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Abstract

The mononuclear phagocyte system (MPS, e.g., liver and spleen) is often treated as a ‘blackbox’ 

by nano-researchers in translating nanomedicines. Often, most of the injected nanomaterials are 

sequestered by the MPS, preventing their delivery to the desired disease areas. Here, we exploit 

this imperfection by applying nano-antioxidants with preferential liver uptake to directly prevent 

hepatic ischemia-reperfusion injury (IRI), which is a reactive oxygen species (ROS)-related 

disease. Ceria nanoparticles (NPs) were selected as a representative nano-antioxidant and detailed 

mechanism of preventing IRI was investigated. We found that ceria NPs effectively alleviated the 

clinical symptoms of hepatic IRI by scavenging ROS, inhibiting activation of Kupffer cells and 

monocyte/macrophage cells. The released pro-inflammatory cytokines were then significantly 

reduced and the recruitment and infiltration of neutrophils were minimized, which suppressed 

subsequent inflammatory reaction involved in the liver. The protective effect of nano-antioxidants 

against hepatic IRI in living animals and the revealed mechanism herein suggests their future use 

for the treatment of hepatic IRI in the clinic.

Introduction

Hepatic ischemia-reperfusion injury (IRI) has been an important cause of liver damage 

during surgical procedures such as liver resection, trauma, hypovolemic shock, and liver 

transplantation, leading to acute liver injury or failure.[1] The hepatic IRI is a multifactorial 

process that causes up to 10% of early liver failure and improves the incidence of both acute 

and chronic rejection.[2] Reactive oxygen species (ROS) generated upon re-oxygenation to 

ischemic tissues is believed to inflict liver damage and initiate a series of deleterious cellular 

responses including cell death, inflammation, and ultimate hepatic failure.[3] Therefore, ROS 

is one of the critical targets to prevent hepatic IRI. Anti-oxidative treatment has shown to 

ameliorate acute liver injury or fibrosis.[4] Although the importance of inhibiting oxidative 

stress has been recognized for several decades, hepatic IRI remains challenging to treat and 

there is currently no approved pharmacological intervention in the clinic.[5]
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Researchers in fields of nanomedicine and bioengineering have produced nanoscale 

antioxidants (namely nano-antioxidants) with unique ROS scavenging capability to 

successfully treat ROS-related diseases including stroke,[6] neurodegenerative diseases,[7] 

acute kidney injury,[8] atherosclerosis,[9] diabetes,[10] etc. In addition, ROS-responsive 

delivery systems have been developed.[11] However, translation of nanomedicine for human 

use has been limited by delivery as most nanomaterials have been nonspecifically uptaken 

by mononuclear phagocyte systems (MPS, e.g., liver and spleen) to remove them from 

circulation.[12] Chan and colleagues examined an overall liver clearance mechanism of 

injected nanomaterials, and found that hard nanomaterials were mainly uptaken and cleared 

by Kupffer cells and liver sinusoidal endothelial cells.[13] Nano-researchers often treat the 

accumulation of nanomaterials in the liver/spleen as the biggest hurdle for their clinical 

translation. However, an exception is when nano-antioxidants are utilized for hepatic IRI - 

this hurdle is a major benefit and a sufficient dose of nano-antioxidants can be delivered to 

the liver. Only a few studies have shown the feasibility of antioxidants in the prevention of 

acute liver injury,[14] and the detailed therapeutic mechanism still remained unknown, which 

impedes further development of this application.

Among all nano-antioxidants, ceria nanoparticles (NPs) have been widely studied to act as 

multi-antioxidants for scavenging of ROS, and their detailed mechanism of ROS scavenging 

have been investigated.[7b, 15] Herein, ceria NPs were selected as a representative and 

reliable nano-antioxidant to inhibit hepatic IRI. With their ‘blackbox’ of high accumulation 

in the liver/spleen, our interest is focused on how ceria NPs works in vivo to alleviate 

hepatic IRI. In previous studies, Manne et al. observed that ceria NPs could alleviate the 

symptoms of hepatic IRI,[16] but neither real-time bio-distribution of ceria NPs in vivo nor 

the detailed mechanism of NPs against IRI involved was studied. Herein, the detailed 

mechanism of IRI prevention by ceria NPs was investigated in depth, including roles of liver 

sinusoidal endothelial cells, Kupffer cells and monocyte/macrophage cells, the release of 

pro-inflammatory cytokines, and the recruitment and infiltration of neutrophils. Our results 

may provide new perspectives to address the unmet clinical requirement of treating hepatic 

IRI.

Characterization and ROS scavenging performance of ceria NPs.

Hydrophobic ceria NPs were synthesized via a pyrolysis method,[15d] and were transferred 

to hydrophilic phase through PEGlyation to improve their biocompatibility in vivo.[17] The 

synthesis of ceria NPs were confirmed by transmission electron microscopy (Figure 1b–c), 

energy dispersive X-ray spectrum (Supplementary Figure 1), and X-ray powder diffraction 

(Supplementary Figure 2). X-ray photoelectron spectroscopy (XPS) showed that the 

synthesized ceria NPs contained ∼32.01% of cerium(III) oxides and the remaining 

cerium(IV) oxides (Supplementary Figure 4). Importantly, ceria NPs are reported to possess 

robust multiple ROS scavenging capability, where the cerium(IV) sites are accountable for 

the oxidation of H2O2 via catalase (CAT)-mimetics while the cerium(III) sites are known to 

remove •OH and O2
•- via redox reactions or superoxide dismutase (SOD)-mimetics.[18] The 

ratio of Ce3+/Ce4+ in ceria NP in scavenging ROS is important for different ROS-related 

diseases, and special attention should be paid to the Ce3+/Ce4+ composition in ceria NP as 

well as the reproducibility. Such antioxidative activity of ceria NPs was measured and all 
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assays confirmed the highly sensitive and concentration-dependent scavenging of ROS by 

ceria NPs (Figure 1f–h). Electron spin resonance (ESR) spectroscopy further demonstrated 

the •OH scavenging effect of ceria NPs by using 5,5’-dimethylpyrroline-1-oxide (DMPO) as 

a spin trapping agent (Figure 1d), where 1:2:2:1 multiple peak in the ESR spectrum showed 

the presence of •OH and the peaks were sharply decreased upon addition of ceria NPs. In 

addition, the regenerable ROS scavenging of ceria NPs were evaluated by in situ Raman 

spectroscopy excited with a 488 nm laser. As shown in Figure 1e, major peaks at 460 cm−1, 

which indicated a symmetric breathing mode of oxygen atoms around Ce,[19] were shifted to 

new peaks centered at 850/880 cm−1 that attributed to the generation of O−O stretching of 

adsorbed peroxide species on the surface of ceria NPs. An anti-oxidative cycle was found 

from the generation to disappearance of the adsorbed oxygen species, indicating a recyclable 

antioxidant capability of ceria NPs. Further in vitro experiments showed that high ROS 

levels in cells destroyed mitochondrial function and led to cell death due to excessive 

oxidative stress. However, ceria NPs attenuated this response and protected the cells from 

ROS damage (Supplementary Figure 5–6).

Biodistribution of ceria NPs in vivo.

Many types of nanomaterials have been found to accumulate in liver and spleen after 

intravenous injection, including quantum dots,[13, 20] iron oxide NPs,[17b, 21] and silica NPs.
[22] With regard to prevention /treatment of hepatic IRI, this typical ‘disadvantageous’ liver 

uptake of nanomaterials is a huge ‘advantage’ for efficient delivery of agents into the 

targeted site. Biodistribution of ceria NPs was non-invasively evaluated in real-time via 

positron emission tomography (PET) imaging. The radionuclide 89Zr was used to label to 

ceria NPs because Zr4+ was found to be easily incorporated within ceria NPs.[15c] As shown 

in Supplementary Figure 7, the labeling yield increased with temperature and reached 69% 

at 37 °C and 96% at 55 °C after 2 h of incubation. The 89Zr-ceria NPs were highly stable in 

both PBS and blood serum as monitored by thin layer chromatography, where more than 

85% of 89Zr-ceria NPs remained intact for up to three days (Supplementary Figure 8). 

Furthermore, PET imaging of mice receiving intravenous (i.v.) injection of 89Zr-ceria NPs 

was performed to monitor the biodistribution of 89Zr-ceria NPs up to three weeks. As shown 

from the PET maximum intensity projection images in Figure 2a, dominant blood 

circulation at 1 h postinjection (p.i.) was found and the blood signal was still obvious at 3 h 

p.i. This suggests that surface PEGlyation endowed these ceria NPs with excellent 

circulation. The half-life was calculated to be ~ 2 h (Figure 2b), which is relatively long 

among inorganic NPs. The liver and spleen were discernable at 3 h p.i. and was the 

dominant signal from 6 h to 21 days p.i. The 89Zr-ceria NPs showed extremely high in vivo 
stability throughout three weeks as negligible free 89Zr bone and joint uptake was found 

(free 89Zr was easily absorbed by the bones and joints, Supplementary Figure 9). 

Quantitative region-of-interest (ROI) analysis of PET images showed that liver uptake of 
89Zr-ceria NPs reached a peak at 1 day p.i. (39.5 ± 9.1 %/ID/g, n = 3) and subsequently 

decreased (Figure 2c), indicating that the NPs was cleared from mouse liver from 1 day up 

to the 21 day period of the study. Ex vivo biodistribution studies corroborated the 

quantification data from the ROI analysis of PET images (Supplementary Figure 10). Such 

characteristics of ceria NPs with dominant and long-term accumulation in the liver support 

their application to combat hepatic IRI in vivo.
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A system/organ level perspective of the ceria NPs clearance was provided by PET imaging 

studies shown above. We then proceeded to analyze their biodistribution in the liver on the 

cellular level. Bio-TEM of liver tissues was performed at 24 h and 7 days p.i. As shown in 

Figure 2d–e and Supplementary Figure 12, the majority of ceria NPs were located in the 

lysosomes of the Kupffer-like cells at 24 h and 7 days, which is in accordance with PET 

imaging results. It is reported that 84.8% of Kupffer cells, 81.5% hepatic B cells, and 64.6% 

of liver sinusoidal endothelial cells are involved with injected PEGlyated nanomaterials.[13] 

In hepatic IRI, ROS are mainly released by Kupffer cells or markedly increased in liver 

sinusoidal endothelial cells.[1c] As the PET imaging and Bio-TEM studies have shown, these 

ceria NPs are ideal for hepatic IRI therapy since they would likely colocalize with ROS in 

the Kupffer and liver sinusoidal endothelial cell to directly scavenge them.

Prevention of hepatic IRI with ceria NPs.

The murine model of hepatic IRI was established as previously reported.[23] The protective 

effects of ceria NPs for IRI were compared between different groups, including a sham-

operated group of healthy mice using similar surgical procedure without ligation of the 

portal triad. The blood samples/liver from all groups were collected and evaluated for liver 

function at 12 h after surgery. Additionally, the long-term therapeutic assessment of ceria 

NPs in treated IRI mice at 7 days after the surgery was performed. Aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT) levels are two common clinical 

indices for liver health. AST levels from PBS or ceria NPs treated healthy mice were very 

low, but increased slightly in the sham group (Figure 3a). Significantly elevated AST values 

was found for IRI mice, which was obviously reduced for ceria NPs treated-IRI group, 

indicating alleviated tissue injury and overall therapeutic effect of ceria NPs. Any increase of 

ALT levels is a direct indication of liver injury, whether minor or severe. As shown in Figure 

3b, ALT levels for healthy mice with PBS or ceria NPs treatment or sham group were in the 

normal range, offering the baseline information for liver function. However, significant 

increase of AST levels was found for PBS-treated IRI mice, but decreased to a much lower 

value for ceria NPs treated-groups after IRI surgery. All these results demonstrated the 

hepatic injury in untreated IRI mouse and efficient prevention of IRI by ceria NPs in the 

treated groups.

Hematoxylin and eosin (H&E) staining of liver tissues was further performed to provide 

direct evidence of IRI treatment. A large area of severe damage as indicated by the blue dash 

line in Figure 4c was found in liver section from PBS treated IRI mice along with obvious 

cytolysis and necrosis of hepatic cells and hemorrhage (marked as yellow oval dashed line). 

However, only minor damage of liver tissues were observed for ceria NPs-treated IRI group 

with some structures of lipid droplets (marked as yellow arrows), indicating the protective 

effect of ceria NPs in preventing IRI. Ceria NPs still play important roles against hepatic IRI 

at 2 days after surgery (Supplementary Figure 13). Remarkably, no damage was found in the 

liver of IRI mice at 7 days after treatment of ceria NPs, with histological features similar to 

healthy mice that received PBS or ceria NPs injection. The liver from mice without 

treatment may also be healed at 7 days due to the regenerative ability of the liver. Herein, the 

model of acute liver injury was used to investigate the mechanism of NPs in treating hepatic 

IRI in the eraly phase when it just started. In the clinic, such intervention is very important 
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and necessary for patients with hepatic IRI, which could decrease liver damage and extend 

the time window for surgical procedures. Furthermore, liver profile (including cholesterol, 

albumin, urea nitrogen, and alkaline phosphatase, Supplementary Figure 14), hematology 

indices (Supplementary Figure 15–17), and H&E staining of main organs (Supplementary 

Figure 18) of mice receiving ceria NPs injection within one month demonstrated the 

excellent biocompatibility of ceria NPs in vivo.

Detection of antioxidative indicators in the liver after treatment.

To validate the roles of ceria NPs as antioxidants in IRI mice, we further detailed the 

antioxidative activity of ceria NPs in vivo. As shown in Supplementary Figure S19, 

dihydroethidium (DHE) staining of liver tissue for superoxide detection indicated that 

abundant ROS was generated in liver tissues from PBS-treated mice, which was significantly 

inhibited by treatment with ceria NPs. Liver malondialdehyde (MDA) and 8-hydroxy-2’-

deoxyguanosine (8-OHdG) levels are indicators of lipid peroxidation and DNA oxidative 

damage during hepatic IRI. As shown in Supplementary Figure S20–21, IRI mice receiving 

injection of ceria NPs had reversed the increased liver MDA and 8-OhdG levels in 

comparison with those receiving injection of PBS. Both lipid peroxidation and DNA damage 

of ceria NPs treated mice were similar to those in healthy mice. Superoxide dismutase 

(SOD) is an important defense to neutralize ROS for cells in the liver, which has been an 

indicator of oxidative stress. Significantly reduced levels of SOD were found in PBS-treated 

IRI mice while the SOD levels in ceria NPs treated IRI groups at both 12 h and 7 days p.i. 

were recovered to similar levels of healthy mice (Supplementary Figure S22). Our results 

demonstrated that ceria NPs served as reductants to scavenge ROS, inhibited the lipid 

peroxidation and DNA damage, prevented the depletion of SOD levels, and further protected 

hepatic cells on IRI mice.

Activation of Kupffer cells and other monocyte/macrophage cells.

The pathophysiology of hepatic IRI involves many mechanisms that each contributes in 

varying degrees to the overall injury. As demonstrated above, the excessive generation of 

ROS is clearly recognized as a key mechanism of injury, which is believed to regulate 

cellular phenotypes during liver reperfusion. To evaluate the effect of cellular phenotypes 

during treatment of ceria NPs to scavenge ROS, immunofluorescence staining on liver 

samples was performed by using anti-CLE4F antibody to indicate Kupffer cells (Green), 

anti-F4/80 antibody to indicate monocyte/macrophage cells (Red), anti-CD31 to indicate 

endothelial cells (Pink), and DAPI for nuclear staining (Blue). As shown in Figure 5a, 

healthy mice treated with PBS (A) or ceria NPs (B), and sham group (C) exhibited minimal 

monocyte/macrophage activation and intact endothelial integrity in the liver. In contrast, 

hepatic IRI led to significant activation of monocytes/macrophages as well as impaired 

endothelial integrity (D). As can be seen in Figure 5b, Kuffper and monocyte/macrophage 

cells were activated to accumulate around and inside the blood vessel, respectively, which is 

indicated with the dashed yellow oval. Activated Kupffer cells release various products, 

including cytokines, prostanoids and ROS,[24] which then further activate Kupffer cells in a 

positive feedback loop that ultimately leads to liver injury. Since ceria NPs scavenge excess 

ROS, minimal Kupffer and monocyte/macrophages are recruited which preserves the 

endothelium in liver tissues of ceria NPs treated IRI mice at 12 h (E) and 7 days (F).

Ni et al. Page 6

Adv Mater. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Activated monocyte/macrophages and Kupffer cells will significantly increase their release 

of ROS and pro-inflammatory cytokines. To further demonstrate the activation of monocyte/

macrophages and Kupffer cells, we measured several related cytokines in liver tissues from 

each group, including interleukin-1 (IL-1), interleukin-12 (IL-12), tumor necrosis factor-a 

(TNF-α), and interferon gamma (INF-γ). As shown in Figure 5a–d, the levels of these pro-

inflammatory cytokines were significantly increased for hepatic IRI, and reversed to normal 

ranges in IRI mice that received ceria NPs treatment. Among them, IL-1 is reported to 

stimulate the release of ROS by neutrophils, which will further increase TNF-α synthesis by 

Kupffer cells. As a fundamental role to promote the innate immunity, interleukin-6 (IL-6) is 

found to be up-regulated by TNF-α, which was further demonstrated in Figure 5e. The nitric 

oxide synthase 2 (NOS2) is another pro-inflammatory cytokine that produces NO at 

sustained high levels.[25] NOS2 in the liver from IRI mice was up-regulated (Figure 5f), 

which suggests overproduction of the highly toxic peroxynitrite anion in combination with 

additional oxidative stress (mainly superoxide anion). This was ameliorated in IRI mice 

receiving ceria NPs treatment since they reduce oxidative stress in the liver. Usually, the 

released pro-inflammatory cytokines further amplify activation of Kupffer cells and promote 

neutrophil recruitment and adherence to liver sinusoids, which were thoroughly investigated 

next.

Recruitment and infiltration of neutrophils.

Neutrophils have been well recognized as one of the major effectors during acute injury, 

which can be recruited to the inflammatory site within minutes.[26] We then evaluated the 

recruitment of neutrophils and hepatocytes apoptosis by immunofluorescence staining on 

liver samples. Intracellular adhesion molecule-1 (ICAM-1) is an adhesion molecule of 

neutrophils, which was stained using an anti-ICAM-1 antibody. As shown in 

Supplenmentary Figure 25, low ICAM-1 expression was found in liver tissues from healthy 

mice treated with PBS or ceria NPs and sham group, together with intact endothelial 

integrity and negligible hepatocytes apoptosis. However, hepatic IRI showed very high 

expression of ICAM-1, hepatocytes apoptosis, and impaired endothelial integrity. For the 

ceria NPs-treated group, all these symptoms were ameliorated at 12 h and 7 days after 

treatment. High expression of the ICAM-1 on the intraluminal side of liver sinusoidal 

endothelial cells is believed to contribute to the rolling, binding, and parenchymal 

extravasation of neutrophils.[27] We further evaluated the infiltration of neutrophils using an 

anti-Ly6G antibody as the neutrophil marker. Figure 4c showed significant neutrophils 

infiltration for IRI mice receiving PBS treatment, which were clearly observed in zoomed-in 

images shown below. In comparison, ceria NPs-treated IRI mice exhibited minimal 

neutrophils infiltration at both 12 h and 7 days after surgery. Myeloperoxidase (MPO) is a 

heme-containing peroxidase expressed mainly in neutrophils. The recruitment of neutrophils 

was further demonstrated by significantly higher level of MPO in livers from mice 

undergoing hepatic IRI (Figure 5g). However, in the liver of ceria NPs-treated IRI mice, 

MPO was similar to those of healthy mice both at 12 h and 7 days after treatment, 

corroborating the decreased neutrophil adhesion and infiltration as revealed by 

immunofluorescence staining.
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Mechanism of ceria NPs to prevent hepatic IRI.

Small amounts of ROS produced during oxidative metabolism in healthy livers are tolerated 

without any apparent side effects. However, when such a process is aberrant, excess ROS 

generated from both intracellular and extracellular sources during re-oxygenation to 

ischemic tissues may lead to hepatic IRI. Taken together the experimental results shown 

above, we propose the following mechanism for the prevention of hepatic IRI by ceria NPs 

(Scheme 1). First, ceria NPs were primarily uptaken by the MPS system (liver and spleen), 

largely in the liver sinusoidal endothelial cells and Kupffer cells. ROS generated from both 

intracellular and extracellular location during the IRI process were efficiently scavenged by 

ceria NPs that restored SOD levels and alleviated lipid peroxidation/DNA damage. The 

activation of Kupffer cells and monocyte/macrophage cells during IRI was significantly 

inhibited with less release of pro-inflammatory cytokines as well as the restricted adhesion 

of neutrophils. Therefore, the recruitment and infiltration of neutrophils during hepatic IRI 

was successfully inhibited with ceria NPs, which reduces the subsequent inflammatory 

response involved.[26] Since different nano-antixoidants showed similar ROS-scavenging 

performance and most of them were accumulated in the liver after intravenous injection, we 

believed our study will also shine light on their potential use as nano-antixoidants for 

preventing hepatic IRI.

Conclusion

We presented here the treatment of hepatic IRI in living animals by utilizing the ‘blackbox’ 

effect of nanomaterials (i.e., liver uptake). Importantly, the detailed mechanism for nano-

antioxidants in preventing IRI has been proposed based on our results from the detailed 

experimental studies. Such mechanism may also minimize hepatic IRI in patients who may 

receive a liver transplant with distribution of ceria NPs.[5] Future work is required to 

investigate whether the described mechanism can be applied to other kinds of nano-

antioxidants such as inorganic manganese NPs or organic carbon and melanin NPs.[6, 28] On 

the basis of our findings, the in vivo fate of these nano-antioxidants after preventing IRI adds 

another interesting facet to promote their quick clearance from the liver after treatment. As 

demonstrated by Chan et al., altering both macrophage phenotype and hepatic sinusoidal 

blood velocity are two new strategies to affect liver sequestration and clearance of 

nanomaterials and the relevant technologies are currently available,[13] which required in-

depth investigation in future. Overall, this study provides a detailed glimpse into the nano-

antioxidants against hepatic IRI, which will also offer a foundation for future studies to treat 

other IRI caused by general surgery or liver diseases with therapeutic nanomaterials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A schematic treatment of IRI using ceria NPs and their ROS scavenging performance.
a Schematic illustration of preventing IRI by ceria NPs. TEM images of ceria NPs before (b) 

and after PEGlyation (c). Scale bar inset: 5 nm. d. ESR spectra of the different group using 

DMPO as a spin trap agent. e. Raman spectra of ceria NPs reacting with H2O2 at varied time 

points within 45 min in each cycle. ROS scavenging activity of ceria NPs mimics catalase 

(CAT, f), SOD (h) and eliminate •OH (g). In f-h, data represent means ± s.d. from four 

independent replicates.
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Figure 2. Biodistribution of ceria NPs in vivo.
a Representative maximum intensity projection PET images of mice at various time points 

after i.v. injection of 89Zr-ceria NPs. b Time-activity curve of 89Zr-ceria NPs in the blood. c 
Quantification of 89Zr-ceria NPs uptake in the blood, liver, spleen, muscle, and bone at 

various time points p.i.. Bio-TEM images of mouse liver sinusoid showing the presence of 

NPs in the liver at 24 h (d) or 7 days (e) after i.v. injection of ceria NPs. White dashed line in 

(d) highlights the outline of Kupffer-like cells, while the orange dashed line within indicates 

the nucleus of Kuffper-like cells and red dash ovals showed the endocytosis of ceria NPs by 

lysosome. Blue dashed line in (e) highlights other cut direction of Kupffer-like cells and the 

white or yellow dashed rectangles showed the enlarged portion of the images. In a-c, data 

represent means ± s.d. from three independent replicates.
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Figure 3. H&E staining and blood serum test after treatment of hepatic IRI.
AST (a) and ALT (b) levels in blood serum from each group. Lower AST and ALT levels 

indicate better liver functions. c H&E staining of liver tissues from each group. Yellow dash 

line indicates the hemorrhage as well as cytolysis and necrosis of hepatic cells while the blue 

dash line showed the severely damaged tissue areas. Yellow arrows indicate the formation of 

lipid droplets, suggesting mild damaged tissue areas. Scale bar: 100 µm. In a-b, data 

represent means ± s.d. from five independent replicates, and P values were calculated by 

one-way ANOVA with Tukey’s honest significant difference post-hoc test (**** p < 

0.0001).
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Figure 4. Immunofluorescence staining on liver samples.
a Immunofluorescence staining was performed using anti-CLE4F antibody (green) as 

Kupffer cell marker, anti-F4/80 antibody (red) as monocyte/macrophage marker, anti-CD31 

antibody (pink) as an endothelial marker, and DAPI (blue) for nuclear staining of liver 

tissues from each group. Scale bar: 100 µm. b Enlarged images of immunofluorescence 

staining in a from liver samples of IRI mice treated with PBS (i) or ceria NPs (ii). Scale bar: 

50µm. Yellow oval dash line marked the cross-section of blood vessel in liver. c. Neutrophil 

marker was stained by using anti-Ly6G antibody (red), while using anti-caspase-3 antibody 

(green) as a cell apoptosis marker, anti-CD31 antibody (pink) as an endothelial marker, and 

DAPI (blue) for nuclear staining of liver tissue from each group. Scale bar: 100 µm.
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Figure 5. Detection of cytokines in liver tissues.
Cytokines of IL-1 (a), IL-12 (b), TNF-α (c), INF-γ (d), IL-6 (e), and NOS2 (f) from 

activated monocyte/macrophages and Kupffer cells and MPO (g) from activated neutrophil 

were measured in liver homogenates form each group. Data represent means ± s.d. from five 

independent replicates, and P values were calculated by one-way ANOVA with Tukey’s 

honest significant difference post-hoc (*p < 0.05; **p < 0.01; *** p < 0.001; ****p < 

0.0001).
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Scheme 1. Mechanism of preventing hepatic IRI by nano-antioxidants.
Ceria NPs can efficiently scavenge ROS from both intracellular (e.g., in the liver sinusoidal 

endothelial cells and Kupffer cells) and extracellular sources in the liver. As the ROS are 

neutralized, reduced Kupffer and monocyte/macrophage cells activation limited the release 

of pro-inflammatory cytokines, which inhibits the recruitment and infiltration of neutrophils. 

ROS, reactive oxygen species; IL-1, interleukin-1; IL-6, interleukin-6; IL-12, interleukin-12; 

TNF-α, tumor necrosis factor alpha; INF-γ, interferon gamma; NOS2, nitric oxide synthase 

2; ICAM-1, intracellular adhesion molecule-1; MPO, myeloperoxidase.
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