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Abstract

Background: Hepatic ischemia reperfusion is one the main causes for graft failure following
transplantation. Although, the molecular events that lead to hepatic failure following ischemia
reperfusion (IR) are diverse and complex, previous studies have shown that excessive formation
of reactive oxygen species (ROS) are responsible for hepatic IR injury. Cerium oxide (CeO,)
nanoparticles have been previously shown to act as an anti-oxidant and anti-inflammatory
agent. Here, we evaluated the protective effects of CeO, nanoparticles on hepatic ischemia
reperfusion injury. Methods: Male Sprague Dawley rats were randomly assigned to one of
the four groups: Control, CeO, nanoparticle only, hepatic ischemia reperfusion (IR) group and
hepatic ischemia reperfusion (IR) plus CeO, nanoparticle group (IR+ CeO,). Partial warm hepatic
ischemia was induced in left lateral and median lobes for 1h, followed by 6h of reperfusion.
Animals were sacrificed after 6h of reperfusion and blood and tissue samples were collected
and processed for various biochemical experiments. Results: Prophylactic treatment with CeO,
nanoparticles (0.5mg/kg i.v (IR+CeO, group)) 1 hour prior to hepatic ischemia and subsequent
reperfusion injury lead to a decrease in serum levels of alanine aminotransaminase and lactate
dehydrogenase at 6 hours after reperfusion. These changes were accompanied by significant
decrease in hepatocyte necrosis along with reduction in several serum inflammatory markers
such as macrophage derived chemokine, macrophage inflammatory protein-2, KC/GRO,
myoglobin and plasminogen activator inhibitor-1. However, immunoblotting demonstrated
no significant changes in the levels of apoptosis related protein markers such as bax, bcl2 and
caspase 3 in IR and IR+ CeO2 groups at 6 hours suggesting necrosis as the main pathway for
hepatocyte death. Conclusion: Taken together, these data suggest that CeO, nanoparticles
attenuate IR induced cell death and can be used as a prophylactic agent to prevent hepatic
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Introduction

Hepatic ischemia reperfusion (IR) injury is a serious complication associated with
liver transplantation and graft failure [1]. IR injury is a biphasic phenomenon that involves
a temporary shut off in blood supply to the whole or part of a liver followed by sudden
reperfusion [2]. Tissue injury as a result of initial hypoxic insult is enhanced and accelerated
by the shear stress of sudden blood supply that disrupts the normal homeostatic mechanisms
and results in generation of free radicals [3]. Increase in reactive oxygen species (ROS)
have been shown to trigger a series of molecular events which involve activation of hepatic
Kupffer cells, secretion of inflammatory cytokines, chemotactic factors, and recruitment
of neutrophils and macrophages, all of which contribute to hepatocellular damage and
death [4-6]. Previous studies have shown that Kupffer cells and neutrophils in IR injury
release TNF-q, IL-1B and IL-6 which activate c-Jun N-terminal kinase 2- thereby resulting in
disruption of mitochondrial membrane permeability with subsequent cytochrome c release
and caspase mediated apoptotic hepatocyte death [7]. Conversely other studies have shown
that IR results in hepatocyte death by necrosis although the exact mechanism still remains
unclear [8]. Differences in mechanism of cell death can be attributed to the extent of hepatic
ischemia (70% vs 100%) and the duration of ischemia applied. Nonetheless, hepatic IR is a
major clinical problem that severely reduces liver graft function.

Current research on the treatment of hepatic IR injury is largely centered on the use of
anti-oxidants to prevent excess ROS formation [9-11]. However, these anti-oxidant agents do
not preferentially target the liver and need to be administered several times in large doses
to have a clinically significant effect. As such we investigated the effect of CeO, nanoparticles,
a known anti-oxidant [12] and anti-inflammatory agent [13] for the treatment of hepatic IR
injury in male Sprague Dawley rats. Previous studies have shown that CeO, nanoparticles
in therapeutic doses are non-toxic [14], relatively stable and accumulate in liver upon
intravenous injection [15]. While some studies demonstrated toxicity of CeO, nanoparticles
in high doses [16], it has now been shown that the toxicity is based on whether the particles
exist in Ce*® or Ce** and the relative ratio of Ce**/Ce** [17]. Furthermore, several studies
have shown that CeO, nanoparticles can be used to treat stroke [18], ovarian cancer [19],
cardiomyopathy [20], sepsis [21] and obesity [22]. More recently, Oro et al., have shown that
CeO0, nanoparticles attenuate steatosis and portal hypertension in rats with hepatic fibrosis
[23]. Whether CeO, nanoparticles can be used to attenuate hepatic injury caused by IR is
not known. Here we found that a single prophylactic administration of CeO, nanoparticles
intravenously was effectively able to prevent hepatocyte necrosis and associated decrease
in serum levels of alanine transaminase (ALT) and lactate dehydrogenase (LDH). These
changes were also accompanied by decrease in hepatocyte necrosis and serum inflammatory
markers; and therefore suggest CeO, nanoparticles to be effective in treatment of hepatic IR
injury.

Materials and Methods

Cerium oxide nanoparticles characterization

CeO, nanoparticles were obtained from the U.S. Research Nanomaterials (Houston, TX) and
characterized as described elsewhere [15]. Briefly CeO, nanoparticles were characterized for their shape by
field emission scanning electron microscopy (FESEM) using Hitachi S-4700 FE-SEM. Size of the nanoparticles
was estimated by transmission electron microscopy using JEOL JEM-2010 operated at 200kV. Mean size
of Ce0, nanoparticles in suspension was estimated by dynamic light scattering (DLS) using LB-550 DLS
particle size analyzer (Horiba Scientific, Edison, NJ).

Hepatic ischemia-reperfusion injury
Ten week old male Sprague Dawley rats were purchased from Hill-Top laboratories (USA) and allowed
to acclimatize for 2 weeks before use in any experiments. All surgical procedures were approved by the

KARGER

1838


http://dx.doi.org/10.1159%2F000479540

Cellular Physiology Cell Physiol Biochem 2017;42:1837-1846
DOL:

. . : w © 2017 The Author(s). Published by S. Karger AG, Basel
and Biochemi Stry Published online: July 27, 2017 www.karger.com/cpb

Manne et al.: Cerium Oxide Nanoparticles Attenuate Hepatic Ischemia Reperfusion Injury

institutional review board (IACUC) of Marshall University and performed in accordance to the guidelines
provided by Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Animals
were housed two per cage with a 12:12 light-dark cycle and had access to food and water ad libitum. Prior
to the surgical procedure, the animals were starved for ~16 h but had access to water ad libitum. Briefly
animals were deeply anesthetized under isoflurane and laparotomy was performed by a midline incision.
The portal triad was identified and a partial ischemia (~70%) for 60 min was induced by clamping the
triad that supplies blood to left lateral and median liver lobes with atraumatic bull dog clamp as described
elsewhere [24]. Reperfusion was allowed by removal of the clamp for 6 h and the animals were sacrificed
for tissue and serum collection. All animals received buprenorphine at the rate of 0.03mg/kg s.c 20 min
prior to ischemia induction and were also resuscitated with 5ml/kg of normal saline i.p. Sham control (n=6)
and ischemia-perfusion (IR) (n=6) groups received 200pl of sterile deionized water via tail vein 1h before
surgery while cerium oxide only (Ce0,) (n=6) and ischemia-reperfusion plus cerium oxide (IR+CeO0,) (n=6)
groups received 0.5mg/kg of CeO, nanoparticles via tail vein in 200pl of sterile deionized water.

Evaluation of hepatocellular damage

Liver damage was assessed by measurement of serum activity of ALT and LDH. Activity of ALT and
LDH in serum were determined by a commercial kit from Sigma-Aldrich according to the manufacturer’s
instructions.

Histopathology

Briefly, frozen livers were sectioned (6pm) on to poly-L-lysine coated slides using Leica CM1950
cryostat. Sections from each group were stained with hematoxylin and eosin to evaluate the extent of liver
damage as described elsewhere using modified Suzuki’s criteria on a scale of 0-4 [25]. Briefly, slides were
scored at 200x magnification to determine the percentage of necrosis as none- grade 0, mild injury with
cytoplasmic vacuolation and pyknosis-grade 1, moderate hepatocyte damage vacuolation and pyknosis-
grade 2, moderate to severe hepatocyte damage with extensive pyknosis- grade 3 and severe necrosis with
hemorrhage, infiltration of neutrophils and loss of nuclei- grade 4. At least 6 random images per section
were captured and evaluated using Evos XL microscope (Life technologies, Grand Island, NY).

Gel electrophoresis and immunoblotting

Approximately 150 mg of frozen liver tissue was taken and pulverized to fine powder in liquid nitrogen.
1.4 ml of T-PER with 1% protease and phosphatase inhibitors (Sigma Aldrich, St. Louis, MO, USA) was
added to the sample and homogenized for 1 minute. The samples were then centrifuged at 10,000 x g for
15 min at 4°C and the supernatant was collected. Concentration of protein in the samples was determined
by 660 nm assay (Pierce, Rockford, IL, USA). Gel electrophoresis and immunoblotting was performed as
described previously [25]. The membranes were blocked for 1 h in 5% non-fat dry milk in Tris-buffered
saline (TBS) containing 0.05% Tween-20 (TBST) and then incubated with anti-bax, anti-bcl2, anti-cleaved
caspase 3, anti-caspase 3 and anti- (3-actin antibodies (Cell Signaling Technology, Danvers, MA) for 1h at
room temperature in 5% bovine serum albumin (BSA) in TBST. The membranes were washed thrice with
TBST and incubated with secondary anti-rabbit antibody (Cell Signaling Technology, Danvers, MA) for 1h
in 5% BSA in TBST. Immunoreactive signal was obtained using Supersignal West Pico Chemiluminiscent
substrate (Pierce, Rockford, IL, USA) and the band intensity was quantified using Fluorchem 9900 software
(Protein Simple, Santa Clara, CA). Equal loading of protein was verified by normalizing the expression of
target molecule to the levels of B-actin.

Multiplex immunoassay

Multiplex immunoassay was performed to evaluate the changes in serum markers of inflammation
with nanoparticle treatment. Serum samples from different groups (n=6/group) were pooled and sent to
Myriad RBM (Austin, TX) for the estimation of levels of various proteins using rodent MAP V. 3.0 as described
previously [15]. Experiments were performed in triplicate for statistical analysis.

Statistical analysis
Statistical analysis was performed using SigmaPlot 12 program (Systat software Inc., San Jose, CA) to
detect significant difference among various groups. A one way analysis of variance (ANOVA) with Student
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Newman Keuls posthoc analysis was performed for normally distributed data while Kruskal Wallis one
way ANOVA by ranks was used for data with non-normal distribution. Results are represented as mean *
standard error of mean (SEM). p < 0.05 was considered to be statistically significant.

Results

Characterization of cerium oxide nanoparticles

Commercially purchased CeO, nanoparticles were characterized to estimate the shape
and size of the nanoparticles. Field emission scanning electron microscopy determined the
shape to be round to spherical (Fig. 1A). Transmission electron microscopy determined the
size of the nanoparticles to be in between 10-30nm (Fig. 1B). Mean hydrodynamic diameter
of Ce0, nanoparticles as estimated through dynamic light scattering experiments was found
to be approximately 70nanometers (Fig. 1C).

Cerium oxide nanoparticles attenuate ischemia-reperfusion induced increase in levels of

alanine transaminase and lactate dehydrogenase

To investigate the therapeutic effect of CeO, nanoparticles on hepatic ischemia
reperfusion injury, we measured the serum levels of ALT and LDH that are considered to
be the biomarkers of hepatocyte damage. Compared to the control animals, ischemia
reperfusion injury resulted in significant increase in activity of ALT (39.88+2.86 mU/mL vs
1195.44+187.85 mU/mL) and LDH (329.03+39.12 mU/mL vs 2203.73+862.28 mU/mL).
On the contrary, treatment with CeO, nanoparticles attenuated hepatic IR injured induced
increase in activity of ALT (1195.44+187.85 mU/mL vs 635.20+ 70.99 mU/mL) (Fig. 24,
p<0.05) and LDH (2203.73+862.28 mU/mL vs 792.65+109.96 mU/mL) significantly (Fig.
2B, p<0.05).

Cerium oxide nanoparticles attenuate ischemia-reperfusion induced hepatocyte necrosis

Previous studies have shown that hepatic IR causes severe hepatocyte necrosis leading
to liver failure [26]. Similar to previous studies, we found that IR injury caused extensive
hepatocyte necrosis while treatment with CeO, nanoparticles attenuated hepatocyte necrosis
significantly as evaluated by Suzuki score (Fig. 3A&B). No hepatocyte necrosis was observed
in the control or CeO, nanoparticle alone group.

Hepatic ischemia reperfusion does not induce apoptosis in early stages

To determine the role of apoptosis in early hepatic ischemia reperfusion injury,
immunoblotting was performed to evaluate the changes in apoptotic protein markers bax,
bcl2, cleaved caspase 3 and caspase 3. Interestingly no apoptosis was evident after 1 hour of
partial ischemia and 6 hours of reperfusion. Similarly, CeO, nanoparticles did not affect the
expression of apoptotic proteins in both CeO, nanoparticle group and CeO, + IR group.
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Fig 1. Characterization of CeO, nanoparticles. (A) Field emission scanning electron microscopy (B) Trans-
mission electron microscopy (inset- selected area diffraction) (C) Dynamic light scattering.
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Fig 2. Effect of CeO, nanoparticles on IR induced hepatocyte death. (A) Levels of alanine aminotransamina-
se in control, CeO,, IR and IR+Ce0, nanoparticles at 6h after reperfusion. (B) Levels of lactate dehydrogenase
in control, Ce0,, IR and IR+Ce0, nanoparticles at 6h after reperfusion. *p < 0.05 compared with control
group, $p < 0.05 compared with Ce0, group, and #p < 0.05 compared with IR group (n=6/group).
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Fig 3. Effect of CeO, nanoparticles on IR injury induced damage to hepatic cellular architecture. (A) Hemat-
oxylin and eosin staining of liver sections after 6h of reperfusion from control, CeO, IR and IR+ CeO, groups.
(B) Semi-quantitative histological injury score of liver sections. *p < 0.05 compared with control group, $p <
0.05 compared with CeO, group, and #p < 0.05 compared with IR group (n=4-6/group).

CeO, nanoparticles attenuate hepatic ischemia reperfusion induced increase in serum

inflammatory markers

Previous studies have shown that hepatic IR injury is associated with a marked increase
in inflammatory mediators and chemotactic proteins [27]. Similar to other studies we found
that IR injury lead to an increase in serum inflammatory proteins when compared to control
group such as growth regulated oncogene, macrophage derived chemokine, macrophage
inflammatory protein 2, myoglobin, plasminogen activator inhibitor 1 and Von Willebrand
factor. Similarly, hepatic IR injury lead to an increase in serum levels of leptin and decrease in
growth hormone which are shown to disrupt normal metabolism [28]. Conversely, treatment
with CeO, nanoparticles attenuated the changes in inflammatory markers and restored the
values close to baseline controls.
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Fig 4. Apoptosis is not a major mechanism for cell death in early stages of IR injury. (A) Ratio of Bax to Bcl2
as determined by Western blotting and normalized to $-actin. (B) Levels of cleaved caspase 3 as determined
by Western blotting and normalized to B-actin. (C) Levels of caspase 3 as determined by Western blotting
and normalized to $-actin (n=6/group).

Discussion

Hepatic IR is a major clinical problem that drastically reduces the function of grafts.
Current treatment strategies to attenuate IR induced injury is largely supportive in nature
and fails to improve graft/hepatic function. Recent studies have suggested that IR injury
is primarily mediated by excess ROS formation and subsequent activation of Kupffer cells
that drive the inflammatory cascade [1]. So far, studies employing the use of anti-oxidants
for the treatment of hepatic IR demonstrated promising results in animal models but failed
to translate the same for clinical applications [29]. One possible explanation could be the
lack of sufficient levels of anti-oxidants at the major source of ROS production. Perhaps the
need for targeted drug delivery that can decrease the levels of ROS in liver would result in
better outcome. Recently, CeO, nanoparticles have been employed for treatment of various
inflammatory pathologies and have shown successful results [22, 30, 31]. Studies have
shown that upon intravenous injection CeO, nanoparticles remain in the circulation for brief
period of time with t, ) of 7.5 min [32] and translocate to liver and other organs [15]. More
specifically, nanoceria have been shown to be taken up by Kupffer cells with in the liver.
While the exact mechanism of bioprocessing of nanoceria is still under investigation, an in
vitro study by Gojova et al. indicated that it would take approximately 400h for complete
dissolution of a 100nm particle [33]. Butterfield et al. later demonstrated that nanoceria
within the liver undergo partial dissolution to form second generation nanoceria clouds that
are much smaller and potentially exhibit greater activity in reduction of free radicals [34]. Due
to this nature of in vivo bioprocessing of nanoceria and the inherent autocatalytic property,
we hypothesized that the nanoparticles could attenuate the oxidative stress associated with
hepatic IR and protect the liver without the need for multiple administration.

Studies have shown that oxidative stress drastically increases upon reperfusion [35,
36] and as such administration of CeO, nanoparticles 1h prior to ischemia would result in
bioaccumulation of CeO, nanoparticles in liver and scavenge ROS that have been generated
during reperfusion. While we did not measure the levels of ROS directly, we investigated
markers of increased ROS to assess the therapeutic effect of nanoparticles. Treatment
with CeO, nanoparticles 1h prior to hepatic IR attenuated increases in ALT and LDH in
serum which are considered to be the traditional hallmarks of hepatocellular injury (Fig.
2). Furthermore, histological analysis demonstrated the IR injury is associated with severe
hepatocyte swelling, vacuolar degeneration and multiple areas of necrosis. Conversely
treatment with CeO, nanoparticles attenuated these changes and preserved normal
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Fig 5. Effect of CeO, nanoparticles on the expression of inflammatory cytokine and hormonal profile after
6h after reperfusion. (A-I) Levels of KC/GRO, MDC, MIP-2, myoglobin, PAI-1, vWF, leptin, insulin and growth
hormone in control, Ce0,, IR and IR+CeO, nanoparticles groups. *p < 0.05 compared with control group, $p
< 0.05 compared with CeO, group, and #p < 0.05 compared with IR group (n=6/group).

hepatocellular architecture (Fig. 3). These changes demonstrate that CeO, nanoparticles are
effective in attenuating ROS induced cell death and therefore protect hepatocytes from IR
induced damage.

There is a growing body of evidence that indicates apoptosis is a leading mechanism of
hepatocyte death in IR injury besides necrosis [37]. As such we investigated the changes in
protein levels of bax, bcl2 and cleavage of caspase 3 that are involved in intrinsic pathway
of apoptosis, and did not find any evidence of changes in bax/bcl2 ratio across all groups
nor increases in levels of cleaved caspase 3 (Fig. 4) which is in agreement with previous
studies [38]. Why different studies arrive at different findings is unclear but it might be
due to the differences in animal model used, starvation before IR, percentage of ischemia
(70% vs 100%), duration of ischemia (45min vs 60min vs 90min) and the time allowed for
reperfusion. Moreover, it has been previously shown that quantitatively apoptosis in warm
IR never exceeds greater 2% of hepatocytes at risk and that necrosis accounts to 90% of cell
death. Since many necrotic cells are also TUNEL positive, one could misinterpret apoptosis
as the major cause of cell death in hepatic IR [8].

Given the ability of CeO, nanoparticles to scavenge ROS [39] that are implicated in the
secretion ofinflammatory cytokines, we nextexamined whethernanoparticles could attenuate
the increase in inflammatory cytokines associated with hepatic IR injury. Previous studies
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have indicated the involvement of neutrophils and lymphocytes in IR induced cell death [40]
and that therapeutic interventions to attenuate the excessive inflammatory response from
these cells during IR are needed to protect the hepatocytes. Growth regulated oncogene and
macrophage inflammatory protein 2 are major chemoattractants for neutrophils [41] while
macrophage derived chemokine is a chemoattractant for lymphocytes [42]. Similarly, other
proteins such as plasminogen activator inhibitor 1, myoglobin and Von Willebrand factor
are implicated in hepatic IR injury [43-45]. Therapeutic interventions aimed at decreasing
the levels of chemoattractant and inflammatory mediators are useful in attenuating overall
hepatic IR induced cell death. As expected, CeO, nanoparticles attenuated IR induced
increases in levels of these inflammatory mediators (Fig 5). Other studies have shown that
IR injury also deregulates the metabolic homeostasis and is associated with increased levels
of leptin [28]. Increased levels of leptin during IR suggest that leptin confers protection
against host inflammatory response [46]. Similarly, hepatic IR injury is also associated with
decrease in levels of growth hormone (Fig. 5) that has been shown to promote synthesis of
cytoprotective insulin-like growth factor-1 [47]. Conversely CeO, nanoparticles attenuated
IR induced increase in leptin and decrease in growth hormone (Fig. 5). Studies have shown
that hepatic IR is also associated with decreased levels of insulin and induced insulin
resistance [48]. We sought to investigate whether CeO, nanoparticle treatment would
improve the levels of circulating insulin. However, treatment did not improve the levels of
insulin which suggest an alternate pathway for decreased levels in hepatic IR and that CeO,
nanoparticles had no effect on this molecular pathway. Taken together the data suggest that
prophylactic treatment with CeO, nanoparticles could serve as a novel therapeutic strategy
for the treatment of hepatic ischemia reperfusion injury.
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