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Nuclear factor (NF)-�B participates in ischemia/
reperfusion (I/R) hepatic signaling, stimulating
both protective mechanisms and the generation of
inflammatory cytokines. After analyzing NF-�B acti-
vation during increasing times of ischemia in murine
I/R, we observed that the nuclear translocation of p65
paralleled Src and I�B tyrosine phosphorylation,
which peaked after 60 minutes of ischemia. After ex-
tended ischemic periods (90 to 120 minutes) how-
ever, nuclear p65 levels were inversely correlated
with the progressive induction of oxidative stress.
Despite this profile of NF-�B activation, inflamma-
tory genes , such as tumor necrosis factor (TNF) and
interleukin (IL)-1� , predominantly induced by
Kupffer cells , increased throughout time during isch-
emia (30 to 120 minutes), whereas protective NF-�B-
dependent genes, such as manganese superoxide dis-
mutase (Mn-SOD), expressed in parenchymal cells,
decreased. Consistent with this behavior, gadolinium
chloride pretreatment abolished TNF/IL-1� up-regula-
tion during ischemia without affecting Mn-SOD levels.
Interestingly, specific glutathione (GSH) up-regula-
tion in hepatocytes by S-adenosylmethionine in-
creased Mn-SOD expression and protected against
I/R-mediated liver injury despite TNF/IL-1� induction.
Similar protection was achieved by administration of
the SOD mimetic MnTBAP. In contrast, indiscriminate
hepatic GSH depletion by buthionine-sulfoximine be-
fore I/R potentiated oxidative stress and decreased

both nuclear p65 and Mn-SOD expression levels, in-
creasing TNF/IL-1� up-regulation and I/R-induced
liver damage. Thus, the divergent role of NF-�B activa-
tion in selective liver cell populations underlies the di-
chotomy of NF-�B in hepatic I/R injury, illustrating the
relevance of specifically maintaining NF-�B activation
in parenchymal cells. (Am J Pathol 2009, 174:1776–1785;

DOI: 10.2353/ajpath.2009.080857)

Liver damage induced by ischemia/reperfusion (I/R) is
relevant in different clinical settings such as liver resec-
tion, transplantation, trauma, or hemorrhagic shock, in
which nuclear factor (NF)-�B activation plays a contro-
versial role because of its dual action in the induction of
both protective and pro-inflammatory genes.1,2 For in-
stance, hepatic NF-�B activation has been shown to di-
minish hepatic I/R injury and improve orthotopic liver
transplantation, whereas NF-�B inactivation has been
shown to protect against hepatic I/R.3–6 These diverse
and seemingly discordant results have been explained
on the basis of different degrees of residual NF-�B acti-
vation achieved depending on the mechanisms used to
block NF-�B activation. Thus, although a total block of
NF-�B may be detrimental as it prevents expression of
survival genes, an incomplete NF-�B inhibition may sup-
press the up-regulation of proinflammatory mediators,
while allowing the induction of protective genes. In addi-
tion, whether this dichotomy of NF-�B in promoting or
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protecting against hepatic I/R injury reflects the expres-
sion of NF-�B-dependent genes in different hepatic cell
populations, such as parenchymal and Kupffer cells
(KCs), remains primarily unknown.

In the liver, tumor necrosis factor (TNF), reactive
oxygen species (ROS), and Toll-like receptors (TLR)
are major players in NF-�B activation.7–9 TNF on bind-
ing to its membrane receptor TNF-R1 induces DISC
recruitment, IKK activation, I�B serine phosphorylation,
and subsequent proteasome degradation after ubiq-
uitination.10 As a consequence, NF-�B is released from
its inhibitory subunit allowing the transcription of target
genes. This canonical pathway of NF-�B activation is
also followed on engagement of Toll-like receptors
(TLRs), a family of receptors that play a key role in
innate immune responses as well as in inflammation.11

Moreover, TLRs, particularly TLR4, is drawing current
attention as an important mediator of hepatic I/R
injury.12,13

It has been shown that the generation of intracellular
ROS activates Src tyrosine kinases leading to the phos-
phorylation of I�B at tyrosine residues, resulting in the
dissociation of the p50-p65 heterodimer from its inhibitory
I�B subunit followed by its nuclear translocation.14–17 In
addition, the Src-mediated mechanism of NF-�B activa-
tion by I�B tyrosine phosphorylation has also been de-
scribed during hypoxia in various cell types, including
hepatocytes.18–20 Moreover, recent data have shown
that NF-�B transactivation is diminished in hepatocytes
after GSH depletion, involving IKK-dependent and -inde-
pendent mechanisms21 and that GSSG generation, such
as that caused by ROS overgeneration, inactivates NF-
�B.22 Because ROS production could interfere with the
synthesis of protective NF-�B-dependent genes in the
liver, antioxidant therapies that increase NF-�B-depen-
dent gene transcription in the hepatocyte, without pro-
moting pro-inflammatory cytokines in nonparenchymal
cells, particularly in KCs would be of interest to discrim-
inate the role of NF-�B in hepatic I/R injury. In this regard,
S-adenosylmethionine (SAM) is known to increase GSH
levels in the hepatocyte through the transsulfuration path-
way and shown to reduce ROS production in different
liver pathologies, including I/R.23–26 Hence, the goal of
this study was to examine the activation of NF-�B and the
expression of protective and inflammatory target genes in
relation with the length of ischemia during partial hepatic
warm I/R and the influence of selective GSH loading in
parenchymal cells.

Our work shows that SAM administration enhanced
GSH stores in hepatocytes, decreasing ROS production,
increasing the expression of NF-�B-dependent cytopro-
tective genes and preserving the liver against I/R expo-
sure. In contrast, GSH depletion increased the up-regu-
lation of proinflammatory genes and potentiated the
hepatic damage induced by I/R. Therefore, our results
suggest that, although indiscriminate NF-�B modulation
may not produce the beneficial effects expected, thera-
pies aimed to modulate the redox status of specific he-
patic cells may increase selective �B-dependent proteins
and be more effective in protecting the liver against I/R-
induced injury.

Materials and Methods

Partial Hepatic Ischemia and Treatments

The experimental animal protocol was approved by the
Institut d’Investigacions Biomèdiques August Pi i
Sonyer (IDIBAPS) Animal Care and Use Committee.
Hepatic partial warm ischemia was performed in male
C57BL/6 mice using microvascular clamps (Biemer
clip, 0.29 to 0.39 N) to prevent hepatic blood flow for
different times (0 to 120 minutes) as described previ-
ously.27 Blood samples and liver biopsies were taken
at different periods after reperfusion for further evalu-
ation. Control animals were sham operated. Mice were
pretreated 1 hour before surgery with SAM (5 mg/mouse;
Sigma-Aldrich, St. Louis, MO), buthionine-sulfoximine (BSO)
(4 mmol/kg, Sigma-Aldrich), MnTBAP (50 mg/kg; Calbio-
chem, San Diego, CA), or with an equal volume of the
vehicle. In some cases, gadolinium chloride was admin-
istered 24 hours before surgery to antagonize KCs.28,29

Hepatocyte and KC Isolation

Primary hepatocytes were obtained from mouse liver by
collagenase digestion and cultured on collagen-coated
plates as described.23,25 KC isolation was performed by
pooling nonparenchymal cells from three male mice
(C57BL/6, 8 to 12 weeks old), using the method by Smed-
srod and colleagues.30 In brief, after 0.05% collagenase
perfusion of the liver, the cell suspension was centrifuged
at 50 � g for 2 minutes to separate parenchymal from
nonparenchymal cells. The supernatant, which contains
nonparenchymal cells, was centrifuged (300 � g; 4 min-
utes; 4°C) to concentrate the cells, followed by centrifu-
gation (800 � g; 10 minutes; 4°C) through a two-step
Percoll gradient (25% � 50%), with the KCs and endo-
thelial cells banding at the interface between the two
density cushions. The pellet was suspended at 4 � 106

cells/ml in Dulbecco’s modified Eagle’s medium supple-
mented with 20% heat-inactivated fetal bovine serum,
100 IU/ml penicillin, and 100 �g/ml streptomycin. Sepa-
ration of pure KCs and endothelial cells was obtained
from the selective adherence of KCs to plastic flasks after
60 minutes of incubation, yielding 2 to 3 million KCs per
mouse liver, with 90 to 95% viability as determined by
trypan blue exclusion. The cells showed typical macro-
phage morphological features and stained positively for
F4/80. Macrophage cell line RAW 264.7, supplied by
European Collection of Animal Cell Cultures (Sigma-Al-
drich), was routinely grown at 37oC and 5% CO2 in Dul-
becco’s modified Eagle’s medium with 10% fetal bovine
serum under normoxic atmosphere. Primary hepato-
cytes, Kupffer, and RAW 264.7 cells were exposed either
to hypoxia (0.5% O2 and 5% CO2), TNF (Peprotech EC,
London, UK) or lipopolysaccharide (LPS) (Sigma-Aldrich)
for the indicated periods. In some cases, hepatocytes
were treated with 10 �mol/L 4-amino-5-(4-chlorophenyl)-
7-(t-butyl)pyrazole[3, 4-d]pyrimidine (PP2), and 100 �mol/L
piceatannol (Calbiochem) before exposure to hypoxia as
described19 and RAW 264.7 cells were pre-exposed to
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acetyl-leucyl-leucyl-norleucinal (Calbiochem) to inhibit
the proteasome before exposure to LPS.

Western Blotting and Nuclear Extract Preparation

The phosphorylation of c-Src was analyzed in liver ho-
mogenates using phospho-Src (Tyr416) from Cell Signal-
ing (Danvers, MA). To evaluate tyrosine phosphorylation
of I�B-� after I/R, 1 mg of whole-liver lysate was immu-
noprecipitated using 2 �g of an I�B-� Ab (Santa Cruz
Biotechnology, Santa Cruz, CA) and determined with
anti-phosphotyrosine Ab (Santa Cruz Biotechnology).
Manganese superoxide dismutase (Mn-SOD) and TNF pro-
tein levels were analyzed in total liver extracts using com-
mercial antibodies (Santa Cruz Biotechnology), whereas
NF-�B activation was analyzed in nuclear extracts using
p65 Ab (Santa Cruz Biotechnology). Nuclear extracts from
liver samples were prepared as previously described.19

Measurement of Plasma TNF Levels

Whole blood obtained by cardiac puncture was centri-
fuged and 50 �l of plasma aliquots were frozen for TNF
assay. Plasma TNF levels were determined by an en-
zyme-linked immunosorbent assay using a commercial
kit (Quantikine M Murine Tumor Necrosis Factor-� Assay;
R&D Systems, Minneapolis, MN).

Liver Damage

After reperfusion, livers were fixed and sections (5 �m) were
stained with hematoxylin and eosin (H&E) using standard
methods, and slides were examined with a Zeiss (Göttin-
gen, Germany) Axioplan microscope equipped with a Ni-
kon (Tokyo, Japan) DXM1200F digital camera. Serum ALT
levels were measured by the Centro de Diagnóstico Medico
(Hospital Clinic, Barcelona, Spain).

Real-Time Polymerase Chain Reaction (PCR)

Total RNA was isolated from mouse liver samples with the
TRIzol reagent (Invitrogen, Carlsbad, CA). Real-time PCR
was performed using the 2� SensiMix one-step kit with
SYBR Green (Quantance, London, UK) following the
manufacturer’s instructions. Threshold (CT) values for
each mRNA were subtracted from that of 18S mRNA,
averaged and converted from log-linear to linear term.
The primer sequences used for 18s, cIAP-2, Mn-SOD,
TNF, and interleukin (IL)-1� amplification were as follows:
cIAP-2 forward 5�-GTGGAACATGCCAAGTGGTT-3�;
cIAP-2 reverse 5�-GGAGGCAATACAGCATTGGT-3�; Mn-
SOD forward 5�-AACTCAGGTCGCTCTTCAGC-3�; Mn-
SOD reverse 5�-GAACCTTGGACTCCCACAGA-3�; TNF
forward 5�-CTGAACTTCGGGGTGATCGGT-3�; TNF re-
verse 5�-ACGTGGGCTACAGGCTTGTCA-3�; IL-1� for-
ward 5�-GAGCTGAAAGCTCTCCACCTC-3�; IL-1� re-
verse 5�-CTTTCCTTTGAGGCCCAAGGC-3�; 18S forward
5�-GTAACCCGTTGAACCCCATT-3�; 18S reverse 5�-CCAT-
CCAATCGGTAGTAGCG-3�.

Lipid Peroxidation Assay

Lipid peroxidation in liver samples was determined after
the production of malondialdehyde (MDA) using the thio-
barbituric acid (TBA) method. Briefly, 0.4 ml of 0.6% TBA
and 1.2 ml of 1% orthophosphoric acid were added to
100 �l of liver homogenate and boiled for 45 minutes.
After cooling, 1.6 ml of 1-butanol were added; samples
were mixed and centrifuged at 1200 rpm for 10 minutes.
MDA concentrations were determined in the superna-
tants by measuring the optical density at 535 nm using a
calibrated curve with TBA as standard.

Myeloperoxidase Assay

Myeloperoxidase, an enzyme predominantly found in
the azurophilic granules of polymorphonuclear leuko-
cytes, was used as an index of neutrophil accumulation
in the liver. Tissue homogenates were assayed with
o-dianisidine solution (43.2 mmol/L KH2PO4, 6.5
mmol/L Na2HPO4, 10 mmol/L ethylenediaminetetraacetic
acid, 0.016% o-dianisidine, 0.001% H2O2; pH 6). Oxi-
dized o-dianisidine forms a stable chromophore, which is
detected by measuring the absorbance at 460 nm. In
parallel, myeloperoxidase staining in liver samples was
determined by immunohistochemistry as previously
described.31

Assessment of Hepatic Reactive Oxygen
Species (ROS) Content

Hepatic ROS content was measured using 2�-7�-dichlo-
rofluorescein. Briefly, 10 �l of liver homogenates, diluted
100-fold with phosphate-buffered saline (pH 7.4), were
loaded with 5 �mol/L 2�-7�-dichlorofluorescein and incu-
bated at 37°C for 30 minutes. Fluorescence was mea-
sured at excitation wavelength of 485 nm and emission
wavelength of 530 nm as previously described.19

Statistical Analysis

Results were expressed as mean � SD with the number
of individual experiments detailed in the figure legends.
Statistical significance was established by the Student’s
t-test.

Results

Time-Dependent Oxidative Stress and TNF
Secretion during I/R

ROS and TNF are important players in different liver
pathologies, such as hepatic I/R injury, and are known to
modulate NF-�B activation. Therefore, we decided to
measure parameters related to oxidative stress and TNF
production as a function of the length of hepatic ischemia
to ultimately examine their impact on NF-�B-dependent
gene expression and liver injury. Hepatic ischemia was
induced for various time periods (0 to 120 minutes),
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taking liver samples at the end of the reperfusion phase
(1 hour). ROS production increased progressively as the
time of ischemia was extended (Figure 1A). Even during
short-time ischemia (30 minutes), substantial intracellular
oxidative stress was detectable, as shown by the signif-
icant increase in the GSSG levels (Figure 1B), which
affected the GSH/GSSG ratio (not shown) and the rise of
lipid peroxidation (Figure 1C). In addition, as the time of
ischemia increased, the levels of ROS, MDA, and GSSG
were progressively elevated in samples from reperfused

livers. Furthermore, in parallel with these changes, there
was a significant rise in TNF levels detectable after 1 hour
of ischemia that kept rising with extended ischemic peri-
ods (Figure 1D). These data underscore the induction of
oxidative stress as a function of the time of ischemia after
reperfusion.

Expression of NF-�B-Dependent
Proinflammatory and Survival Genes during I/R

Next, we examined the time course of NF-�B activation
assessed as nuclear p65 translocation. Interestingly, the
nuclear p65 levels measured after 1 hour of reperfusion
exhibited a dual pattern depending on the time of isch-
emia, increasing when ischemia was performed for up to
1 hour, but decreasing when the livers were clamped for
longer periods of times (Figure 2A). Because tyrosine
kinases, particularly Src, have been involved in NF-�B
activation,18,19 we examined its activation reflected as
Src phosphorylation at tyrosine 416. As seen, Src
phosphorylation displayed a similar time-dependent
pattern during ischemia as the nuclear translocation of
p65 (Figure 2A). Indeed, a parallel increase in I�B-�
tyrosine phosphorylation was detected by immunopre-
cipitation from liver extracts after different ischemia
periods (Figure 2A).

Because nuclear levels of p65 in hepatocytes do not
necessarily reflect the transactivation of NF-�B in the face
of substantial oxidative stress and GSH depletion,21 we
next analyzed the pattern of activation of diverse �B
target genes as a function of the time of ischemia. As
seen, the mRNA levels of proinflammatory �B-dependent
genes such as TNF and IL-1� were up-regulated with
increasing ischemic periods (Figure 2B). In contrast, we
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observed that the mRNA levels of �B-dependent survival
genes such as cIAP-2 increased moderately. Interest-
ingly, the Mn-SOD mRNA levels increased for the first 30
minutes of ischemia, decreasing thereafter (Figure 2C).
Moreover, we examined the protein expression of Mn-
SOD and TNF in liver samples by Western blots to vali-
date the results observed at the mRNA level. As seen
(Figure 2A), Mn-SOD decreased as a function of the
period of hepatic ischemia, whereas TNF levels in-
creased thus matching the data obtained by mRNA anal-
ysis. The contrast in the time-dependent up-regulation of
mRNA levels of proinflammatory versus survival genes
may reflect the activation of NF-�B in specific hepatic cell
types. To test this, we examined Src phosphorylation and
IL-1� mRNA expression in primary mouse hepatocytes
and KCs in response to hypoxia, LPS, or TNF exposure.
As seen, hypoxia per se time-dependently phosphory-
lated Src at tyrosine 416 in primary mouse hepatocytes
(Figure 3A), but not in KCs (Figure 3B). Indeed, the
macrophage cell line RAW 264.7, a surrogate cell line for
KCs, exhibited similar results (Supplemental Figure 1,
see http://ajp.amjpathol.org). Consistent with our previous
results in HepG2 cells,19 preincubation of primary iso-
lated hepatocytes with PP2, a selective Src inhibitor, but
not piceatannol, prevented hypoxia-induced Src phos-
phorylation at tyrosine 416 and p65 nuclear migration
(data not shown). In addition, KCs failed to phosphorylate
Src in response to LPS (Figure 3B) or TNF (not shown),
despite strong induction of pro-inflammatory genes such as
IL-1� in response to LPS and TNF exhibited (Figure 3, C
and D). Moreover, RAW 264.7 macrophages, displayed

increased IL-1� transcription after LPS or TNF exposure
(Supplemental Figure 2, see http://ajp.amjpathol.org). More-
over, LPS-induced NF-�B activation in RAW 264.7 cells
was accompanied by I�B degradation that was pre-
vented by proteasomal inhibition with acetyl-leucyl-
leucyl-norleucinal (not shown). In contrast, LPS and TNF
failed to up-regulate IL-1� in primary hepatocytes (Figure
3, C and D). Thus, these data suggest that the activation
of NF-�B via Src phosphorylation after I/R occurs in hepa-
tocytes, and that KCs are the predominant source of
proinflammatory cytokines.

KC Inactivation Down-Regulates TNF/IL-1�

Production during I/R

Because the preceding findings indicated that the up-
regulation of proinflammatory cytokines were derived
mainly from macrophages, we next examined the contri-
bution of KCs in this process during I/R using gadolinium
chloride to specifically abrogate their activity in vivo.9,28,29

Mice were injected intraperitoneally with gadolinium chlo-
ride (10 mg/kg) 24 hours before 90 minutes of ischemia
and 6 hours after reperfusion. Confirming previous find-
ings, KC inactivation protected against I/R-mediated liver
injury, estimated by the reduction of serum ALT/AST (Fig-
ure 4A). Of note, this outcome was accompanied by the
down-regulation of mRNA levels of TNF and IL-1� (Figure
4B). However, the Mn-SOD and cIAP-2 mRNA levels were
either not affected or slightly increased during I/R after
gadolinium chloride treatment (Figure 4C), indicating that
the predominant source of TNF/IL-1� during I/R are KCs
and that parenchymal cells are likely major contributors in
the up-regulation of �B-dependent protective genes.

SAM Therapy Selectively Boosts GSH Stores
in Parenchymal Cells Protecting Against
I/R-Mediated Hepatic Injury

Because NF-�B activation and Src phosphorylation have
been proved to depend on ROS production in hepatocytes
and because GSH is a major antioxidant, we decided to
specifically increase GSH levels in parenchymal cells by
treating mice with SAM before I/R. SAM’s capacity to
increase GSH levels is relevant in specific tissues such
as liver or kidney in which the transsulfuration pathway
allows the conversion of homocysteine to cysteine.32

Given that methionine adenosyltransferases (MATs) are
suggested to be expressed in KCs and hepatic endothe-
lial cells,33 we first assessed whether exogenous SAM
boosts GSH levels in KCs and in isolated hepatocytes.
Mouse hepatocytes displayed increased GSH content
(Figure 5A) 4 hours after the administration of SAM (2
mmol/L). In contrast, the content of GSH in KCs did not
change after SAM exposure (Figure 5B). However, the
incubation with BSO, a specific inhibitor of �-GCS, which
catalyzes the rate-limiting step in GSH biosynthesis, sig-
nificantly decreased GSH to a similar extent in both cell
types (Figure 5, A and B). As expected from the data with
KCs, BSO decreased GSH levels in RAW 264.7 cells
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whereas SAM did not exert any change in GSH content
(Supplemental Figure 3, see http://ajp.amjpathol.org).

Next, we examined the effects of these strategies in
vivo during I/R. Compared with I/R, SAM treatment was
effective in replenishing hepatic GSH levels, which de-
creased in untreated samples after 90 minutes of isch-
emia and 6 hours after reperfusion (Figure 6A). In con-
trast, BSO pretreatment further decreased hepatic GSH
levels during I/R, thus compromising the hepatic capacity
to cope with oxidative stress during I/R. Consequently,
SAM therapy efficiently prevented the increase in lipid
peroxidation measured as MDA levels during I/R,
whereas BSO treatment further enhanced this effect (Fig-
ure 6B). Consistent with these findings, ALT levels were
reduced in SAM-treated animals after I/R (Figure 6D),
indicative of lower liver injury as observed by H&E (Figure
6C) staining compared with untreated control mice sub-
jected to I/R. In contrast, massive hepatic damage exam-
ined by H&E (Figure 6C) and ALT (Figure 6D) was ob-
served in BSO-pretreated mice during I/R. In addition,
and consistent with the above findings, we observed a
differential effect of SAM versus BSO pretreatment in the

extent of neutrophil infiltration during I/R as measured by
myeloperoxidase enzymatic activity (Figure 6E) and im-
munohistochemistry (Figure 6F). Finally, to assess if the
protective effect of SAM administration against I/R-medi-
ated liver injury was dependent or not on GSH biosyn-
thesis, we tested whether BSO abrogated the therapeutic
effect of SAM pretreatment. Indeed, we observed that the
serum ALT levels after I/R in mice treated with SAM plus
BSO were similar to the group of mice pretreated with
BSO alone (data not shown), indicating that the beneficial
effect of SAM during I/R was dependent on the increase
in parenchymal GSH stores.

Differential Effects of SAM and BSO on TNF/IL-1�

and Mn-SOD/cIAP-2 Expression during I/R

To evaluate if the changes in the liver redox status after
SAM and BSO influence the degree of NF-�B activation
during I/R, we analyzed the nuclear levels of p65, the
transactivating subunit of the NF-�B heterodimer p50-
p65, after 1 hour of reperfusion. As observed in Figure
7A, the nuclear translocation of p65 induced by I/R in-
creased in SAM-treated mice, whereas GSH depletion in
mice after BSO pretreatment diminished p65 nuclear lev-
els during I/R. In addition, the levels of Src phosphoryla-
tion at tyrosine 416 after 90 minutes of ischemia were
induced in SAM-treated animals, whereas BSO adminis-
tration reduced phospho-Src levels, pointing again to Src
tyrosine phosphorylation as the main mechanism in-
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volved in the observed NF-�B activation. SAM treatment
alone in sham-operated mice did not affect the nuclear
levels of p65 or Src phosphorylation at tyrosine 416 (data
not shown). Moreover, total liver extracts after 90 minutes
of ischemia followed by 6 hours of reperfusion displayed
higher Mn-SOD protein levels in SAM-administered mice,
suggesting an increased synthesis of this protective

gene, whereas TNF was moderately enhanced in BSO-
treated mice (Figure 7A).

To analyze whether these changes in protein expres-
sion were reflected at the mRNA level, next we examined
the effect of GSH modulation on NF-�B-dependent gene
expression after I/R. We observed a significant increase
in the expression of cIAP and Mn-SOD mRNA levels after

Figure 6. Differential effects of SAM and BSO in GSH levels and liver injury after I/R. Hepatic GSH levels (A), MDA generation (B), and liver damage measured
by liver H&E staining (C) and ALT in serum (D) from vehicle-, SAM-, and BSO-treated animals exposed to 90 minutes of ischemia after 6 hours of reperfusion.
Neutrophil infiltration by myeloperoxidase activity (E) and immunohistochemistry (F) were analyzed after 6 hours of reperfusion. No changes in liver damage or
neutrophil infiltration were observed in animals treated with SAM or BSO alone (n � 3). *P � 0.05 versus sham-operated mice; #P � 0.05 versus I/R-treated mice.
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Figure 7. GSH restoration in liver after I/R in-
creased p65 nuclear levels and the transcription
of protective genes. SOD mimetic protected the
liver against I/R-induced damage. A: Represen-
tative Western blots of nuclear p65, p-Src, and
Src examined after 1 hour of reperfusion (n �
3). Mn-SOD and TNF protein levels were ana-
lyzed 6 hours after sham operation or reperfu-
sion. mRNA quantification of protective (B) and
proinflammatory (C) NF-�B-dependent genes in
liver samples from mice exposed to 90 minutes
of ischemia and 6 hours of reperfusion and pre-
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and exposed to I/R as above (n � 3). *P � 0.05
versus sham-operated mice; #P � 0.05 versus
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1782 Llacuna et al
AJP May 2009, Vol. 174, No. 5



SAM administration compared with the changes ob-
served after GSH depletion after BSO injection (Figure
7B). Interestingly, TNF and IL-1� mRNA levels were un-
affected by SAM administration, although these levels
increased in BSO-pretreated mice before I/R (Figure 7C),
suggesting a differential regulation of NF-�B-dependent
gene expression in parenchymal and nonparenchymal
cells. Besides, in RAW 264.7 macrophages incubated
with LPS or TNF, pre-administration of SAM did not in-
duce significant changes in the activation of these proin-
flammatory genes (data not shown).

Mn-SOD, the �B-dependent mitochondrial SOD iso-
form, has a relevant role in liver protection against diverse
hepatotoxic stimuli that induce oxidative stress, such as
I/R.7,34 In this regard, we have recently observed that
Mn-SOD expression protects hepatoma cells under se-
vere hypoxic conditions.18 Because Mn-SOD mRNA was
increased in SAM-treated animals, we examined whether
a Mn-SOD mimetic such as MnTBAP reproduces the
protection observed in SAM-treated mice against I/R-
induced liver damage. As seen, MnTBAP-treated animals
were protected against I/R exposure examined by ALT
serum levels (Figure 7D) as well as H&E and TUNEL
staining (not shown). Collectively, these data suggest
that strategies aimed to selectively activate NF-�B in
parenchymal cells may be of relevance in I/R-mediated
liver damage.

Discussion

As a master regulator of inflammation and survival path-
ways, NF-�B participates in both protective mechanisms
and the generation of inflammatory cytokines whose bal-
ance ultimately controls the fate of the liver during I/R. As
a result, although NF-�B signaling has become a poten-
tial therapeutic target to control and maintain hepatic
function after I/R, conflicting results have been reported
in which both NF-�B activation and inactivation protected
against hepatic I/R injury.3–6 Our present work proposes
that opposite effects of NF-�B after I/R are determined by

distinctive mechanisms in parenchymal and nonparen-
chymal cells, which control autonomous NF-�B activation
that affects separate sets of genes (Figure 8). Our results
point to the ROS-mediated Src-dependent mechanism of
NF-�B activation as a predominant pathway acting in
hepatocytes, which is in charge for the induction of pro-
tective genes essential in the maintenance of liver func-
tion. In contrast, in nonparenchymal cells, particularly
KCs the induction of �B-dependent pro-inflammatory
genes most likely involves I�B serine-phosphorylation
and proteasomal degradation. This canonical activation
of NF-�B in KCs triggered by I/R through ligands such as
TNF or LPS would be consistent with the liver protection
observed in knockout models that block this receptor-
mediated signaling5,6,8,35 or after KC inactivation.9,28,29

On the other hand, ROS generation after I/R is respon-
sible for the induction of Src phosphorylation, NF-�B
activation, and transcription of �B-dependent protective
genes in the hepatocyte, such as Mn-SOD. This outcome
is consistent with our previous findings indicating that
hypoxia induced mitochondrial ROS, which played a sig-
naling role in Src activation.19 However, extended isch-
emia induces a massive production of ROS and GSSG
generation, which antagonizes NF-�B reflected by de-
creased nuclear p65 levels and down-regulation of �B-
dependent survival genes such as Mn-SOD or cIAP-2.
This is consistent with the notion that NF-�B activation
requires a balanced level of GSSG.22 Paralleling these
effects on nuclear p65 translocation, we observe the dual
regulation of Src phosphorylation during I/R-mediated ROS
generation. Although this activation during the early phase
of ischemia fits with our previous finding in hypoxia,19 the
decrease in Src phosphorylation at later times may
reflect the activation of tyrosine phosphatases, al-
though this remains to be established. This dual role of
ROS in I/R signaling, depending on the duration of the
ischemia, is consistent with the observation that the
suppression of oxidative stress generated during isch-
emic preconditioning is sufficient to cancel the protec-
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tive mechanisms triggered by preconditioning, includ-
ing Mn-SOD overexpression.36,37

Mn-SOD is a critical enzyme in cellular protection act-
ing as a first line of defense against superoxide anion
generation, and consistent with this function Mn-SOD has
been positioned as a decisive player against ischemic
damage in different organs including the liver.34,38–40

Although we did not assess the source of ROS generation
(mitochondrial versus extramitochondrial) during extended
ischemia, consistent with the key protective role of Mn-SOD
previous studies pointed to mitochondria as a major source
for the burst of ROS during I/R or hypoxia.19,41 The scav-
enging of superoxide anion by Mn-SOD will be expected
to yield hydrogen peroxide, which needs to be detoxified
by the GSH redox cycle in the mitochondrial matrix. If the
latter is compromised by impaired GSH peroxidase or
GSH reductase or by limited GSH levels, it may result in
higher hydrogen peroxide accumulation. Interestingly,
SAM treatment will be expected to prevent GSH deple-
tion not only in the cytosol via its conversion into cysteine
in the transsulfuration pathway,32 but also to increase
mitochondrial GSH levels from the transport of cytosol
GSH.23,42 Consistent with the onset of oxidative stress
during I/R, antioxidant strategies have been proved use-
ful against I/R-mediated organ damage.31,38,41,43–46 Al-
though MATs have been recently described in nonparen-
chymal cells,33 SAM conversion into GSH is only
observed in parenchymal cells and this selectivity under-
scores the differential involvement of ROS in NF-�B-de-
pendent gene regulation in parenchymal and nonparen-
chymal cells and their role in hepatic I/R injury. Thus, in
nonparenchymal cells during extended times of isch-
emia, the increased transcription of �B-dependent in-
flammatory cytokines are not affected by SAM adminis-
tration but are significantly reduced by KC inactivation.
Interestingly, the liver protection observed after gadolin-
ium treatment is accomplished almost exclusively by re-
ducing the generation of inflammatory proteins, without
inducing any decline in the levels of protective �B-de-
pendent genes in parenchymal cells, such as Mn-SOD.

The above findings imply a careful regulation and/or
modulation of NF-�B because of its complexity, diverse
mechanisms of activation, and cellular heterogeneity.
Several posttranslational modifications of p65 caused by
different stimuli, particularly serine-phosphorylation and
acetylation, may affect its affinity for specific domains
located in the promoter of responsive genes.10,47 It is
also proposed that NF-�B-regulated genes should be
divided into groups depending on their requirement for
chromatin modification for expression.48 Particularly,
chromatin remodeling and histone acetylation have been
shown to facilitate Mn-SOD transcription in response to
TNF.48 Nevertheless, our results may help to appreciate
that NF-�B signaling in the liver should be analyzed in
particular cell types, and research approaches should take
into account this autonomous behavior. Although in a dif-
ferent setting, Takahashi and colleagues49 described a
dual activation profile of NF-�B during cold I/R-mediated
liver injury, differentiating an early and a late phase of NF-�B
activation. However, these investigators did not pursue

whether selective liver cell populations contributed to the
divergent role of NF-�B in cold ischemia.

In conclusion, because Src-mediated NF-�B activation
in hepatocytes is induced by ROS generated after I/R, the
NF-�B-dependent synthesis of protective proteins pro-
duced during short-time ischemia may be at risk by ma-
neuvers aimed to diminish ROS production. In contrast,
at prolonged time of ischemia the transcription of NF-�B-
dependent protective genes may be compromised. In
this scenario, the antagonism of oxidant species pro-
duced in hepatocytes during long ischemia by antioxi-
dant-based strategies will preserve the levels of protec-
tive genes, such as Mn-SOD, to promote the integrity of
the liver.
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