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curcumin pretreatment disclosed protective effects in
a rat model of CCl4 induced acute liver failure [3]. In
numerous other studies, curcumin has been shown to
scavenge oxygen free radicals [4], prevent lipid peroxidation [5, 6], and increase intracellular glutathione
concentrations in rat hepatocytes [7].
Besides its antioxidant potential, curcumin has
strong anti-inflammatory effects. Curcumin has been
proven to inhibit TNF-a and IL-6 in several experimental models [8, 9] and to reduce the production of IL-1ß
[10] and TGF-ß [11], two important inhibitors of liver
regeneration. Also, an inhibition of endotoxin induced
activation of NF-kB with resultant reduction of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2) activity has been reported [12].
Bacterial infections are accompanied by early and
augmented cytokine liberation and increased oxidative
stress. Although IL-6 expression is essential during the
regeneration process of the liver, early and increased elevation of IL-6 production has been shown to inhibit
cell-cycle progression after liver resection in mice [13].
We have previously shown that liver regeneration after
major hepatectomy is significantly impaired during
severe bacterial infections [14]. Curcumin might influence this delay in the regeneration process through modification of the inflammatory response and antioxidative
effects. In a previous study [15], we have demonstrated
a synergistic effect of curcumin and erythropoietin in
a model of liver resection plus cecal ligation and puncture, whereas erythropoietin as monotherapy was not effective in this setting. The present experimental series
reports on the effect of curcumin application alone on oxidative stress, inflammatory response, and liver regeneration in the same model.
MATERIAL AND METHODS
Experimental Groups
Male Sprague Dawley rats (Winkelmann, Bochum, Germany) with
200 to 300 g bodyweight were used for all experiments, which were
performed in accordance with the German legislation on the protection of animals.
Rats were randomly divided in four experimental groups: sham operation, cecal ligation and puncture, 70% partial hepatectomy (PH)
plus synchronous CLP, and PH plus CLP with perioperative curcumin application. Each group consisted of six animals. A 100 mg
pure curcumin (Sigma-Aldrich, Steinheim, Germany) per kilogram
bodyweight was administered by gavage. Curcumin was dissolved
in 1.5 mL commercially available enteral feeding solution and given
48 h, 24 h, and 30 min before surgery as well as 6 h after surgery.

Surgery
In the sham-operated group the liver was separated from its ligamentous suspension and the cecum was gently moved. During partial
hepatectomy (PH) 70% of the liver tissue was removed by standardized resection of the middle and left lateral lobe. For cecal ligation
and puncture (CLP), a stool reservoir of 1 cm diameter was created

from the distal cecum by placing a ligature. Afterwards the reservoir
was punctured once using a 22 gauge needle and a small amount of
stool was squeezed out to ensure wound patency. This technical specification of CLP is well tolerated in combination with major liver
resection [14]. After surgery, 5 mL sterile isotonic saline was injected
subcutaneously together with metamizol plus tramadol for pain relief.
Rats were sacrificed after 24 h and blood and tissue samples were collected.

Cytokine Measurements
TNF-a and IL-6 mRNA-expression in the liver tissue were determined by reverse transcriptase PCR (rt-PCR) and quantified by densitometry. Frozen liver tissue samples were thawed, the total RNA
was extracted, and converted to first-strand cDNA. The generated
cDNA was subjected to PCR amplification using specific primers for
the respective genes on a thermal cycler. The following primers
were used: ß-actin (antisense 5‘ACC CAC ACT GTG CCC ATC TA‘3,
sense 5‘CGG AAC CGC TCA TTG CC ‘3), TNF-a (antisense 5‘ GGA
TGA ACA CGC CAG TCG CC ‘3, sense 5‘ CGA GTG ACA AGC CCG
TAG CC 3‘), and IL-6 (antisense 5 ‘GGT AGA AAC GGA ACT CCA
GAA GAC ‘3 sense 5‘GGA ACG AAA GTC AAC TCC ATC TGC ‘3).
PCR products were fractionated using agarose electrophoresis,
stained with ethidium bromide, and visualized using UV light. Documentation and digitalization for further densitometry analysis was
performed using a gel documentation system. The quantitative densitometric assessment was supported by commercially available software (UN-SCAN-IT gel Version 5.1; Silk Scientific, Orem, UT). The
obtained values of the individual samples were normalized by division
of the b-actin signal.
Hepatic levels of IL-1b levels were determined using a commercially
available sandwich ELISA-kit (Quantikine Immunoassay; R and D
Systems, Minneapolis, MN) as described previously [14].

Tissue Glutathione Measurement
The tissue concentration of total glutathione as well as the oxidized
disulfide dimer of glutathione (GSSG) were measured. From this the
concentration of reduced glutathione (GSH) and the GSH to GSSG ratio were calculated. Glutathione concentrations were determined by
a slightly modified method described by Baker et al. [16] using snap
frozen liver samples. Briefly, total glutathione representing reduced
GSH plus GSSG was assayed using an enzymatic recycling procedure
in which reduced GSH was sequentially oxidized by 5,5’-dithiobis(2-nitrobenzoic-acid) (DTNB; Sigma, St. Louis, MO) to GSSG, which
is then reduced by NADPH back to GSH in the presence of glutathione
reductase to react again with DTNB. The absorbency was measured
spectrophotometrically at 405 nm. Results were expressed as nmol
per mg of protein.

Histologic Investigation
For histomorphologic analysis, a paraffin embedded sample of the
right liver lobe was cut in 4 mm sections and stained with hematoxylin
and eosin (HE). Sections were compared regarding their inflammatory activity, hepatocellular damage, and steatosis.

Regeneration Parameter
The mitotic index was determined in HE sections and calculated per
2000 hepatocytes. After in vivo labeling with Bromo-deoxy-uridine
(100 mg BrdU per kg bodyweight, Roche, Germany), paraffin sections
were stained using a commercially available detection kit (Bromodeoxy-uridine Labeling and Detection Kit II, Roche, Germany) and
the BrdU index was calculated. The total number of proliferating hepatocytes was quantified by Ki 67 immunostaining as described in detail before [14].
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Statistical Analysis

(A)
IL-6

All values are given as mean and standard error of mean (SEM).
Data were analyzed for normal distribution and equality of variance,
and differences were then calculated by the Student’s t-test for unpaired variables. Differences between the groups underwent a post
hoc pairwise comparison using the Tukey test. Differences were
considered significant if P was less than 0.05. All statistical analyses
were performed with SPSS 14.0 (SPSS Inc., Chicago, IL).
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Inflammatory Parameters

Expression of the key proinflammatory cytokines was
markedly attenuated by curcumin treatment. TNFa expression was significantly higher after CLP alone
and after PHþCLP than in the sham operated group.
Curcumin treatment reduced TNF-a expression significantly (Fig.1). Comparable results were obtained for
IL-6 expression in the liver tissue (Fig. 2). Quantification of IL-1b in the liver tissue revealed slightly lower
concentrations in the curcumin treated group than in
the untreated group, which was, however, not statistically significant (Fig. 3).
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FIG. 2. IL-6 in the liver tissue (A), exemplary rt-PCR of IL-6 in the
liver tissue and (B) densitometric analysis of IL-6 mRNA expression
in the liver tissue normalized by b-actin, (P values of significant differences are indicated).
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CLP was followed by severe depletion of hepatic glutathione. The concentrations of total and reduced glutathione (GSH) were low in the untreated CLP groups.
Curcumin treatment markedly increased the hepatic
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FIG. 1. TNF-a in the liver tissue (A), representative rt-PCR of
TNF-a in the liver tissue and (B) densitometric analysis of TNF-a
mRNA expression in the liver tissue normalized by b-actin (values
of significant differences are indicated).
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FIG. 3. Concentrations of IL-1b in the liver tissue (*P < 0.001 versus all other groups).
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tion measured by total serum bilirubin, serum albumin,
and bile flow was impaired, but not different in the
PHþCLP groups with and without curcumin therapy.
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FIG. 4. Hepatic reduced glutathione (GSH) and oxidized glutathione (GSSG) concentrations and calculated ratio of GSH to GSSG as
marker of cellular redox state (P values of significant differences in
the GSH:GSSG ratio are indicated).

The relative liver weight was significantly higher in
the curcumin treated PHþCLP group than in the untreated group (Fig. 6). However, no significant different
regeneration markers were observed in the PHþCLP
groups with and without curcumin. The mitotic index
and the BrdU labeling index were equal in both groups
(data not shown), and the relative number of Ki-67 positive hepatocytes was only slightly higher in the curcumin treated group (Fig. 7). However, the hepatocyte
density was significantly lower after curcumin application, indicating hepatocellular hypertrophy in this
group (Fig. 8).

GSH concentration and the GSH to GSSG ratio after
PHþCLP (Fig. 4).
Hepatocellular Damage and Liver Function

ALT activity in the serum (84 6 11 U/L) did not increase with CLP alone compared with the sham operated group (67 6 4 U/L). In contrast, liver enzymes
were markedly elevated after PH þ CLP. The ALT
liberation was significantly reduced by curcumin application (747 6 67) compared to the untreated group
(1716 6 255 U/L, Fig. 5). Histomorphologic evaluation
revealed no relevant inflammatory activity or necrosis
in any of the groups. Similar microvesicular fatty
changes were seen in both PHþCLP groups. Liver func-

DISCUSSION

Clinical studies have shown that bacterial infections
are a risk factor for liver failure and increased mortality
after major hepatectomy [17] or living related liver
transplantation [18]. This might be based on several
mutual interactions between infections and liver regeneration. On the one hand, reduction of liver mass is associated with a reduced capacity in the defense of
bacterial infections [19]; severe infections might be followed by disturbances in liver regeneration [14] and
metabolic function of the liver [20].
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FIG. 5. Serum ALT-activity as marker of hepatocellular damage
(P-values of significant differences in the GSH:GSSG ratio are indicated; **P < 0.01 versus both PHþCLP groups).
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FIG. 6. Relative liver weight 24 h after surgery (P values of significant differences are indicated; **P < 0.001 versus both PHþCLP
groups).
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FIG. 7. Percentage of Ki67 positive hepatocytes (P values of significant differences are indicated; **P < 0.05 versus both PHþCLP
groups).

Sepsis or severe bacterial infections are accompanied
by excessive liberation of proinflammatory cytokines
and serious oxidative stress. This can be diminished
by application of antioxidants like a-tocopherol [21] or
N-acetylcysteine [22].
In the present study, curcumin lowered the expression of pro-inflammatory cytokines and attenuated oxidative stress after simultaneous major hepatectomy
and CLP. The experimental model utilized in this study
is not comparable to sepsis-induced liver failure but
resembles infectious complications after major liver
surgery. Whereas after minor liver resections or anatomic hemihepatectomies, severe intraabdominal infections are rare, they represent a relevant complication
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after extended hepatic resections with simultaneous
bilio-enteric anastomosis or after living related liver
transplantation. For example, in a large single center
series reporting on 208 recipients with living related
liver grafts, a total of 132 intra-abdominal infections
were observed and associated with an increased mortality [18]. Similarly, in a series of 100 liver resections for
hilar cholangiocarcinoma, 19% of the patients were
diagnosed with an intra-abdominal abscess postoperatively [23].
However, despite effective attenuation of oxidative
stress and proinflammatory responses, curcumin did
not improve liver regeneration in the present model.
However, in the curcumin group a slightly increased
Ki-67 index was observed. Previous experiments have
shown that CLP induced infections after liver resection
significantly compromise liver function during the first
48 h [14]. This depressed liver function might be a limiting factor for the highly energy-dependent process of
liver regeneration.
Another fact that has to be taken into consideration is
that curcumin is a potent inhibitor of cell cycle progression at the level of the G2/M transition point [24]. Our
group has shown in coeval experiments that even normal liver regeneration after 70% partial hepatectomy
in rats is inhibited by application of curcumin, mainly
at the level of the G2/M transition point [25]. This might
also contribute towards the unchanged depression of
liver regeneration despite improvements of the inflammatory response and oxidative stress.
One limitation of the present model is that only the
early phase of liver regeneration was studied. Differences after 24 h cannot be excluded. However, similar
studies showed that differences in the regeneration
process in rats are only observed at early time points
[14].
Taken together, curcumin revealed significant protective effects resulting in stabilization of redox state,
attenuated expression of liver enzymes, lower mRNA
expression of pro-inflammatory cytokines, and hepatocellular hypertrophy. However, despite its antioxidant
and anti-inflammatory activity, liver regeneration
could not be significantly improved by curcumin treatment.
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