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Abstract
Kupffer cells (KCs) are thought to mediate hepatocyte injury via their production of
proinflammatory cytokines and reactive oxygen species in response to stress. In this study, we
depleted KCs from the liver to examine their role in total warm hepatic ischemia/reperfusion (I/R)
injury with bowel congestion. We injected 8-wk-old C57BL/10J mice with liposome-encapsulated
clodronate 48 h before 35 min of hepatic ischemia with bowel congestion, followed by 6 or 24 h
of reperfusion. KC-depleted animals had a higher mortality rate than diluent-treated animals and a
10-fold elevation in transaminase levels that correlated with increases in centrilobular necrosis.
There was extensive LPS binding to the endothelial cells, which correlated with an upregulation of
endothelial adhesion molecules in the KC-depleted animals versus diluent-treated animals. There
was an increase in the levels of proinflammatory cytokines in KC-depleted animals, and a
concomitant decrease in IL-10 levels. When KC-depleted mice were treated with recombinant
IL-10, their liver damage profile in response to I/R was similar to diluent-treated animals, and
endothelial cell adhesion molecules and proinflammatory cytokine levels decreased. KCs are
protective in the liver subjected to total I/R with associated bowel congestion and are not
deleterious as previously thought. This protection appears to be due to KC secretion of the potent
anti-inflammatory cytokine IL-10.

Kupffer cells (KCs) have long been implicated in the pathogenesis of hepatic ischemia/
reperfusion (I/R) injury. They have been classified as the key cell type in this process via
production of proinflammatory cytokines, activation of complement, and production of
reactive oxygen species (1). More importantly, blockade of their activation through
pharmacologic mechanisms has led to improvements in liver outcomes subsequent to I/R.
Specifically, blockade of KC function with either GdCl3 or glycine decreased serum
transaminase levels and ameliorated I/R injury (2). However, additional evidence has
indicated that GdCl3 only impairs phagocytic activity of KC and abolishes expression of
certain KC-specific markers, such as the KC receptor F4/80, ED1, and ED2, thereby
allowing other KC functions to occur (3). Although overall hepatic damage is reduced, there
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is overexpression of TNF in GdCl3-treated livers because of increased stability of the
mRNA transcript (4). Therefore, GdCl3 might merely cause a switch in KC phenotype.

The response of KCs to stress is thought to be biphasic, initiated by the secretion of
proinflammatory factors such as TNF, IFN-γ, IL-6, and IL-1, and followed by a secondary
secretion of anti-inflammatory mediators, such as IL-10 (5). In the timeline of I/R injury,
KC activation has been thought to occur first, giving rise to endothelial activation and
dysfunction. Next, endothelial cells, thought to be the least tolerant of the nonparenchymal
cells to I/R, are activated, leading to the secretion of microcirculatory mediators and
proinflammatory cytokines and the upregulation of adhesion molecules (5), ultimately
resulting in hepatic damage. However, the precise mechanisms of the interaction between
endothelial cells and KCs remain unclear.

It is clear that endothelial cells play a key role in I/R injury. It has been shown that
inactivation of endothelin or blockade of its receptor lessens hepatic damage after I/R injury
(6,7). LPS increases levels of CD54/ intracellular adhesion molecule (ICAM)-1 on liver
sinusoidal endothelial cells (LSECs), greatly influencing neutrophil adhesion, ultimately
leading to increased hepatic damage following LPS challenge (8). In addition, the IL-10
secreted by KCs control the proinflammatory mediator release from LSECs in response to
LPS challenge (9). To this end, IL-10 has been shown to reduce the incidence of hepatic
injury after various harmful insults (10).

Clinically, levels of translocated endotoxin subsequent to bowel congestion have been
shown to correlate with poor liver graft outcomes after transplantation or resection (11). In
our total hepatic I/R model of transplantation that simulates this bowel congestion, we have
seen that removal of translocated endotoxin with anti-LPS Abs improved outcomes
following I/R (12). KCs are predominantly thought to deal with hepatic LPSt. By using a
method to deplete KCs from the hepatic microenvironment using liposome encapsulated
dichloromethylene biphosphonate [liposomal clodronate (LC)], we sought to examine the
role of KCs in total hepatic warm I/R injury, with bowel congestion as a model of clinical
liver transplantation.

Materials and Methods
Animals

Male, 8-wk-old C57BL/10J (The Jackson Laboratory, Bar Harbor, ME) mice were used in
all experiments. Mice were housed 3–4 per cage in a temperature-controlled room (22–
25°C) with a 12-h light-dark cycle. Water and food were available ad libitum. All
experiments were performed under aseptic conditions in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Liposomal clodronate administration
Forty-eight hours prior to ischemia, animals were injected with 200 μl of the indicated doses
of liposomal clodronate (dichloromethylene bisphosphonate, LC) i.p. LC was produced as
previously described (13).

Total hepatic warm I/R
I/R was performed as previously described (14) with some modification. Mice were
laparotomized and a sterile pediatric vessel loop was placed around the portal triad for 35
min to induce total hepatic ischemia and mesenteric congestion. After the loop was
removed, the livers were reperfused for 6 or 24 h. At sacrifice, serum was collected by
sterile cardiac puncture, and aliquoted into pyrogen-free, glass vials. Portions of the liver
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were placed in 10% neutral buffered formalin, and the remaining liver was snap-frozen in
liquid nitrogen and stored at −80°C.

Serum alanine aminotransferase
Serum alanine aminotransferase (ALT) concentrations were measured with a Synchron
LX20 system (Beckman Coulter, Fullerton, CA) and expressed as international units per
liter (Clinical Laboratory Services, Medical University of South Carolina, Charleston, SC).

Centrilobular necrotic index grading
Formalin-fixed, paraffin-embedded samples were stained with H&E. Necrosis grading was
quantified from H&E-stained slides as previously described with reference to the central
vein (15). A grade of 0 indicated absent necrosis, 1 indicated individual hepatocyte dropout,
2 indicated small foci of missing hepatocytes up to 2–3 cells across, and 3 indicated
confluent foci of hepatocyte dropout >3 cells across. Ten high-powered fields per section
were analyzed in a blinded fashion.

Immunohistochemistry
Formalin-fixed, paraffin-embedded sections were incubated with primary Ab (ICAM-1, BD
Biosciences, San Jose, CA, #550287; F4/80, Abcam #ab6640, Cambridge, MA; Escherichia
coli LPS, Abcam #ab35654; SE-1, Novus Biologicals #NB110-68095, Littleton, CO) for 1 h
after Ag retrieval using a heat induced (LPS, ICAM) or enzymatic (F4/80, SE-1) epitope
retrieval method. Samples were incubated with biotinylated secondary Ab (Vector
Laboratories, Burlingame, CA), followed by Vectastain ABC kit (Vector Laboratories) for
an additional hour. Immunoperoxidase staining was performed with the diaminobenzidine
substrate kit (Vector Laboratories). The specificity of immunostaining was demonstrated by
omission of primary Ab. Sections were counter-stained with Harris hematoxylin and
examined by light microscopy in a blinded fashion. When appropriate, positive cells were
counted as a ratio of total cells in 10 high-powered fields per section.

Confocal microscopy
Paraffin-embedded sections were incubated as above. In the case of double labeling,
incubation was done first with anti-LPS overnight, followed by labeling with Alexa-Fluor
488 Avidin (Invitrogen, Carlsbad, CA). Next, the second primary labeling was done with
either SE-1 or F4/80, followed by labeling with Alexa-Fluor 555 Avidin (Invitrogen).
Nuclear staining was obtained by incubation with TO-PRO-III Iodide (Invitrogen). Samples
were visualized on a Leica TCS SP2 AOBS (Leica Microsystems, Deer-field, IL) confocal
microscope and analyzed with Leica confocal software, version 2.61.

Quantitative real time RT-PCR
Total RNA was extracted from liver samples by RNA-Bee reagent (Tel-Test, Friendswood,
TX). The mRNA coding for TNF, IL-1β, IL-6, IL-10, e-selectin, p-selectin, ICAM-1,
VCAM-1, and GAPDH were quantified by SYBR Green two-step reverse-transcription (RT)
PCR. Briefly, 1 mg of total RNA from each sample was used for RT with the Transcriptor
first strand cDNA synthesis kit (Roche, Indianapolis, IN). PCR reaction mixture was then
prepared with the use of SYBR Green PCR Master Mix (FastStart SYBR Green Master
Mix; Roche, Indianapolis, IN). Table I lists the sequences of the primers. Thermal cycling
conditions were 10 min at 95°C followed by 50 cycles of 95°C for 15 s and 60°C for 30 s on
a Roche LightCycler 480. Each gene expression was normalized to GAPDH mRNA and
calculated relative to baseline control using the comparative Ct method.
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IL-10 treatment
When applicable, ~30 min prior to I/R, animals were injected i.v. via the dorsal tail vein
with 1 μg of IL-10 (BD Biosciences #550070), diluted in injectable saline.

IL-10 ELISA
Total protein was extracted from 50 mg of hepatic tissue using CelLytic MT Cell Lysis
Reagent (Sigma-Aldrich, St. Louis, MO) according to the manufacturer's instructions. Total
protein levels were normalized using a bicinchoninic acid protein assay, and these
concentrations were used for normalization of IL-10 content. IL-10 protein levels were
determined using the mouse IL-10 Quantikine ELISA Kit (R&D Systems, Minneapolis,
MN) according to the manufacturer's instructions. Results are presented as fold change over
baseline at each time point.

Statistical analysis
All values are expressed as mean±SEM. An α value of 0.05 was established as the limit for
statistical significance. For a single pairwise comparison, a two-tailed t test was used when
samples were normally distributed. For multiple comparisons of normally distributed data, a
one-way ANOVA with Tukey-Kramer posthoc analysis was used. For histologic analysis
and samples that were not normally distributed, a Mann-Whitney U test was used. For
multiple independent groups, a Kruskal Wallis nonparametric comparison was used, with a
Tamhane's test for posthoc analysis using SPSS (Chicago, IL) statistical software.

Results
LC dose response study in the depletion of KCs

Animals were treated with increasing doses of LC for 48 h and liver KC levels were
determined. LC decreased KC levels ~35% with a dose of 0.035 mg, and escalating doses
further decreased KC levels, as assessed by F4/80 immunohistochemistry. Doses >0.35 mg
achieved >98% depletion (Fig. 1). These depletion levels were maintained throughout the
reperfusion period, as assessed by immunohistochemistry.

KC depletion decreases survival and increases liver damage and cell death after I/R
Pretreatment with LC decreased animal survival following 35 min of total hepatic ischemia
and 24 h of reperfusion (~55% versus ~95% in diluent treated controls; Fig. 2). Whereas an
LC dose of 0.35 mg tended to decrease animal survival, only doses of 1.1 mg or higher,
which deplete >98% of KCs, decreased the survival rate. In our model, animals that survive
the initial 24 h period typically do not die of I/R.

Hepatocyte injury was assessed via serum ALT levels. Increasing doses of LC had no effect
on ALT levels in the absence of I/R (Fig. 3A). After 24 h of reperfusion, ALT levels
increased 3-fold in animals pretreated with LC (1.1 mg) and subjected to I/R, compared with
animals subjected to I/R alone. To further explore the time course of ALT release, ALT
levels were measured at 6 and 24 h after I/R. At 6 h, ALT levels increased 10-fold in LC-
treated mice subjected to I/R compared with diluent-treated mice subjected to I/R (Fig. 3B).
Similar to Fig. 3A, ALT levels at 24 h in the LC-treated animals had decreased, but still
remained elevated at 24 h versus diluent-treated animals.

To gain insight into the type and scope of hepatocyte injury, histologic sections were stained
with H&E, and injury was graded on a scale of 0–3, as described previously (15). Increasing
doses of LC alone had no effect on hepatocyte injury in the absence of I/R (Fig. 4A). Large,
confluent zones of necrosis were noted around zone 3 (pericentral areas) in LC-treated (1.1
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mg) animals subjected to I/R (Fig. 4B). This result has not been seen previously in our
model or in the literature, because the diluent-treated animals had little to no significant
necrosis present in this area or elsewhere after I/R (Fig. 4B). Scoring of the hepatocyte
injury revealed a 2-fold increase in the necrotic index in diluent-treated animals subjected to
I/R at 6 h, and this increase was maintained at 24 h (Fig. 4C). In LC-treated animals
subjected to I/R, the necrotic index increased 8-fold over baseline (2.5-fold over diluent
treatment) at 6 h and was maintained at 24 h. These results reveal that LC-treated animals
exhibit more extensive hepatocyte injury as measured by ALT release and necrotic cell
death at 6 and 24 h of reperfusion. Partially depleting doses of LC showed no significant
increases in necrosis after I/R (Fig. 4A). These results provide evidence that a reserve of
KCs exist in the liver and that KC depletion >70% results decreased animal survival and
liver injury following I/R injury.

LPS binds extensively to LSECs
To more fully investigate the damaged phenotype displayed in LC-treated animals subjected
to I/R, we used confocal microscopy to examine liver binding of the gut-derived LPS after I/
R. An LC dose of 1.1 mg was used for the remainder of the experiments. Prior to examining
animals subjected to I/R, animals were injected with 2.5 mg/kg LPS to validate our
technique. There was binding of LPS to the sinusoidal membranes, as demonstrated by
colocalization of LPS with SE-1, a marker of LSECs (Supplemental Fig. 1). At baseline,
there was no visible binding of LPS in either LC- or diluent-treated animals (Fig. 5A). After
I/R, LPS bound to cells in a sinusoidal pattern at 6 and 24 h with no difference between LC-
and diluent-treated mice. To confirm the binding to LSECs, double staining was performed
using an Ab against LSECs (SE-1). The majority of the translocated LPS bound to LSECs,
as visualized by the colocalized signal of SE-1 and LPS, in both the diluent- and LC-treated
animals subjected to I/R (Fig. 5A). Using F4/80 staining, a marker of KC, we observed some
colocalization of LPS with KCs in animals subjected to I/R (Fig. 5B). However, the
preponderance of the LPS staining did not colocalize with the KC immunostain. These
results reveal that LPS binds to KC after I/R, but the bulk of the translocated endotoxin
binds to endothelial cells, an observation that is unchanged in the absence of KCs.

KC control activation of LSEC
Because of the widespread binding of LPS to the LSECs, we investigated endothelial cell
activation through observation of endothelial cell adhesion molecule expression. ICAM-1 is
an endothelial cell marker that is upregulated in times of stress, such as I/R, and under
conditions of LPS administration (16). ICAM-1 levels were slightly elevated in diluent-
treated animals receiving I/R at both 6 and 24 h after reperfusion, as measured by
immunohistochemical analysis (Fig. 6A). Levels of ICAM-1 were similarly upregulated at 6
h in LC-treated animals and markedly upregulated at 24 h compared with diluent-treated
animals. To further investigate endothelial activation, we performed real-time RT-PCR to
examine levels of multiple endothelial activation markers and cell adhesion molecules (for
primer sequences, see Table I). mRNA levels of P-selectin increased 6-fold at 6 h in both
diluent- and LC-treated animals subjected to I/R (Fig. 6B). These levels decreased to basal
levels at 24 h and were similar in both groups. Levels of E-selectin were not elevated in
either group at 6 h after I/R, but were upregulated in LC-treated animals at 24 h, whereas
levels in diluent-treated animals declined. Levels of ICAM-1 mRNA were upregulated in
LC-treated animals at both time points after I/R as compared with diluent-treated animals
that increased 2-fold. Levels of VCAM-1 were upregulated at 6 h in LC-treated animals and
decreased to basal levels at 24 h after I/R. VCAM-1 levels in diluent-treated animals did not
change at 6 h, but decreased at 24 h below basal levels. There was no significant
upregulation of any of the markers at baseline, indicating that LC alone did not stimulate
activation marker expression. These results reveal that in the absence of KC, there is an
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upregulation of endothelial cell adhesion molecules at both 6 and 24 h following I/R. This
upregulation is greater than that seen when KCs are intact.

KCs prevent cytokine dysregulation
One of the most potent anti-inflammatory molecules produced in the liver is IL-10, and KCs
are thought to be the predominant hepatic producer of this cytokine (9). Endothelial cells can
produce a variety of proinflammatory mediators, but produce little IL-10. To further
investigate the inflammatory milieu in the liver following I/R in the presence and absence of
KCs, we used real-time RT-PCR to examine transcription levels of important hepatic
proinflammatory cytokines. There was a marked increased in IL-10 mRNA levels in diluent-
treated animals at 6 and 24 h after I/R (Fig. 7). In contrast, IL-10 mRNA levels in LC-
treated animals at 6 and 24 h did not increase following I/R. In diluent-treated animals, there
was no change in TNF mRNA levels at 6 or 24 h after I/R. In contrast, LC-treated animals
TNF mRNA levels increased 5-fold at 6 h and returned to baseline levels at 24 h after I/R.
IL-6 mRNA levels did not change at 6 and 24 h after I/R. However, in LC-treated animals,
IL-6 mRNA levels increased 4-fold at 6 h and remained elevated at 24 h after I/R. Although
levels of IL-1β mRNA changed numerically, none of the groups were significantly elevated
over the others. There was no change in any of the cytokines at baseline just prior to I/R,
indicating that LC alone did not stimulate cytokine expression. These results reveal that the
deletion of KCs can cause an upregulation in key proinflammatory cytokines that exceeds
cytokine production seen in diluent-treated animals. There is no production of IL-10 in LC-
treated animals, whereas diluent-treated animals show marked IL-10 production.

IL-10 protein levels are decreased in LC-treated animals
To verify that the mRNA levels of IL-10 correlated with the protein production, an IL-10
ELISAwas performed on total hepatic protein. There was an increase in IL-10 levels at 6 h
post reperfusion in diluent-treated animals, whereas LC-treated animals showed no such
increase at 6 h (Fig. 8). These levels of IL-10 in diluent-treated animals continued to
increase at 24 h, whereas the levels of IL-10 in LC-treated animals continued to remain at or
below baseline levels. These results reveal that IL-10 protein levels correlate with mRNA
levels, which both show that there is an increase in IL-10 levels after reperfusion in diluent-
treated animals, whereas there is no production of IL-10 in LC-treated animals.

IL-10 treatment prevents I/R damage in LC-treated animals
To determine the importance of IL-10 in KC protective mechanisms and I/R-induced hepatic
injury, we pretreated (30 min) animals with murine recombinant IL-10 (1 μg) or diluent and
subjected the animals to I/R injury. As discussed above, LC-treated animals had a survival
rate of ~50–55%, and diluent treated animals had a survival rate of 100% following I/R (Fig.
8). LC-treated animals pretreated with IL-10 had an improved survival rate of 88%, which
was not different from diluent-treated animals. In addition, LC-treated animals pretreated
with IL-10 prevented ALT release at 6 h and decreased centrilobular necrosis following I/R
compared with animals treated with LC alone.

IL-10 treatment prevents endothelial activation and blunts cytokine release
To show that IL-10 can inhibit the activation of LSEC after I/R in KC-depleted animals, we
measured real-time PCR levels of endothelial markers and cytokine levels at 6 h after I/R.
Animals treated with diluent plus IL-10 exhibited a decrease in ICAM-1 levels, but
VCAM-1, TNF, and IL-6 levels did not change in either diluent-treated group (Fig. 9). The
5- and 3-fold increases in ICAM-1 and VCAM-1 levels, respectively, were decreased to
diluent-treated levels in animals treated with LC plus IL-10. Likewise, the 5- and 4-fold
increases in TNF and IL-6 levels, respectively, were decreased to diluent-treated levels in
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animals treated with LC plus IL-10 (Fig. 10). Thus, treatment with IL-10 in KC-depleted
animals can return cytokine and adhesion molecule production to diluent-treated levels.

Discussion
The series of experiments presented in this study addressed the role of KCs in the
pathogenesis of total warm hepatic I/R with bowel congestion. It was previously thought
that KCs played a central role in the detrimental effects of reperfusion, because they release
numerous toxic mediators (1) and inhibition of their function using GdCl3 or glycine
improved outcomes after I/R (17). We have used a different pharmacologic approach that
results in KC depletion, and we show that extensive KC elimination led to a decrease in
animal survival and an increase in liver injury, as measured by ALT and indices of necrosis.
In addition, there was marked binding of LPS to LSECs that led to their increased activation
in the absence of KCs, as shown by an increase in endothelial adhesion molecules. With
this, we saw an increase in hepatic proinflammatory cytokines owing to the decrease in the
hepatic levels of IL-10. This damage, LSEC activation and inflammatory state were reduced
to diluent-treated levels by the administration of exogenous IL-10.

An important note here is that our model of total hepatic I/R with bowel congestion differs
from other models involving isolated lobar hepatic ischemia. To more closely mimic the
setting of liver transplantation, where portal outflow obstruction and bowel congestion are
unavoidable, we incorporated this variable into our model. In models of 70% partial
ischemia, portal outflow is maintained. Although this model elegantly allows the study of
hepatic I/R alone, we find it to be less relevant to the clinical scenario of hepatic
transplantation. Previously, we have seen negligible death and liver damage in lean animals
in our I/R model (14,18). However, after the depletion of KCs, we observed a nearly 50%
decrease in the survival of lean animals after I/R. This finding would suggest that KCs play
a role in promoting animal survival after hepatic I/R.

Transaminase release further suggests that hepatic damage contributed to overall mortality,
because transaminase levels in the absence of KCs were nearly 10-fold greater than in
diluent-treated animals at 6 h of reperfusion. This damage occurs early (6 h) and is transient
because ALT levels at 24 h returned closer to baseline. The degree of hepatocellular necrosis
in LC-treated animals mirrored the transaminase increase. At both 6 and 24 h of reperfusion,
there were large areas of zone 3 necrosis and bridging necrosis that were not present in KC-
competent animals. These data strengthen the hypothesis that KCs protect the liver from
damage after I/R, promoting overall animal survival, and demonstrate that KCs act within
the first 6 h of reperfusion to protect the hepatocytes from plasma membrane injury and
necrosis.

Previously, we demonstrated that the LPS bolus that occurs subsequent to the anhepatic
phase of transplant as a result of bowel congestion is integral in the damaging effects of I/R
(12). Thus, we examined LPS binding in the liver via immunohistochemistry and confocal
microscopy following I/R. We observed no binding of LPS to KCs or endothelial cells under
basal conditions. However, following I/R, LPS binding occurred in endothelial cells and to a
lesser extent in KCs. TLR4 is extensively present on KCs, and these cells respond
exquisitely to LPS stimulation via production of proinflammatory cytokines (19) and IL-10
(9). However, the hepatic response to LPS in the absence of KCs is unknown. We know that
TLR4 is present on endothelial cells (20,21) and is the main receptor for LPS. Therefore, we
would expect that endothelial response would play a role in the pathology of I/R. In
addition, endothelial cells play a role in the hepatic tolerance to LPS, because they can
modulate TLR4 activation without altering receptor expression (8). In addition, scavenger
receptor A has been shown to be important in LPS removal from the circulation, thus
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avoiding TLR4 stimulation and upregulation (8). Thus, we have shown that LPS associates
strongly with endothelial cells after I/R. Although this association occurs similarly in KC-
depleted and competent animals, in the absence of KC the endothelial cells appear to play a
larger role than was previously acknowledged.

LPS has been shown to directly upregulate levels of P-selectin and ICAM-1 (22), and the
levels of ICAM-1 and VCAM-1 have been shown to correlate with the levels of tissue injury
in other organs independent of cell migration (23). In addition, it has been shown that TNF
can upregulate surface expression of ICAM-1 (16), and that ICAM-1 knockout mice are
protected from endotoxin-mediated septic shock (24). We observed that P-selectin and
ICAM-1 mRNA levels increase following 6 h of I/R and that ICAM-1 is elevated at 24 h.
LC treatment plus I/R further increased ICAM-1 levels and increased VCAM-1 levels 6 h
after I/R. At 24 h, only E-selectin and ICAM-1 levels remained elevated in animals treated
with LC plus I/R. Thus, there is early and sustained endothelial cell adhesion molecule
production. These activated endothelial cells appear to be capable of exerting a negative role
after I/R in the absence of KC monitoring. In summary, KCs exert their hepatic protective
effect by preventing the early increases in ICAM-1 and VCAM-1 and endothelial cell
activation, potentially leading to inflammatory cell infiltration.

Endothelial cells have recently been implicated as important producers of cytokines, both in
a proinflammatory setting and a regenerative one (25). Our data indicate that in the absence
of KC, there is a significant imbalance in the production of cytokines. Specifically, we saw
overproduction of TNF and IL-6 at 6 h of reperfusion. This was accompanied by a
concomitant decreased production of IL-10. KCs are well known to be the predominant
hepatic producers of IL-10, a potent anti-inflammatory cytokine, and their absence led to a
dramatic drop in hepatic levels of this molecule. We suggest for the first time that the
absence of KCs, and their production of IL-10, led to an unchecked proinflammatory
response in our model of warm hepatic I/R, potentially by endothelial cells.

Pretreatment of LC-treated animals with IL-10 restored survival and decreased hepatic
damage to minimal, wild-type levels. Previous data have shown that decreased endogenous
IL-10 can cause increased inflammatory disorders, such as Crohn's disease, or
autoimmunity, whereas increased endogenous levels can cause susceptibility to infection
(26). In addition, IL-10 pretreatment decreased ICAM-1, VCAM-1, TNF, and IL-6 in mice
depleted of KCs and subjected to I/R. IL-10 has been shown to destabilize TNF mRNA, thus
promoting downregulation of the proinflammatory response (27). In addition to preventing
proinflammatory cytokine persistence, IL-10 has also been shown to have direct effects on
the inhibition of the production of adhesion molecules, specifically ICAM-1 (28). When
administered in vitro to endothelial cells, IL-10 has been shown to downregulate ICAM-1
and VCAM-1 (29). Finally, IL-10−/− mice have been shown to have increased colonic levels
of ICAM-1 and VCAM-1 (30), and the IL-10 genotype is predictive of the levels of
adhesion molecules in patients (31). These results provide strong evidence that IL-10
production by KCs following I/R injury blocks hepatocyte necrosis, endothelial cell
activation, and the proinflammatory state.

KC-derived IL-10 has been shown to be critical in other models of liver disease as well.
Specifically, LC-depleted animals were shown to have decreased regenerative capacity after
partial hepatectomy because of an unbalanced cytokine milieu (4). In contrast to our results,
however, models of partial hepatectomy show decreased inflammatory cytokine production,
whereas we show increases. This finding is likely due to the predominant inflammatory
component in our model, compared to the LPS-free regenerative stimulus in a partial
hepatectomy model. IL-10−/− mice have been shown to have greatly increased susceptibility
to liver injury in multiple models, including acetaminophen hepatotoxicity (32), small-for-
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size liver grafts (33), and I/R injury (34). This is in line with our results demonstrating that
animals treated with LC plus IL-10 had reduced levels of cytokine secretion versus animals
treated with LC alone.

Finally, studies have shown that pretreatment of animals with IL-10 neutralizing Abs
increases hepatic injury sustained after I/R. As early as 6 h after reperfusion, there is
increased production of IL-1b, increased hepatic necrosis, and increased release of
malonyldialdehyde and ALT in animals pretreated with anti–IL-10 Abs. In addition, the
removal of IL-10 results in a blunting of the protective effects of ischemic preconditioning,
as shown by increases in parameters of liver injury as compared with animals not pretreated
with neutralizing Abs (35). Additional recent studies have shown that adenoviral
transfection of donor animals with human IL-10 can significantly prevent necrotic and
apoptotic I/R injury as compared with animals transfected with lacZ (36).

We have shown that, contrary to previous reports, KCs appear to play a protective role in the
liver subjected to total hepatic I/R with bowel congestion. Their removal dramatically
increases hepatocellular damage and decreases animal survival. In addition, removal of KCs
causes overactivation of endothelial cells and an increase in proinflammatory cytokines.
There is also a concomitant decrease in IL-10 levels in LC-treated mice. When animals are
treated with IL-10, hepatic damage is dramatically decreased, as is endothelial cell
activation, indicating that KC-derived IL-10 plays an essential role in mediating damage
after hepatic I/R and keeping the inflammatory milieu in balance.
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FIGURE 1.
Dose response for KC depletion via LC. Various doses of LC were administered along a
logarithmic curve; 0.035 mg caused ~35% reduction, and escalating doses further decreased
KC levels. Doses >1.1 mg caused >98% depletion of KCs. Means with different lettered
labels (a–e) within each group are significantly different from each other (p < 0.05). Data
are expressed as mean ± SEM; n = 5–7, as measured by F4/80 immunohistochemistry.
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FIGURE 2.
LC-treated animals have increased mortality. Increasing doses of LC cause increasing
mortality after I/R. However, only doses >1.1 mg cause significant decreases in survival (*p
< 0.05). Data are expressed as mean ± SEM; n = 12–15.
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FIGURE 3.
LC-treatment prior to I/R increases hepatocellular damage. A, LC treatment in the absence
of I/R caused no increase in hepatocellular damage. Animals with >98% KC depletion had
significantly increased ALT values at 24 h. B, To further evaluate ALT levels, animals were
sacrificed at 6 and 24 h. ALT levels were elevated 10-fold in LC-treated animals over
diluent-treated animals and remained significantly elevated compared with diluent-treated
animals at 24 h. Means with different lettered labels (a–c) within each group are
significantly different from each other (p < 0.05). Data are expressed as mean ± SEM; n =
12–5. Each time point represents a separate group of animals.
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FIGURE 4.
Necrosis is increased in LC-treated animals. A, Necrosis significantly increased at LC doses
>1.1 mg. B, Large, confluent areas of necrosis were present around central veins (zone 3,
arrows) at 6 and 24 h of reperfusion in LC-treated animals, as demonstrated by H&E
staining (original magnification ×40). Normal hepatic lobular architecture was present in
diluent-treated animals. C, Grading of this necrosis revealed 8-fold elevations in necrosis at
6 h in KC-depleted animals versus 2-fold elevations in diluent-treated animals. This increase
persisted at 24 h. Means with different lettered labels (a–c) within each group are
significantly different from each other (p < 0.05). Data are expressed as mean ± SEM; n =
12–15.
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FIGURE 5.
Extensive colocalization of LPS with endothelial cells. A, LPS (green, Alexa Fluor 488) is
extensively present in an endothelial pattern. SE-1 (red, Alexa Fluor 555) colocalizes
extensively with LPS (yellow). No LPS translocation is present in baseline samples. B,
There is colocalization of LPS with F4/80 (red, Alexa Fluor 555), but not as extensively as
with the SE-1 signal. There is no colocalization of LPS and F4/80 in LC-treated animals.
Representative of 3–5 animals per group. Original magnification ×63.
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FIGURE 6.
Upregulation of endothelial cell adhesion molecules. A, Levels of ICAM-1 (as assessed by
ICAM immunohistochemistry) are slightly upregulated at 6 h of reperfusion in LC-treated
animals and diluent-treated controls (original magnification ×40). There is a significant
upregulation in LC-treated animals at 24 h, whereas diluent-treated animals maintain a level
of expression similar to 6 h animals. B, At 6 h, there is no increase in E-selectin in LC-
treated and diluent-treated animals, whereas there is a significant increase in E-selectin
levels in LC-treated animals at 24 h, and diluent-treated animals have decreased levels.
Levels of P-selectin, are upregulated in both groups at 6 h and decline significantly at 24 h
in both groups. Levels of endothelial cell markers, ICAM-1 and VCAM-1, are significantly
upregulated at 6 h after I/R versus diluent-treated controls. This upregulation is maintained
at 24 h. Means with different lettered labels (a–c) within each group are significantly
different from each other (p < 0.05) and are shown as fold change after normalization to
baseline. Data are expressed as mean ± SEM; n = 12–15.
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FIGURE 7.
Cytokine upregulation in LC-treated animals. Levels of TNF and IL-6 were upregulated at 6
h of reperfusion in LC-treated animals versus diluent-treated controls. Levels of IL-6
remained upregulated at 24 h, whereas levels of TNF had returned to the level of the diluent-
treated controls. Levels of IL-1b were not significantly upregulated in any of the groups.
IL-10 levels were significantly downregulated in LC-treated animals at both 6 and 24 h of
reperfusion. Means with different lettered labels (a, b) within each group are significantly
different from each other (p < 0.05) and are presented as fold change after normalization to
baseline. Data are expressed as mean ± SEM; n = 8–10.
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FIGURE 8.
IL-10 protein levels are decreased in the livers of LC-treated animals. ELISA analysis shows
that diluent-treated animals have increased production of IL-10 protein at 6 h, continuing to
24 h after reperfusion. In contrast, LC-treated animals failed to show an increase in IL-10
protein levels after reperfusion. Means with different lettered labels (a, b) within each group
are significantly different from each other (p < 0.05) and are presented as fold change after
normalization to baseline. Data are expressed as mean ± SEM; n = 8–10.
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FIGURE 9.
IL-10 treatment improves survival and decreases hepatic damage. A, Animals treated with
recombinant IL-10 and LC had a significantly improved mortality rate versus animals
treated with LC alone. B, Similarly IL-10/LC-treated animals had a decreased release of
ALT versus LC-treated animals at 6 h of reperfusion. Animals treated with either LC or LC
plus IL-10 had elevated levels of ALT as compared with diluent-treated animals at 24 h. C,
Animals treated with diluent or LC plus IL-10 had a 2-fold increase in necrosis at 6 h that
persisted to 24 h. Animals treated with LC alone had a 6-fold increase in necrosis at 6 h that
persisted to 24 h. Means with different lettered labels (a–c) within each group are
significantly different from each other (p < 0.05). Data are expressed as mean ± SEM; n =
8–10.
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FIGURE 10.
IL-10 treatment decreases endothelial activation and cytokine production at 6 h after I/R. A,
ICAM-1 levels were decreased in animals treated with diluent plus IL-10 versus those
treated with diluent alone at 6 h. Animals treated with LC showed a 5-fold increase that was
reduced to diluent-treated levels in animals treated with LC plus IL-10. VCAM-1 levels
were not upregulated in either diluent-treated group, but were 3-fold elevated in LC-treated
animals. Animals treated with LC plus IL-10 showed reduced production that was still
elevated compared with animals treated with diluent plus IL-10. B, Levels of TNF and IL-6
were not elevated in the diluent-treated group or in animals treated with LC plus IL-10.
Levels of TNF and IL-6 were upregulated 5- and 4.5-fold in LC-treated animals,
respectively. Means with different lettered labels (a–c) within each group are significantly
different from each other (p < 0.05) and are presented as fold change as normalized to
baseline. Data are expressed as mean ± SEM; n = 8–10.
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Table I

Sequences of the primers for SYBR Green real-time RT-PCR

Target Forward Primers (5′–3′) Reverse Primers(5′–3′)

E-selectin AGCTACCCATGGAACACGAC CGCAAGTTCTCCAGCTGTT

P-selectin ATGCCTGGCTACTGGACACT CTTCATCGCACATGAACTGG

ICAM-1 GGCTGGCATTGTTCTCTAA TTCAGAGGCAGGAAACAGG

VCAM-1 CCCAAACAGAGGCAGAGTGT CAGGATTTTGGGAGCTGGTA

IL-1β CAACCAACAAGTGATATTCTCC GATCCACACTCTCCAGCTGCA

IL-6 ACAACCACGGCCTTCCCTACTT CACGATTTCCCAGAGAACATGTG

IL-10 ACAGGAGAAGGGACGCCAT GAAGCCCTACAGACGAGCTCA

TNF CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC

GAPDH TTCACCACCATGGAGAAGGC GGCATGGACTGTGGTCATGA
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