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Abstract

Hepatic ischemia-reperfusion (IRP) injury is a significant clinical problem during tumor resection
surgery (Pringle maneuver), and liver transplantation. However, the relative contribution of
necrotic and apoptotic cell death to the overall liver injury is still controversial. In order to address
this important issue in a standard murine model of hepatic IRP injury, plasma biomarkers of
necrotic cell death such as micro-RNA-122, full-length cytokeratin-18 (FK18) and high mobility
group box-1 (HMGB1) protein, and apoptosis including plasma caspase-3 activity and caspase-
cleaved cytokeratin-18 (CK18), coupled with markers of inflammation (hyper-acetylated
HMGB1) were compared with histological features in H&E- and TUNEL-stained liver sections.
After 45 min of hepatic ischemia and 1-24h of reperfusion, all necrosis markers increased
dramatically in plasma by 40-to->10,000-fold over baseline with a time course similar to ALT.
These data correlated well with histological characteristics of necrosis. Within the area of necrosis,
most cells were TUNEL-positive; initially (< 3h of RP) the staining was restricted to nuclei but
later spread to the cytosol characteristic for karyorrhexis during necrotic cell death. In contrast, the
lack of morphological evidence of apoptotic cell death and relevant caspase-3 activity in the
postischemic liver correlated well with the absence of caspase-3 activity and CK18 (except a
minor increase at 3h RP) in plasma. The quantitative comparison of FK18 (necrosis) and CK18
(apoptosis) release indicated the dominant cell death by necrosis during IRP and only a temporary
and very minor degree of apoptosis. These data suggest that the focus of future research should be
on the elucidation of necrotic signaling mechanisms to identify relevant targets, which may be
used to attenuate hepatic IRP injury.
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INTRODUCTION

Hepatic ischemia-reperfusion injury is a significant clinical problem during tumor resection
surgery using the Pringle maneuver, during liver transplantation and during hemorrhagic
shock. This clinical condition has been recognized for more than 30 years and is extensively
investigated using various animal models. The initial hypothesis that ischemia-reperfusion
injury is caused by an intracellular oxidant stress induced by xanthine oxidase! was rapidly
disputed.2:3 Subsequently, it was recognized that the postischemic oxidant stress was largely
derived from resident Kupffer cells* and neutrophils,>® which are responsible for an early
and late injury phase, respectively. Although pro-inflammatory mediators such as TNF-a,’
complement factors® and chemokines®10 as activators of neutrophils have been identified
relatively early, the concept of sterile inflammation emerged more recently.1:12 Currently, a
major focus of research is the identification of damage associated molecular patterns such as
high mobility group box-1 (HMGB1) protein and DNA fragments!? released by damaged
cells and the involvement of toll-like receptors in triggering the formation of cytokines in
macrophages.14

The views on the mechanisms of cell death during hepatic ischemia-reperfusion injury have
changed over time. Initially, it was thought that inflammatory cells kill hepatocytes by
necrosis, a conclusion supported by extensive liver enzyme release.®> However, with the
emerging recognition of apoptotic cell death during the late 1990s, a major shift occurred.16
Using the TUNEL assay as the test for apoptosis, it was concluded that up to 80% of
hepatocytes and endothelial cells die by apoptosis during the first 3h of reperfusion.1’:18
Also, reports emerged that caspase inhibitors protected against hepatic ischemia-reperfusion
injury.19:20 Most of these studies were performed in rats. However, a detailed morphological
study, which considered the hallmarks of apoptosis such as cell shrinkage, chromatin
condensation and apoptotic bodies together with hepatic caspase-3 activity could not find
any relevant increase in apoptotic cell death in the postischemic liver tissue.2! In this study it
was concluded that >95% of all cell death occurred by necrosis. Importantly, it was also
demonstrated that most necrotic cells stained positive with the TUNEL assay.2! These
findings supported the previously raised concern that this assay, which detects DNA strand
breaks,22 may not be specific for apoptosis.23 Taken together, the preponderance of the
experimental evidence suggested that oncotic necrosis was the dominant mode of cell death
during hepatic ischemia-reperfusion injury in rats.24

During the last decade more and more ischemia-reperfusion studies were performed in mice.
Using the TUNEL assay and occasionally additional parameters such as cleavage of
procaspase-3 or Bax protein expression, many reports still argue for a substantial role of
apoptosis over necrosis.2>27 However, most of these studies do not directly compare
apoptotic and necrotic cell death. In addition, the fact that apoptotic cells, in contrast to
necrotic cells, are only visible for a limited time in tissue sections can make a quantitative
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comparison difficult. Thus, the question remains: how relevant is apoptosis for the overall
postischemic cell injury? To address this important question, plasma biomarkers for necrotic
and apoptotic cell death were used because these parameters are more reflective of the
process in the entire liver. Previous studies have shown the utility of plasma levels of total
HMGB1 protein, microRNA-122 (miR-122) and full-length cytokeratin 18 as indicator for
cell necrosis, hyper-acetylated HMGB1 as a marker of inflammation and caspase-cleaved
fragments of cytokeratin 18 and caspase-3 activities as measure of apoptotic cell death in
acetaminophen hepatotoxicity and bile duct ligation.28-33

MATERIALS AND METHODS

Animals and experimental procedures

C57BL/6J mice (20-25 g bodyweight) were purchased from Jackson Laboratories (Bar
Harbor, ME). All animals received humane care according to the criteria outlined in the
“Guide for the Care and Use of Laboratory Animals” prepared by the National Academy of
Sciences and published by the National Institutes of Health (NIH publication 86-23 revised
1985). All experimental protocols were approved by the Animal Use Committees of the
University of Kansas Medical Center. Under ketamine anesthesia (mixture of 75 mg/kg
ketamine, 5.1 mg/kg xylazine, and 0.75 mg/kg acepromazine given intramuscularly) a
laparotomy was performed, and the blood supply to the median and left hepatic lobes was
occluded with an atraumatic vascular clamp for 45 min as described.34 Reperfusion was
initiated by removal of the clamp. The body temperature was maintained in all animals with
an infrared heating lamp. After reperfusion was initiated, 4 ml/kg of physiological saline
was injected intraperitoneally, the abdominal incision was closed with 4-0 silk and wound
clips, and the animals were allowed to recover. Sham-operation included all procedures
except clamping of the blood supply. Groups of animals were sacrificed at the end of
ischemia, or after 1, 3, 6, 12 and 24h of reperfusion. Blood was drawn from the vena cava
into a heparinized syringe. The liver was rapidly removed, rinsed in saline and sections were
placed in phosphate-buffered 10% (vol/vol) formalin solution and embedded in paraffin for
histological evaluations or snap-frozen in liquid nitrogen.

In addition to the time course experiments, groups of animals were treated with the pan-
caspase inhibitor Z-VD-fmk (10 mg/kg i.p.) 30 min before ischemia and at the time of
reperfusion or vehicle (50 mM Tris buffer (pH 7.0) (10 ml/kg).3% Furthermore, as positive
control for apoptosis, some animals were treated intraperitoneally with 700 mg/kg D-
galactosamine (Sigma, St. Louis, MO) and 100 pg/kg Salmonella abortus equi endotoxin
(Sigma) (Gal/ET) dissolved in sterile phosphate-buffered saline (pH 7.0).3°

ALT activities and caspase activation

Plasma alanine aminotransferase (ALT) activities were determined by using the Pointe
Scientific ALT Kit (Pointe Scientific Canton, MI) according to the manufacturer's
instructions. Caspase-3 activity in the liver or plasma was determined by measuring the z-
VAD-FMK-inhibitable cleavage of the fluorescent caspase-3 substrate Ac-DEVD-AMC
(Sigma Aldrich St. Louis, MO) as described.32 In addition, caspase-3 processing in liver and
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plasma was evaluated by western blotting using a caspase-3 antibody (Cell Signaling,
Danvers, MA) as described in detail.33

Measurement of mechanism-based biomarkers of liver injury in plasma

Histology

Statistics

RESULTS

Full-length and caspase-cleaved cytokeratin-18 were identified and quantified by mass
spectrometry as previously described in detail.28-30 MicroRNA-122 (miR-122) was
measured by qRT-PCR;3! let-7d provided biological standardization and lin-4 served as an
internal standard for the assay. Total HMGB1 was quantified by immunoassay and mass
spectrometry.28-30 The absolute quantification of hyper-acetylated HMGB1 was determined
by mass spectrometry as previously described as a biomarker of immune cell activation.28
The investigators measuring the plasma biomarkers were blinded to the treatment groups of
the animals.

Sections of formalin-fixed paraffin-embedded liver samples were stained with hematoxylin
and eosin (H&E) for evaluation of liver cell death by a Board Certified Pathologist (AF) as
described in detail.21:36 Additional liver sections were stained with the terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) in situ cell death assay
(Roche) for visualization of DNA strand breaks as previously described.38 The quantitation
of TUNEL-positive cells was performed by manually counting the number of TUNEL-
positive cells per randomly selected 10 high power fields (HPF) per section. The percentage
of cells showing TUNEL-positive nuclei and cytoplasm was similarly quantified. All
TUNEL-positive cells were included in the results but hepatocytes and non-parenchymal
cells were individually identified.

Data are given as means + SE. Statistical analysis was performed with Sigmaplot 11.0
(Systat Software, Inc., Chicago, IL). Data were assessed using one way ANOVA followed
by Student-Newman-Keul’s post-hoc test for comparisons between means or Dunnett’s
post-hoc test for comparisons to a control. For data not normally distributed, we used the
Kruskal-Wallis test followed by Dunn’s multiple comparisons test. P < 0.05 was considered
significant.

C57BI/6 mice were subjected to 45 min of hepatic ischemia followed by up to 24h of
reperfusion. Progressive liver injury, as indicated by the increase of plasma ALT activities,
was observed during reperfusion between 1h and 24h (Figure 1A). No change in plasma
ALT activities was observed in sham-operated animals. H&E-stained tissue sections showed
tissue damage consistent with extensive necrosis (Figure 1B). The area of necrosis was
about 10% at 6h and progressed to >50% at 24h of reperfusion (Figure 1A). No
morphological evidence of apoptosis (apoptotic bodies) was detectable at any time during
reperfusion. Staining sections with the TUNEL assay, which detects DNA strand breaks,
showed very few individual positive cells (< 1 positive cell per HPF) in controls or after
ischemia (data not shown). However, during reperfusion the number of positive cells
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substantially increased (Figure 2). During the first hour of reperfusion the staining occurred
mainly in the nuclei of non-parenchymal cells (Figure 2A). At 3h, the nuclei of individual
hepatocytes stained positive (Figure 2B). At 6h of reperfusion, the number of TUNEL-
positive cells increased dramatically, however, staining was observed in nuclei and the
cytosol (Figure 2C). By 12h, many nuclei were disintegrated and the cytosol was intensely
stained owing to the release of DNA fragments into the cytosol (Figure 2D) and by 24h,
when most nuclei in the necrotic areas disappeared, only the cytosol of hepatocytes was
stained (not shown). After 3h, 6h, 12h, and 24h (not shown) reperfusion, greater than 95%
of all TUNEL-positive cells observed were hepatocytes. The progression of necrosis based
on TUNEL staining is further illustrated following quantitation of both total TUNEL-
positive cells (Figure 2E) as well as the percent of those exhibiting nuclear and cytoplasmic
TUNEL staining (Figure 2F). Although the number of total TUNEL-positive cells increased
steadily during reperfusion, the staining of the cytosol developed between 3 and 6h and
increased steeply afterwards (Figure 2F). These data are consistent with initial nuclear DNA
fragmentation, which progressed to karyorrhexis and karyolysis. This TUNEL staining
pattern during ischemia-reperfusion was fundamentally different compared to a positive
control for apoptosis. In Gal/ET-treated animals numerous individual TUNEL-positive cells
or apoptotic bodies are readily observed where nuclei were stained but not the

cytosol. 33:36:37

It is well established that caspase-3 is an executioner caspase, which is critical for apoptotic
cell death in all liver cells.38 The activation of caspase-3 can be measured with an enzyme
activity assay and with the documentation of the formation of an active, e.g. 17 kD,
fragment by Western blotting. Compared to very low levels of caspase-3 activities in
controls, Gal/ET treatment induced an extensive increase in enzyme activity in the liver and
in plasma (Figures 3A,B). This was confirmed by the reduction of pro-caspase-3 and the
appearance of the active 17 kD fragment in the liver (Figure 3C). In striking contrast to these
observations in a liver with extensive apoptosis, livers from postischemic animals did not
show any relevant increase of caspase-3 activity in the liver or plasma (Figures 3A,B) or
evidence for caspase-3 processing (Figure 3C) at any time point between 1 and 24h of
reperfusion. The fact that no caspase-3 activity and no active caspase-3 fragments were
detectable in the postischemic liver and in plasma suggest that this is a primary necrotic
process and not secondary necrosis.39

miR-122 has been shown to be a highly sensitive marker for necrotic cell death.31:40
Although there was no relevant increase in sham-operated animals compared to untreated
controls, miR-122 levels increased dramatically during ischemia-reperfusion (Figure 4A)
following the enhanced plasma ALT activities during reperfusion (Figure 1A). However,
peak miR-122 levels at 12-24h of reperfusion were 36,000-t0-43,500-fold above baseline
compared to ALT levels, which were elevated 70-t0-90-fold at this time.

Full-length cytokeratin-18 (FK18) is a filamentous protein, which can be passively released
by necrotic cells. In contrast, a caspase-cleaved fragment of cytokeratin-18 (CK18) reflects
apoptotic cell death.4! During ischemia-reperfusion, a time-dependent, massive release of
FK18 was observed with peak levels at 12-24h (Figure 4B). Compared to baseline levels in
controls (218 + 42 pmol/ml), FK18 concentrations were 220-to-440-fold higher between 3
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and 24h of reperfusion, respectively. In contrast, the CK18 levels did not change
significantly except a less than 3-fold increase at 3h of reperfusion (Figure 4C). While this
temporary increase of CK18 was unexpected, it is important to note that apoptosis and
necrosis are not mutually exclusive events in the liver and it is possible that there is a slight
increase in apoptosis at the 3h time point. However, when taking into account the overall
magnitude of increase of CK18 compared to that of FK18, this slight increase in CK18
appears biologically insignificant.

HMGBI1 protein is another protein that can be passively released from necrotic cells;*2
however, an acetylated form (acHMGB1) can also be secreted by activated macrophages.*3
Total HMGB1 levels in plasma increased extensively during reperfusion reaching peak
levels of 41-fold over controls at 12h of reperfusion (Figure 5A). Interestingly, a sharp
decline was observed at 24h. In contrast, acHMGBL1 levels were only significantly increased
at 12 and 24h suggesting a later activation of macrophages (Figure 5B). The percentage of
acHMGB1 compared to total HMGB1 was less than 1% in controls, sham-operated animals
and during ischemia-reperfusion up to 6h. However, acHMGBL1 levels represented 13% at
12h and even 45% at 24h of reperfusion (Figure 5C) indicating that the early increase of
plasma HMGBL1 concentrations during reperfusion was exclusively derived from necrotic
cells but activated macrophages significantly contributed at later time points.

The plasma biomarkers suggested no relevant involvement of apoptotic cell death in the
mechanism of hepatic ischemia-reperfusion injury. To further test this hypothesis, animals
were treated with a pancaspase inhibitor, which has been shown to be highly effective in a
model of hepatic apoptosis.3> However, compared with the vehicle-treated control,
pretreatment with the pancaspase inhibitor had no significant effect on liver injury assessed
by plasma ALT activities and the area of necrosis at 3h and at 12h of reperfusion (Figure
6A,B). In addition, the number of TUNEL-positive cells or the pattern of TUNEL staining
was the same at both time points (Figures 6A,C). Furthermore, there was no change in the
percentage of nuclear and cytoplasmic stained TUNEL-positive cells at either time point
(Figures 6C). These findings confirmed the results obtained with the circulating biomarkers.

DISCUSSION

The objective of the present investigation was to assess the utility of plasma biomarkers in
evaluating the overall degree of apoptotic versus necrotic cell death in hepatic ischemia-
reperfusion injury. Our study using established markers of necrosis (ALT, FK18, miR-122,
HMGB1), inflammation (acHMGB1), and apoptosis (caspase activity, caspase-cleaved
cytokeratin-18) demonstrated overwhelming evidence for necrosis and consistently
negligible levels of apoptosis.

In the last decade it became common practice to report both necrotic (histology, ALT) and
apoptotic (TUNEL assay) parameters in studies of hepatic ischemia-reperfusion injury.
Numerous original papers and reviews still claim a substantial role of apoptotic cell death
although rarely a direct quantitative comparison to necrosis is used. This is not a trivial issue
because apoptotic cell death can be controlled effectively by pancaspase inhibitors as has
been demonstrated in models of apoptosis such as galactosamine/endotoxin3°444% or the
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agonistic anti-Fas antibody.36:45:46 Thus, if apoptosis would be pathophysiologically
relevant in the postischemic liver, effective therapeutic interventions would be available and
could be used. However, the only clinical study using a pancaspase inhibitor showed only a
moderate beneficial effect during liver transplantation when the inhibitor was added to the
storage solution.4” However, this protection could have been caused by affecting other
proteases, which can be inhibited by high concentrations of a caspase inhibitor.#8 This
clinical study also revealed a problem. Treating the organ recipient with the caspase
inhibitor was actually detrimental most likely due to inhibiting apoptosis of neutrophils.4’
Since neutrophils are key cells aggravating reperfusion injury, the caspase inhibitor can
delay the injury resolution by prolonging the inflammatory response. Nevertheless, several
clinical studies have shown a dominant role of necrosis during hepatic liver
transplantation.49.50

The gold standard for apoptosis assessment is generally morphology (e.g., cell shrinkage,
chromatin condensation and margination, and formation of apoptotic bodies). These
characteristic morphological features are easily detectable in models of apoptotic cell death
such as Fas- or TNF-receptor apoptosis models?4:37:51 These models also show an extensive
increase in caspase-3 activity and have readily detectable caspase-3 processing.36:46 As a
consequence of the dominant apoptotic cell death, pancaspase inhibitors are almost 100%
effective in reducing liver injury.32:36:46 Furthermore, apoptosis is also characterized by
DNA damage as visualized by the TUNEL assay. However, the TUNEL-positive cells only
show a distinct nuclear staining during apoptosis.24:36:37 |n striking contrast to these
apoptosis models, hepatic ischemia-reperfusion in mice showed morphological
characteristics of necrosis including cell swelling, vacuolation, karyorrhexis and karyolysis.
Blinded assessment of the tissue by the pathologist did not reveal any evidence for apoptotic
bodies suggesting limited apoptotic cell death. However, ischemia-reperfusion injury
involved massive ALT release, no increase of caspase activity and no evidence of caspase-3
processing. In addition, the extensive TUNEL staining of cells was typical for a necrotic
process, i.e. it included extensive staining of the cytosol due to the formation of large DNA
fragments during karyorrhexis which are released into the cytosol upon nuclear
disintegration.24 This is in contrast to apoptosis during which chromatin condensation,
rather than nuclear disintegration, occurs, confining the TUNEL stain to the nucleus.21:36:37
In addition, a caspase inhibitor had no effect on reperfusion injury as indicated by ALT
activities and histological quantitation of the area of necrosis. In addition, the number of
TUNEL-positive cells and the staining pattern (nucleus and cytosol) was not affected by a
pancaspase inhibitor.

Although most of our data support the hypothesis of mainly necrosis as mode of cell death
during hepatic ischemia-reperfusion, there is the possibility of secondary necrosis. In
general, if apoptotic cell death cannot be completed, i.e., if any time during the apoptotic
process the ATP levels drop substantially, the cell membrane may become permeable and
many characteristics of necrosis surface including ALT release.24:39 However, because
secondary necrosis starts as an apoptotic process, caspase-3 activation is still present during
cell contents release.*® Consequently, apoptosis and the resulting secondary necrosis can be
completely inhibited by a caspase inhibitor.46 The fact that no caspase activation was
detectable during the entire reperfusion period and that a pancaspase inhibitor, which has
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been shown to eliminate TNF-induced apoptotic liver injury,3® did not protect strongly
suggest that this is not an apoptotic process which deteriorated into secondary necrosis.

Despite this overwhelming evidence for necrotic cell death during reperfusion injury, one
has to consider some limitations of apoptosis quantitation in tissue, which makes a direct
comparison of apoptosis and necrosis difficult. Whereas necrotic cells are visible in tissue
sections for several days, apoptotic cells, in general, disappear within a few hours, which
may lead to underestimation of apoptotic cell death. One way to overcome this disadvantage
would be to use sensitive plasma biomarkers, with the release of such biomarkers into the
circulation grounded in a solid mechanistic, cell death mode-dependent, basis.5253

The full-length form of cytokeratin-18 (FK18), miR-122 and HMGBL1 are passively released
by necrotic cells, which has been demonstrated in various liver disease processes in mice
and humans including acetaminophen hepatotoxicity,28-30:40.42 ghstructive cholestasis3® and
human liver transplantation.#9:50 In principle, the release of these molecules from necrotic
cells is similar to ALT, however, these compounds, especially miR-122 and FK18, can be
detected earlier than ALT, can be measured after a lower stress and the relative change from
baseline in response to an insult is much higher than ALT in both preclinical models and in
the clinical context of drug-induced liver injury.29%4 Given the fact that each of these 3
parameters were dramatically increased in plasma during reperfusion and the time course of
each followed closely the changes in plasma ALT activities and histopathological changes
strongly supports the conclusion of extensive necrotic cell death during the reperfusion
phase after hepatic ischemia.

The caspase-cleaved fragment of cytokeratin-18 (CK18) is widely considered an indicator of
caspase activation and apoptosis.*! With the exception of the 3h reperfusion time point,
plasma CK18 levels did not change during ischemia or reperfusion suggesting no evidence
for caspase activation or apoptotic cell death. At the 3h time point, CK18 levels increased 3-
fold over baseline compared to the more than 200-fold increase for FK18 at this time point,
which results in a ratio of CK18-to-FK18 of 1:150. In contrast, in the apoptosis model of
galactosamine/endotoxin-induced liver injury (ALT: 1,500 U/L), the CK18-to-FK18 ratio
was 1:2.33 These biomarker data illustrate the fundamental differences between an apoptotic
process with secondary necrosis (galactosamine/endotoxin) and a primary necrotic process
(hepatic ischemia-reperfusion injury). However, if one assumes that the minor increase of
CK18 at 3h reperfusion represents apoptotic cell death, the percentage of apoptosis
compared to necrosis would be estimated to be below 1% of total cell death. This would
explain why it is difficult to detect caspase-3 activity in the liver or plasma and apoptotic
bodies in tissue sections. Nevertheless, the temporary and minor (<3-fold) increase in
apoptosis over baseline is unlikely to represent a relevant injury mechanism and may
account for a failed attempt to induce apoptosis that is overwhelmed by hepatic stress.
Consistent with this conclusion, the caspase inhibitor, at a dose that is highly effective in
apoptosis models,3° did not attenuate injury or the number of TUNEL-positive cells. Thus,
the DNA strand breaks indicated by the TUNEL staining were not caused by the caspase-
activated DNase but more likely by other DNases activated during necrosis. This could
involve endonuclease G and apoptosis inducing factor derived from damaged mitochondria
as has been reported for acetaminophen hepatotoxicity.>5:6
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Although only a temporary, minor increase in CK18 levels was detected during warm
ischemia-reperfusion in mice, recent reports indicated some elevation of CK18 between 24—
72h of reperfusion during human liver transplantation.#%-20 During the early reperfusion
period, there was only a substantial increase in FK18 suggesting predominantly necrotic cell
death during the first 24h of reperfusion in humans.*® However, a pancaspase inhibitor
given to the transplant recipient did not improve preservation injury*’ suggesting that
apoptotic cell death may be of limited relevance during reperfusion. Because the human
studies included only a limited number of patients, these results need further confirmation.

HMGBL1 can be passively released by necrotic cells?2 or the acetylated form can be actively
secreted by activated macrophages.*3 Our data indicate an immediate release of HMGB1
parallel to ALT, miR-122 and FK18 during the early and mid-phase of reperfusion (1-12h).
At 24h, HMGBL levels dropped substantially. It remains unclear if this drop of plasma
HMGB1 levels suggests the end of the active injury phase and the discrepancy between
miR-122 and FK18 levels may be caused by the shorter half-life of HMGBL1 or if it reflects
an exhaustion of HMGBL in hepatocytes. A similar drop and disconnect to miR-122 and
FK18 has not been observed during 3 days of bile duct ligation.33 Further studies are needed
to address this issue. However, the actively secreted acetylated form was only detectable at
12 and 24h of reperfusion suggesting a later recruitment and activation of tissue
macrophages. Thus, the early release of HMGB1 from necrotic cells may contribute to
formation of cytokines, which are involved in neutrophil recruitment.1457 Recently, it has
been described that mutually exclusive, redox-dependent, post-translational modifications
on HMGB1 regulate its cytokine-inducing (disulfide HMGB1) and chemotactic/cell
recruitment (full reduced HMGB1) functions.>8-60 An investigation into the redox-
dependent modifications of HMGBL in these models may offer further insights into these
mechanisms that might yield novel biomarkers or pathways for therapeutic intervention.

In summary, our data using several plasma biomarkers of apoptosis and necrosis together
with histological evaluation demonstrated consistently extensive necrotic cell damage and
inflammation during hepatic ischemia-reperfusion in a murine model. No evidence from
morphological assessment, TUNEL staining, various plasma biomarkers or pharmacological
intervention with a pancaspase inhibitor suggest a relevant contribution of apoptotic cell
death to the overall injury. In fact, quantitative comparison of FK18 (necrosis) and CK18
(apoptosis) release indicate only a temporary and very minor degree of apoptosis (3-fold
above baseline cell turnover at 3h of reperfusion). These data suggest that the focus of future
research should be on the elucidation of necrotic signaling mechanisms to identify relevant
targets, which may be used to attenuate hepatic ischemia-reperfusion injury.
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Abbreviations

AcHMGB1 hyper-acetylated high mobility group box 1 protein

ALT alanine aminotransferase

CK18 caspase-cleaved fragment of cytokeratin-18

FK18 full length cytokeratin-18

Gal/ET galactosamine/endotoxin

H&E hematoxylin and eosin

HMGB1 high mobility group box 1 protein

miR-122 microRNA-122

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling assay
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Figure 1. Liver injury caused by ischemia/reperfusion

Mice were either untreated controls (C) or subjected to either sham (S) operation or 45 min
liver ischemia followed by reperfusion for various times (0, 1, 3, 6, 12 or 24h). Liver injury
was assessed by plasma alanine aminotransferase (ALT) activities or quantitation of the
areas of necrosis (Panel A). Data are expressed as mean + SE of n= 3-6 animals per time
point. *P<0.05 (compared to control, C). Representative H&E stained sections (Panels B)
are shown for ischemia (45/0) and various times of reperfusion (45/xx). Magnification: x50
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Figure 2. TUNEL staining following ischemia/reperfusion injury
Liver sections obtained from mice subjected to 45 min ischemia and 1h, 3h, 6h and 12h

reperfusion (Panel A-D). For each section a low (x50) and a high (x200) magnification of
the area in the box is shown. TUNEL positive cells for untreated controls (C), and animals
subjected to 45 min ischemia and 1-12h of reperfusion were quantified. Panel E shows the
total TUNEL-positive cells per 10 HPF and Panel F shows the percent of TUNEL-positive
cells with both nuclear and cytoplasmic staining. Data are expressed as mean £ SEM of n=3
animals per time point. *P<0.05 (compared to control, C)
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Figure 3. Caspase activation during hepatic ischemia/reperfusion injury

Caspase-3 enzyme activity was measured in mice treated with galactosamine/endotoxin
(G/E), untreated controls (C), and mice subjected to either sham operation or 45 min liver
ischemia followed by reperfusion for various times (0, 1, 3, 6, 12 or 24 h). (Panel A)
Caspase-3 activity in liver. (Panel B) Caspase-3 activity in plasma. Data are expressed as
mean + SE of n= 3-6 animals per time point. (Panel C) Western blot showing procaspase-3
and the active caspase-3 fragment in liver and plasma following G/E treatment or ischemia/
reperfusion injury.

Liver Transpl. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yang et al. Page 17
A 800 - . B 120000 -
T _ *
T o T 100000 1 =
£ 600 - E3 £ *
= T *
R % 80000 - IS
& 400 - : £ 60000 .
E
g £
g £ 40000 A
& 200 - <
o . X 20000 - .
* *
cC o0 1 3 6 12 12S 24 24S c o0 1 3 6 12 128 24 24S
C 400 -
*
H T
£ 300 -
®
Q.
£
S 200 A
£
a8
[ee)
< 100 A
o
0
c 0 1 3 6 12 12S 24 24S

Figure 4. Plasma biomarkers of cell necrosis and apoptosis during ischemia/reperfusion injury
Mice were either untreated controls (C) or_subjected to sham operation for 12 or 24h (S) or

45 min liver ischemia followed by reperfusion for various times (0, 1, 3, 6, 12 or 24h).
(Panel A) Plasma levels of microRNA-122. (Panel B) Plasma levels of full-length keratin-18

(FK18). (Panel C) Plasma levels of the caspase-cleaved keratin-18 fragment (CK18). Data
are expressed as mean + SE of n= 3-6 animals per time point. *P<0.05 (compared to

control).
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Figure 5. HM GBL1 levelsfollowing ischemia/r eperfusion
Mice were untreated controls (C) or subjected to either sham operation for 12 or 24h (S) or

45 min liver ischemia followed by reperfusion for various times (0, 1, 3, 6, 12 or 24h).
(Panel A) Plasma levels of total HMGB1. (Panel B) Acetylated HMGB1 plasma levels.
(Panel C) Percent of acHMGBL1 of the total HMGB1. Data are expressed as mean + SE of
n= 3-6 animals per time point. *P<0.05 (compared to control).
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Figure 6. A pancaspaseinhibitor against does not protect against ischemia/reperfusion injury
Mice were subjected to 45 min liver ischemia followed by reperfusion for either 3 or 12h
with administration of 10 mg/kg of a pancaspase inhibitor (CI) or the respective vehicle
(Veh) as described in the methods. (Panel A) Representative liver sections stained with
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H&E (top row) or the TUNEL assay (bottom row) showing lack of protection of a caspase
inhibitor against ischemia/reperfusion injury. (Panel B) Plasma ALT levels and area of
necrosis. (Panel C) Quantitation of either the total TUNEL-positive cells per 10 HPF or the
percent of TUNEL-positive cells with both nuclear and cytoplasmic staining at 3 and 12h of
reperfusion. Data are expressed as mean + SEM of n= 4 animals per time point.
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