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Introduction

Ischemia—reperfusion (IR) injury occurs when a tissue is
temporarily deprived of blood supply and the return of the
blood supply triggers an intense inflammatory response
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Summary

The present study was aimed to assess the effect of protein carbonylation (PC)
in hepatic cells and effects of nonsteroidal anti-inflammatory drugs (NSAIDs)
on indicators of tissue damage induced by liver ischemia—reperfusion injury
(LIRI). Warm ischemia was performed by partial vascular occlusion during
90 min in Wistar rats. In serum, we determined the catalytic activity of Alanine
Aminotransferase, Aspartate Aminotransferase, Lacticate Dehydrogenase, and
Ornithine Carbamoyltransferase. In liver samples, we studied cellular alterations
by means of histologic studies, lipid peroxidation, PC by immunohistochemis-
try, apoptosis and reactive oxygen species in bile by electron paramagnetic res-
onance. Based on PC data, sinusoidal endothelial cells (SEC) and Kupffer cells
(KC) were the first to exhibit LIRI-associated oxidative damage and prior to
parenchymal cells. Administration of piroxicam or meloxicam during the pre-
ischemic period produced a highly significant decrease in all studied injury
indicators. No significant differences were revealed between the protective
action of the two drugs. The data shown here suggest the potential use of NSA-
IDs such as piroxicam or meloxicam in minimizing ischemic event-caused
damage in liver. We also propose that PC may be employed as an adequate
tool to assess tissue damage after oxidative stress.

[1]. Liver ischemia—reperfusion injury comprises a complex
phenomenon that occurs in many clinically important
events, including hepatic surgery, transplantation, trauma,
and hemorrhagic shock [2]. In this organ, sinusoidal
endothelial cells (SEC) and Kupffer cells (KC) constitute a
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coordinated defence system. The sieve-like plates of the
endothelial cell cytoplasm and the absence of a structurally
defined basement membrane (in contrast to capillaries)
facilitate exchange between blood and hepatocytes [3]. The
changes observed in SEC included vacuolization of the
cytoplasm, and enlargement of fenestrae and blebs of the
sinusoidal lumen [4,5]. The ischemia activates Kupffer cells
(KC), which are the main sources of vascular reactive oxy-
gen formation during the initial reperfusion period [6]. A
burst of reactive oxygen species (ROS) occurs on restora-
tion of blood flow after an ischemia—reperfusion injury [7].
Moreover, KC generate primary cytokines such as tumor
necrosis factor-alpha (TNF-a) and interleukin-1 (IL-1),
tumor necrosis factor-beta (TNF-B), interferon gamma
(IFN-y), and granulocyte colony-stimulating factor
(GCSF), which enhance KC activation and promote neu-
trophil recruitment into the liver [8,9]. After the reperfu-
sion, injury is aggravated with death of SEC by apoptosis,
adherence, and activation of neutrophils, lymphocytes, and
platelets [10,11]. As part of this inflammatory response,
arachidonic acid metabolites such as thromboxane A2
(Tx), prostaglandins (PGs), and leukotrienes are released
[12]. The effects of Tx on LIRI are characterized by
stimulating neutrophil aggregation and recruitment and
inducing platelet aggregation; both activities promote vaso-
constriction and increase vascular permeability, leading to
edema and thrombosis [13]. The effects of PG on IR-sub-
jected liver include, among others, inhibition of ROS gen-
eration, improvement in action and lipid
metabolism, prevention of leukocyte migration, reduction
in synthesis or production of membrane degradation prod-

insulin

ucts, regulation cell adhesion molecules, and hepatocyte
(HEP) proliferation [14]. As a whole, these inflammatory
responses and microcirculatory alterations further aggra-
vate the injury after reperfusion [15,16].

Moreover, ROS have been suggested to be the primary
activators of the mitochondrial permeability transition
pore, a large multiprotein conductance channel. The
opening of this channel causes a loss in membrane poten-
tial, mitochondrial swelling with membrane rupture, cyto-
chrome C release, and apoptosis [17,18].

The generation of protein carbonyls is formed by a
direct metal-catalyzed oxidative attack on the amino acid
side chains of proline, arginine, lysine, and threonine. In
addition, carbonyl derivatives on lysine, cysteine, and his-
tidine can be formed by secondary reactions with reactive
carbonyl compounds on carbohydrates (glycoxidation
products), lipids, and advanced glycation/lipoxidation
end-products [19]. Some diseases have been associated
with PC, such as Alzheimer, Parkinson, diabetes, sepsis,
cancer, and others [20-22].

Prostaglandin synthase, also known as cyclooxygenase
(COX), is the key and first regulatory enzyme in the
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arachidonic cascade leading to PG, Tx, and prostacyclin
syntheses [23]. The COX enzyme exists in two isoforms:
COX-1, a constitutive form that is expressed in multiple
cell types and that is generally considered to contribute
to the normal tissue homeostasis maintenance [24], and
COX-2, an inducible form that is rapidly up-regulated
in response to lipopolysaccharides, cytokines, and mito-
gens and that is found more commonly in inflammatory
and immune cells [25]. Tx and PG production through
both COX isoforms is inhibited by nonsteroidal anti-
inflammatory drugs (NSAIDs) such as piroxicam and
meloxicam. Piroxicam is a preferential COX-1 inhibitor
[26] and meloxicam is a better COX-2 inhibitor [27];
both are widely used in the clinical setting and are non-
specific blockers of Tx or PG pathways [12]. Based on
all the information provided, it appears reasonable to
assay the role of NSAIDs in restraining the inflammatory
response observed after LIRI. A previous study by our
group showed a beneficial action of aspirin, naproxen,
nimesulide, and piroxicam in an alternative model of
hepatic ROS generation such as acute ethanol intoxica-
tion; these NSAIDs prevented hepatic increase in lipids
and thiobarbituric-acid reactive substances (TBARS),
protein carbonylation (PC) [28], and the decrease in
glutathione produced after ethanol ingestion [29-32].
Thus, the purpose of this study was to focus on evaluat-
ing the effect of PC on hepatic cells and the protective
effects of piroxicam and meloxicam during a 24-h time
course after reperfusion in a rat warm-ischemia model.

Materials and methods

Animals

After approval by the Animal Care and Ethics Committee
of the Mexico City-based Hospital General Dr. Manuel
Gea Gonzalez, we used male Wistar rats weighing 250—
300 g that were obtained from the Animal Facility, Uni-
versidad Nacional Autonoma de México (UNAM) School
of Medicine, which were fed commercial rat chow (Purina,
Cuautitlan, Estado de Meéxico, México) and water ad
libitum under a 12-h dark-light cycle and maintained at a
constant temperature of 22 °C.

Rats were randomly divided into four study groups
(n = 10 for each time) as follows: Group I — sham (surgi-
cal procedure without vascular clamping); Group II —
ischemia—reperfusion group without administration of
any drug; Group III — animals subjected to the ischemia—
reperfusion protocol and treated with piroxicam (13 mg/
kg) (Senosiain, Celaya, Guanajuato, México); and Group
IV — animals treated with meloxicam (0.9 mg/kg) (Boeh-
ringer Ingelheim, Xochimilco, México D.F., México).
Drugs were administered intraperitoneally (IP) 1 h before
surgery.

© 2011 The Authors
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A warm hepatic ischemia/reperfusion model was uti-
lized. Arterial and portal venous blood supplies were
interrupted during 90 min to cephalad lobes of liver
employing a vascular atraumatic clamp in groups II, III,
and 1V, followed by a variable reperfusion time. Samples
for specific determinations were taken at 0.5, 1, 1.5, 2, 4,
12, and 24 h during the reperfusion period.

Surgical procedure

After a 12-h fasting period, with water ad libitum, under
general anesthesia with xylazine (100 mg/kg) and keta-
mine (13 mg/kg) (Pisa, Guadalajara, Jalisco, México), rats
were placed in dorsal decubitus and the peritoneal cavity
was dissected by means of a longitudinal incision by
plane utilizing bipolar electrocautery. After dissection and
gut mobilization to the right, portal vein, hepatic duct,
and hepatic artery were identified and subjected to ische-
mia using a microvascular clamp (Braun-Aesculap,
Tuttlingen, Germany), interrupting the hepatic blood
flow. After 90 min of partial hepatic warm ischemia, the
clamp was removed, initiating hepatic reperfusion. Dur-
ing the surgical procedure, the animals were maintained
hydrated IP with an isotonic saline solution at 36.5 °C at
a flow of 15 ml/kg/h; throughout the surgical procedure
and recovery, rats were placed on a neonatal thermal pad
at 36.5 °C to avoid hypothermia. Liver samples were
taken from the right lateral and median lobe for analytical
procedures. The abdominal cavity was closed in planes
using a Polyglactin 910 5-0 gastrointestinal suture (Ethi-
con-J&J, NY, USA). Animals placed on the neonatal ther-
mal pad were monitored during their postoperative
period for the following 4 h and were then placed into
the animal fence-in for 24 h.

Assessment of hepatic function

Blood samples were taken from suprahepatic veins 0.5—
24 h after hepatic reperfusion to determine serum enzyme
levels (activities) of Alanine Aminotransferase (ALT),
Aspartate Aminotransferase (AST), Lacticate Dehydroge-
nase (LDH), and Ornithine Carbamoyltransferase (OCT).
Each sample was placed in an Eppendorf tube and centri-
fuged at 5000 g for 10 min; the serum was obtained using
a Pasteur pipette, transferred to new Eppendorf tubes,
and processed routinely using a Universal Kit (Bayer,
Leverkusen, Germany); OCT activity was determined by
the method of Ceriotti [33].

Histopathologic study

Hepatic damage was assessed as a function of acinus and/
or lobular affection, which has been well characterized in
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acute, sub-acute, and chronic hepatitis, as well as in hepa-
tic ischemic injury [34,35]. In fixed paraffin-embedded
liver samples, we assessed the following variables: hepato-
cellular necrosis; congestion and vascular ectasia; and type
and amount of inflammatory infiltrate. We used a con-
ventional scale: minimal (<25%); moderate (25-50%),
and severe (>50%). Determinations were performed in a
minimum of 10 portal spaces chosen at random. The
stains utilized were those considered as routine for evalu-
ation of hepatic damage and consisted of hematoxylin—
eosin (H&E), Masson, and Periodic acid-Schiff (PAS)
with and without diastase.

Thiobarbituric reactive substances (TBARS) assay

Liver homogenates (1:3 w/v) in PBS buffer (pH 7.4) were
obtained from hepatic samples of each experimental
group. After filtration, homogenates were incubated at
37 °C under shaking for 30 min. At the end of incuba-
tion, 20% acetic acid (Sigma, St. Louis, MO, USA) and
0.8% thiobarbituric acid (Sigma Chemicals Co., St. Louis,
MO, USA), previously dissolved in phosphate buffer were
added. The mixture was boiled for 45 min to complete
the chemical reaction, covering the tubes with marbles to
avoid evaporation. The developed color was obtained
with 15:1 n-butanol-pyridine (Sigma), mixed, and centri-
fuged at 5000 g. Finally, the pink-colored supernatant was
read at 532 nm in a Beckman-650 photometer (Beckman,
Brea, CA, USA). Protein was determined according to the
Bradford method for calculating TBARS per milligram of
protein [31,36].

Electron paramagnetic resonance (EPR) in bile samples

Intravenous (IV) administration (through portal vein) of
the spin trap alpha-phenyl N-tert-butylnitrone (PBN)
[700 mg/kg in dimethyl sulfoxide (DMSO)] was carried
out 5 min prior to reperfusion. Bile samples (1.5-2.0 ml
each) were collected by placing a PE-23 (tubing) cannula
(Becton Dickson & Co., Sparks, MD, USA) into common
bile duct, and bile was sequentially collected over the fol-
lowing 120 min (n =5 per group). Bile samples were
then frozen in liquid nitrogen and stored at —70 °C until
EPR measurements were taken. Thawed bile samples were
transferred into flat quartz EPR cells (model WG-812;
Wilmad LabGlass, Vineland, NJ, USA) and studied in an
EPR spectrometer (e-Line Century Series provided by
Varian, Palo Alto, CA, USA). Typical EPR operating con-
ditions were as follows: gain, 5 x 10%* modulation ampli-
tude, 2.0 G; modulation frequency, 100 kHz; microwave
power, 2 mW; and time constant, 0.5 min, while sweep
time for each spectrum was recorded for 4 min at room
temperature. Ten scans were typically accumulated (we
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observed no change in signal intensity during data accu-
mulation) to average out and intensify the weak signals
observed, which were first detected using an Agilent
model 54622A oscilloscope (Agilent, Santa Clara, CA,
USA). Excel Microsoft software was employed to process
data. Relative EPR signal intensities were assessed by mea-
suring the height of EPR peaks in millimeters under the
spectrometer conditions mentioned previously.

Immunohistochemistry of protein carbonylation

Rate of oxidized protein was followed through an immu-
nohistochemical (IHCh) reaction, for which a biotin—
streptavidin—peroxidase complex method was used.
Tissues were fixed in ethanol for 2 h and then embedded
in paraffin. Sections of 2 mm and 3 mm were made and
immunostaining was achieved with the marked polymer
technique using EnVision HRP+ (DAKO Corp., Carpinte-
ria, CA, USA). To modify the antibody-binding site, we
employed 0.1% of 2,4-dinitrophenylhydrazine (Sigma
Chemical Co.) in 2 N HCl. Samples were treated with
0.3% H,0, in aqueous medium for 5 min to block
endogenous peroxidase activity. Samples were treated
with 1% bovine serum albumin dissolved in PBS for
5 min to eliminate unspecific binding sites. They were
then incubated for 45 min with the anti-DNP (1:1)
monoclonal antibody (Zymed-Invitrogen, San Francisco,
CA, USA), followed by the addition of peroxidase-conju-
gated polymer and antimouse secondary antibody for
30 min. To visualize the reaction, 3,3’-diaminobenzidine—
H,0, (DAKO Corp.) was used as substrate. As negative
control, we used normal mouse serum in PBS instead of
the primary antibody. The whole tissue was immunobhis-
tochemically analyzed. Positive and negative interpreta-
tion was based on standard criteria consisting of a
staining affinity of <10% of the cell population with spe-
cific immunolocalization (membrane staining), and stain-
ing intensity was considered as follows: +, weak; ++/+++,
moderate; and ++++, intense. Positive control for IHCh
mounting technique was performed with cerebral tissue
of one patient with Alzheimer disease according to the
technique published by Smith et al. [37].

Immunohistochemistry of CD34 and -68

For immunohistochemical studies, 2-pum-thick sections
were treated with 0.1 m sodium citrate (pH 6.0) and
Tween 20 for unraveling of epitopes. Endogenous peroxid-
ases were blocked with 0.3% hydrogen peroxide, followed
by incubation with 1% bovine serum albumin in PBS for
5 min to eliminate nonspecific binding. Monoclonal anti-
bodies were used against CD34 (clone QBEnd 10; DAKO),
dilution 1:50 in this study. The sections were incubated
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with primary antibodies for 45 min. After the primary
antibodies, the sections were incubated for 30 min with
biotinylated antimouse/antirabbit antibody followed by a
similar incubation with the streptavidin/peroxidase com-
plex (LSAB + Labeled streptavidine-Biotin HRP; DAKO).
The reaction products were visualized with 3,3’-diam-
inobenzidine-H,O, and subsequently washed with PBS
buffer for 4 min. The sections were also incubated with ab
CD68 (clone PG-M1; DAKO), dilution 1:150. Sections
were then incubated with biotinylated antimouse/antirab-
bit antibody and with the streptavidin/phosphatase alka-
line complex for 30 min each (LSAB + Labeled
streptavidine-Biotin PA; DAKO). Reaction products were
visualized with substrate new fuchsin (Biogenex, Fremont,
CA, USA). Sections were subsequently counterstained with
Gill hematoxylin solution. Normal liver samples were used
as positive controls; for negative control, PBS was substi-
tuted for primary antibodies.

Assessment of apoptosis by light microscopic
TdT-mediated dUTP nick-end labeling (TUNEL) assay

Apoptosis was assessed by the detection of DNA fragmen-
tation using in situ TUNEL assay by light microscopy.
Liver slides were processed using an ApopTag in situ
apoptosis detection kit (Intergen Co., Purchase, NY,
USA) according to manufacturer’s instructions. Briefly,
liver tissue slides were pretreated with proteinase K and
H,0, and incubated with the reaction mixture containing
terminal deoxynucleotidyl transferase (TdT) and digoxige-
nin-conjugated dUTP for 1 h at 37 °C. The labeled DNA
was visualized with HRP-conjugated anti-digoxigenin
antibody with diaminobenzidine as the chromogen. For
negative control, the TdT enzyme was omitted from the
reaction mixture. As described previously by Corona-
Morales et al. [38], 10 portal spaces of each culture were
randomly chosen, and positively stained cells were
counted.

Statistics

The Kruskall-Wallis test was employed to assess whether
differences existed among the studied groups. When sta-
tistically significant differences were revealed, the Mann—
Whitney U-test was utilized to compare the studied
groups in order to identify statistical differences with
P < 0.05.

Results

Serum activity of liver enzymes
In this study, we used six different indicators of liver
damage produced by ischemia-reperfusion; only one of

© 2011 The Authors
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these, namely the serum enzymes assay, is regularly used
in clinical practice. Thus, the Results section is herein ini-
tiated with the presentation of progressive changes in the
serum activity of liver enzymes during the experimental
protocol. The idea was to expedite a correlation between
values of increased serum enzymes from the liver with the
magnitude of liver damage observed after the assay with
other indicators. Blood samples were taken from suprahe-
patic veins at different times after LIRI to assay the cata-
lytic activity of released liver enzymes. The sham group
(I) depicted normal serum values of liver enzymes during
the experiment as shown in Fig. la; recorded values of
the enzymes studied were substantially higher after 1-h
reperfusion (Fig. 1b—d). The pattern of change in serum
activity was similar for liver enzymes that are mainly
present in cell cytosol (ALT, AST, and LDH) in compari-
son with enzymes localized within the mitochondrial
space [39,40]. Either piroxicam or meloxicam treatment
partially prevented, in similar fashion, the release of
serum enzymes after 2, 4, and 12 h postreperfusion
(Fig. 1).

Histologic changes

Liver ischemia—reperfusion injury-associated histologic
changes followed tissue evolution described for many
organs and systems subjected to a similar stress. During
the ischemic period (90 min), no inflammatory cells, no
damage to microcirculation (stasis), and no necrosis were
observed in the three groups of IR-subjected animals.

© 2011 The Authors
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Once reperfusion had been initiated and at 60 min (1 h),
the sole group affected was the nontreated IR group,
which exhibited focal presence of apoptotic bodies, as
well as edema and congestion. These findings were ini-
tially found in the COX-1-inhibited group (III) at 60 min
and in the COX-2-inhibited group (IV) at 2 h, until
reaching a plateau accompanied by the presence of
inflammatory cells, apoptosis, and congestion. Necrosis
appeared in the nontreated IR group beginning at 2 h,
and at 4 h in both NSAIDs-treated groups and was absent
at 12’ h in the nontreated IR group, becoming bridges
and remaining focal in piroxicam- and meloxicam-treated
animals (Fig. 2).

Presence of ROS measured indirectly by TBARS
and directly by EPR

Levels of TBARS, a widely used indicator of lipid peroxi-
dation caused by the presence of ROS, were significantly
higher in the IR group than in the sham group. In the
case of piroxicam- and meloxicam-treated groups, both
demonstrated reduced TBARS levels after IR compared
with the IR group alone (Fig. 3a). In parallel fashion and
as in the release of liver enzymes, there were significant
differences in TBARS levels between untreated and treated
groups, which were noted 4-8 h after reperfusion. No sig-
nificant differences were found among the treated groups.

As shown in Fig. 3b, when bile samples were taken
from the bile duct during the liver reperfusion phase to
measure ROS pool directly, a decline in signal intensity in

493



Oxidative stress and protein carbonylation in Kupffer and sinusoidal endothelial cells

Montalvo-Javé et al.

IR + COX-2

Figure 2 Representative hematoxylin—eosin staining of liver. After 1 h of reperfusion (a) showed apoptotic bodies (3) and minimal inflammatory
cells. (b) Apoptotic body (1) without inflammatory cells. (c) Normal hepatic preservation. In contrast, after 4 h of reperfusion (d), liver samples
exhibited focal necrosis areas and moderate inflammatory cells. (e) Focal necrosis and minimal inflammatory cells. (f) Lower focal necrosis. At 24 h
of reperfusion, the ischemia—reperfusion group showed (g) dropout and severe necrosis. Samples from livers treated with COX-1 and -2 inhibitors
(h, i) showed scant focal necrosis and fewer inflammatory cells. Original amplification, 10x and 20x.

NSAIDs-treated groups was observed compared with the
nontreated IR group. No ROS presence was found in the
sham group. However, a small paramagnetic signal could
be detected in the majority of bile samples analyzed,
including those from the sham group and those from
treated and nontreated IR groups (see arrow in Fig. 3b).
This spectral feature was detected even in the absence of
PBN, indicating the presence of a small amount of a
paramagnetic species in bile, and although its chemical
nature could not be determined, this presented character-
istics (isotropic, centered around g = 2.0028) associated
with a nonmetal-centered free radical.

Protein carbonylation

Analysis of the PC phenomenon in the three IR groups at
progressive times revealed that no PC generation occurred
during the first 90 experimental minutes (ischemia time),
with the exception of positive staining in Kupffer cells in
group II (Fig. 4). In addition, positive PC appeared in
SEC from the nontreated IR group, but not in NSAIDs-
treated groups from the beginning of reperfusion. The

same expression pattern was retained for the following
30-60 min, with only slight intensity changes and initial
compromising of KCs. At 90 min, the three groups
showed PC in the previously defined cells (SEC, KC, and
HEP). Cell population number and PC signal intensity
remained constant at 2 h and 4 h in the three groups; at
12 h, a disappearance of PC was observed, mainly in
HEP. During the following 12 h and up to 24 h after ini-
tiating perfusion, PC was absent in HEP and KC in
COX-treated groups. During this period, the signal
remained in KC and SEC from the nontreated IR group
(Fig. 5). To confirm cell identity, CD68- and CD34-speci-
fic labeling of KC and SEC, respectively, was performed
as described in the Materials and Methods section and
visualized through light microscopy (Fig. 6). As shown in
Fig. 5, during the first postreperfusion hour, SEC and KC
expressed intensively the marker (+++), which was not
found in the hepatocytes (—); at 4 h, expression of the
carbonyl groups was similar in the studied populations
(++/4+++), and at 24 h, expression persisted in the SEC
and KC (++) and was negative in the hepatocytes. As an
effect of the IR injury, ROS are released that reach the
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Figure 3 (a) Liver thiobarbituric-acid reactive substance (TBARS) con-
tent. In the sham group (1), a basal value of 0.58 + 0.3 was obtained,
whereas in the ischemia-reperfusion (IR) group without treatment (Il),
the presence of TBARS was higher after 1, 2, and 4 h, compared with
COX-1 (Ill)- and COX-2 (IV)-treated groups; statistical difference is
indicated by the asterisk. No significant difference was found between
nonsteroidal anti-inflammatory drugs (NSAIDs)-treated groups. A
molar extinction coefficient of 1.56 x 10°/m/cm was used to estimate
values. (b) Electron paramagnetic resonance (EPR). We used the free
radicals spin trap alpha-phenyl N-tert-butylnitrone (PBN) to detect
reactive oxygen species (ROS) directly in bile samples obtained after
ischemia. As a control, we analyzed the samples of the sham group (1)
with and without PBN, and the samples of each experimental group
without PBN. No additional ROS could be detected in these groups
(data not shown). In the groups under IR, a decline in signal intensity
in NSAIDs-treated groups was observed (groups lll and IV) compared
with the nontreated IR group (Il). Only a small spectral feature cen-
tered on 2.0028 g (arrow) could be detected in these samples whose
spectral properties and possible nature are described in the Results
section (data not shown). Spectra were obtained from IR (Il), IR + pir-
oxicam (lll), and IR + meloxicam (IV) samples. EPR parameters were as
described in the Materials and Methods section.

portal and systemic circulation; this event was demon-
strated by the expression of carbonylation in liver SEC; as
the injury progresses, it extends to the KC because of
their protective function. Other studies have demon-
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strated the participation of endothelial and Kupffer cells,
but in an indirect manner; the applied immunohisto-
chemistry (PC) demonstrated in vivo the damage to these
cells.

Apoptosis during liver ischemia-reperfusion

As shown in Fig. 7, TUNEL-positive cells were rarely
found in the liver treated with piroxicam and meloxicam
compared with the IR group. In the sham group, one or
two cells were found, which was considered a normal
finding. The most relevant data were obtained after 4 h
of reperfusion. Brown-colored cells were considered posi-
tive for apoptosis, and a few red cells were observed in
the sinusoidal space.

Discussion

The model used reproduces the main events found in the
clinical practice of the Surgeon and Gastroenterologist
interested in the liver as, for example, in porto-hepatic
ischemia induced by the Pringle maneuver [41,42], with
its modifications or indications according to each case, or
under all conditions that reduce arterial and/or venous
flow [43-47].

A striking fact of the results as a whole is that once a
change was detected in one of the assayed hepatic injury
indicators, a similar variation in time and magnitude
occurred in the remaining liver-damage indicators. These
changes emerged previously, and were quantitatively
higher in the IR group than in NSAIDs-treated animals
(compare, for example, data from Figs 1 and 5), but a
close correlation among these is clear, mainly during the
first 4 h postreperfusion. These synchronized points sug-
gest a cellular response to ischemia—reperfusion that is
apparently triggered by a burst in ROS production, fol-
lowed by a domino effect that spreads the injury in an
amplification cascade. KC activation during the initial
reperfusion period appears to cause the sudden genera-
tion of ROS once restoration of blood flow occurs
[6,48].

Our data on PC are in agreement with evidence that
the initial damage occurs in KC, and additionally in SEC
(Fig. 5a). The ROS burst impinges upon cellular constitu-
ents, such as protein and lipids, to establish oxidative
stress in which ROS generation surpasses cellular mech-
anisms to promote their disappearance. Moreover, acti-
vated KC generates primary cytokines that enhance KC
activation and promote neutrophil recruitment into the
liver, which can create a vicious circle that further
increased the ROS pool [6,47,49,50]. This higher ROS
pool was manifested by a progressive accumulation of PC
observed in KC and SEC and later, in hepatocytes (Fig. 5
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Figure 4 Liver expression of protein
carbonylation at the end of ischemia
time. The sham group showed normal
histopathology in one portal triad (a)
and central vein (b), sinusoidal endothe-
lial cells (SEC), and Kupffer cells (KC),
and hepatocytes were negative to stain-
ing. In contrast, liver samples from the
nontreated IR group (Il) after 90 min of
ischemia showed staining in KC (c, d).
These samples were taken prior to the
reperfusion phase. This observation was
not found in animals from groups Ill and
IV. Amplification, 100x (a), 40x (b, ¢),
and 20x (d).

IR + COX-2

1h

4h

24h

Figure 5 Liver expression of protein carbonylation (PC) after reperfusion. After 1 h of reperfusion, the untreated IR group showed (a) PC in sinu-
soidal endothelial cells (SEC) +++ and Kupffer cells (KC) +++. In contrast, livers treated with COX-1 and -2 inhibitors showed (b) PC in SEC ++
and (c) SEC +, respectively. After 4 h of reperfusion (d, e, f), we observed PC in SEC, CK, and hepatocytes (HE) ++/+++. At 24 h of reperfusion,
liver samples were characterized by (g) PC in SEC and CK ++. (h, i) PC in SEC ++. Amplification, 100x (f), 40x (b), and 20x (a, ¢, d, e, g, h, i).
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Figure 6 Immunohistochemistry to
CD34 and -68. Liver samples of a portal
space showed immune expression, red
to sinusoidal endothelial cells (SEC) and
brown to Kupffer cells (KC). Amplifica-
tion, 40x (a) and 100x (b).

Oxidative stress and protein carbonylation in Kupffer and sinusoidal endothelial cells

Figure 7 Terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick-
end labeling (TUNEL) technique. In the
sham group (a), 5 + 2 apoptotic cells

are observed per Portal space (PS). Sta-
tistically significant differences were
found when comparing the untreated
group with that which underwent hepa-
tic ischemia-reperfusion (IR) (b), observ-
ing 101 + 35 apoptotic cells per PS vs.
41 + 11 apoptotic cells per PS in the
hepatic IR + piroxicam (c) and vs. 37 = 6
observed in the hepatic IR + meloxicam
(d). No statistical difference was found
between groups Ill and IV. Amplification,
40x and 10x, respectively.

d—f). Following this line of thought, ROS reached lipids
in cell membranes for promoting enhanced production of
TBARS (Fig. 3a) and in the ROS pool of ROS directly
measured in bile (Fig. 3b). ROS-mediated injury to pro-
teins and lipids leads to cell necrosis (Fig. 2), apoptosis
and more rapid release of hepatic enzymes from paren-
chymal cells to serum (Fig. 1).

Lipids in the hepatic tissue were assessed by the forma-
tion of TBARS adducts; this is not a specific method for
the affected lipids, but it provided the amount of oxidized
lipids needed in the analyzed samples. These results were
evident from the first hour; they reached their maximal
biochemical expression within the 2-4 postreperfusion
hours (Fig. 3a). Decline started at approximately 24 h,
which could be due to wearing out of the oxidizable
sources or a halt in their release caused by apoptosis or
necrosis [16].

Notwithstanding this, the relevant finding in this work
comprised the ability of piroxicam and meloxicam to
lower ROS levels, presumably at the level of KC and

© 2011 The Authors

SEC, during the initial reperfusion period. Data from
Fig. 4 are relevant because they demonstrate that PC
occurs at the very beginning of reperfusion in untreated
rats, whereas in COX-treated groups, PC presented only
at a later stage and with much lower severity. The pres-
ent results suggest that PC does not comprise solely
another of the deleterious and causative agents in ische-
mic hypoxic tissue damage, but rather, that it is proba-
bly one that underlies many of the important events
observed (Fig. 5); in order to describe the generation of
protein, carbonyls are formed by a direct metal-catalyzed
oxidative attack on the amino acid side chains of pro-
line, arginine, lysine, and threonine. In addition, car-
bonyl derivatives on lysine, cysteine, and histidine can
be formed by secondary reactions with reactive carbonyl
compounds on carbohydrates (glycoxidation products),
lipids, and advanced glycation/lipoxidation end-products
[19]. Some diseases have been associated with PC such
as Alzheimer, Parkinson, diabetes, sepsis, cancer, and
others [20-22].
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The usefulness of this finding lies in the possibility of
correlating it with serum enzyme values, apoptosis index
by TUNEL, and ROS (MDA, EPR), which could indicate
progression of the damage. This would allow using this
parameter as a tissue monitoring tool with clinical signifi-
cance [22,51-53].

In summary, the anti-inflammatory-mediated ability
to lower ROS values also decreased PC, TBARS, EPR
signal in bile, necrosis, apoptosis, and release of hepatic
enzymes in serum. No experiment was carried out to
define specifically whether this effect was mainly a result
of a preventive action of NSAIDs on ROS generation,
or whether it was by an effect of the drugs in promot-
ing ROS disappearance. Importance was given to
describe a hepato-protective action of two NSAIDs at
least during the initial 24 h after reperfusion. These
results are in agreement with our previous work that
showed a hepato-protective action of other NSAIDs in
preventing certain deleterious effects of acute ethanol
intoxication [30-32]. The hepato-protective action of
aspirin on acetaminophen-induced liver injury has been
reported by other authors [54,55]. In this regard, the
work of Imaeda et al. is also of relevance, because the
authors found that the action of aspirin was due to the
down-regulation of pro-inflammatory cytokines [56]. In
addition, this group identified the requirement of TIr9
and the Nalp3 inflammasome for
induced hepatotoxicity.

Recently, Hamada et al. showed, in COX-2-deficient
mice, significantly decreased levels of IL-2, as well as of
IL-12, a cytokine known to play a central role in Thl

acetaminophen-

effector cell differentiation [57]; previously, Ozturk and
Gezici showed that Celexoxib has beneficial effects in IR
injury and may protect the liver [58]; these data correlate
with our findings in this experimental study.

Further experiments are required with drugs from the
anti-inflammatory pharmacologic group in order to
define the compound with fewest contraindications and
adverse effects that could be utilized as the elective hep-
ato-protective compound [59-62]. The use of such a
putative compound could be of particular usefulness in
programmed cases of ischemia—reperfusion. As damage
occurs from the first hour and is proportional to the
duration of the ischemic event, the effects on the function
and viability of the liver will depend on the timeliness
and effectiveness of the pharmacologic intervention.
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