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oxidative stress and inflammationt
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Liver transplantation is currently recognized as the only effective therapeutic option for end-stage liver
disease. Hepatic ischemia—reperfusion injury (IRl) remains a major cause of graft damage or dysfunction,
and is mediated by the abundant production of reactive oxygen species (ROS) and a complex cascade
of inflammation during the reperfusion period. However, no universal antioxidant has been applied in
clinical practice due to its low bioavailability and non-specific targeting. Herein, cerium oxide and
manganese oxide nanocomposites (CM NCs), with the advantages of high biocompatibility, passive liver-
targeting and short-term metabolic excretion, were synthesized as a nanodrug for hepatic IRl therapy.
The CM NCs exhibited excellent superoxide dismutase (SOD) and catalase (CAT) mimetic activity to
scavenge ROS and generate oxygen (O,). Therefore, CM NCs could alleviate oxidative stress,
subsequently suppress the activation of Kupffer cells (KCs) and neutrophils, and reduce the secretion of
inflammatory factors due to the synergistic effect of ROS scavenging and O, production. By exploring
the underlying mechanisms of the CM NCs in the treatment of hepatic IRI, we suggest that the CM NCs
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Introduction

Ischemia-reperfusion injury (IRI) is a major pathophysiologic
mechanism involved in many clinical states, such as acute
myocardial infarction," stroke,” organ transplantation® and
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intraoperative cessation of the blood supply.* Currently, liver
transplantation, as the only effective treatment option for end-
stage liver disease,” has evolved rapidly with advances in
immunosuppressive management and surgical techniques.®
However, hepatic IRI remains a well-recognized major cause
of graft dysfunction and hepatic failure after surgical
procedures.” During the reperfusion period, significant reactive
oxygen species (ROS) such as hydrogen peroxide (H,0,), hydro-
xyl radicals (*OH) and superoxide anions (*O,") can induce
DNA damage, lipid peroxidation and cell necrosis, which
initiates a further inflammation cascade and aggravates liver-
tissue damage.®*° Thus, as critical initiators of oxidative stress
and inflammatory response, ROS have been a potential target
for antioxidant therapies.*

Despite extensive research that has confirmed the effective-
ness of antioxidants (alpha-lipoic acid,'® N-acetylcysteine'* and
curcumin'®) in alleviating IRI, their clinical application has
been immensely hampered due to their poor aqueous solubi-
lity, low bioavailability and non-specific targeting. Along with
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the overwhelming development of nanotechnology, taking
advantage of the inherently excellent properties of nanomater-
ials, including small size, high surface area and tunable sur-
faces for functionalization with biomolecules,*'®
nanomaterials with antioxidant activities have been being
explored in oxidative-stress-related diseases including
atherosclerosis,"” stroke,"®° acute kidney injury”* and chronic
inflammatory diseases.>*** However, non-specific uptake and
the elimination of most nanoparticles via the reticuloendothe-
lial system (RES, e.g., liver, spleen) have consistently been
barriers to effective tissue-targeted delivery in vivo."® Using this
imperfect preferential uptake enrichment of the liver, nano-
antioxidants have shown promising applications in hepatic IRI
treatment. However, as far as we know, research on exploring
the nano-antioxidants for alleviating hepatic IRI remains in the
early stages.>**” In addition, hypoxia is an important critical
factor that can promote the expression of pro-inflammatory
factors.?® It has been demonstrated that oxygen (O,) replenish-
ment can reduce the pro-inflammatory macrophage level and
prevent inflammation-induced tissue necrosis in a drug-
induced liver injury model.>® Therefore, it is highly desirable
to design and construct a nanodrug with the capacity for
scavenging ROS and generating oxygen, which could hold
promise in facilitating the therapeutic efficiency of hepatic IRI.

Herein, we first synthesized a novel bovine serum albumin
(BSA)-functionalized nanocomposite based on cerium oxide
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and manganese oxide (CM NCs) for the therapy of hepatic IRI
(Scheme 1). Due to the transition between Ce*" and the Ce**
oxidation state,***! CeO, can catalyze (*0,") to produce H,O,
and remove (*OH) via superoxide dismutase (SOD) mimetics
and redox reactions, respectively. MnO, can further decompose
H,0, and exhibits a high O,-production efficiency due to its
catalase (CAT)-like activity. During the reperfusion period, the
CM NCs demonstrated a good performance in reducing the
levels of oxidative stress, decreasing Kupffer cell (KC) activa-
tion, diminishing the release of inflammatory factors (i.e.,
tumor necrosis factor-o. (TNF-o), interleukin-1f (IL-1P),
interleukin-6 (IL-6) and interferon gamma-y (IFN-y)), and
restricting neutrophil recruitment and infiltration in a hepatic
IRI model, all of which can be ascribed to the synergistic effect
of ROS scavenging and O, generation. Therefore, all findings
demonstrate that CM NCs are promising nanodrugs for the
treatment of hepatic IRI, and provide new perspectives in the
management of other oxidative-stress-related diseases.

Results and discussion
Synthesis and characterization of CM NCs

CM NCs were fabricated through biomineralization. As shown
in the transmission electronic microscopy (TEM) image
(Fig. 1a), the as-prepared ultrasmall CM NCs with an average
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Scheme 1 A. Synthetic procedures of CM NCs. B. Schematic illustration of the therapeutic mechanisms of CM NCs. The CM NCs can scavenge and

eliminate *O, ",

H,0,, and *OH during the reperfusion process, subsequently suppressing the activation of Kupffer cells and neutrophils, and reducing the

secretion of inflammatory factors. ROS, reactive oxygen species; IL-1p, interleukin-1f; TNF-o, tumor necrosis factor-o; IL-6, interleukin-6; IL-12,

interleukin-12; IFN-v, interferon gamma-vy; MPO, myeloperoxidase.
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Fig. 1 Characterization of CM NCs. (a) TEM image of CM NCs. (b) EDX
spectroscopy of CM NCs. (c and d) XPS spectra corresponding to (c) Mn
and (d) Ce of the CM NCs. (e) FT-IR spectra of BSA and CM NCs.

size of about 2 nm showed uniform morphology and good
monodispersity. Energy dispersive X-ray spectroscopy (EDX)
(Fig. 1b) confirmed the existence of Ce, Mn and O, which is
consistent with the result of the energy dispersive spectrometer
(EDS)-elemental mapping (Fig. S1, ESIT). X-Ray photoelectron
spectroscopy (XPS) revealed characteristic peaks at 642.5 and
654.0 eV, which corresponded to Mn2p;, and Mn2p,, of
MnO,. The XPS spectrum also showed the binding energy levels
of Ce(m) (885.7 and 904.0 eV) and Ce(wv) (882.7, 887.2, 898.5,
900.9, 907.2 and 916.4 eV), which confirmed the existence of
the mixed-valence state of Ce** and Ce*" in the CM NCs with
Ce"" being dominant (Fig. 1c and d and Fig. S2, ESIt). It is
known that higher ratios of Ce**/Ce** exhibit a higher SOD-like
activity, and higher levels of Ce*" sites show significant CAT-
like activity.*>** Thus, the CM NCs not only scavenge *O,~ but
also remove the H,0, generated in the SOD-mimetic process.
The results of X-ray diffraction (XRD; Fig. S3, ESIt) of the CM
NCs also confirmed their successful synthesis. The FT-IR
spectra indicated the successful modification of BSA on the
surface of the nanocomposite (Fig. 1e). Owing to the existence
of BSA, the CM NCs showed great dispersity in water with the
average hydrodynamic size of 23.12 nm (Fig. S4, ESI{). More-
over, the zeta potential of CM NCs was —18.67 mV (Fig. S5,
ESIt), and the CM NCs showed good colloidal stability with no
significant change in the particle size distribution for at least
7 days (Fig. S6, ESIT).

ROS scavenging properties of CM NCs

To evaluate the ROS-scavenging activities of the CM NCs, such
as the hydroxyl radical (*OH) scavenging activity, the SOD-
mimicking activity and the CAT-mimicking activity, UV-vis
absorbance spectroscopy, electrospin resonance (ESR) spectra
and the oxygen production were monitored, respectively
(Fig. 2). First, the *OH generated by Fenton reaction with the
Fe’'/H,0, was detected using the specific probe 3,3’,5,5'-
tetramethylbenzidine (TMB). After mixing TMB with Fe®'/
H,0,, an obvious absorption peak at 650 nm was observed

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 ROS-scavenging properties of CM NCs. (a) Absorption spectra of
TMB after reaction with Fez*/HZOZ, in the absence and presence of CM
NCs. (b and c) ESR spectra of *OH and *O,", respectively, using DMPO as
the spin trap agent, with the addition different concentrations of CM NCs.
(d) Generation of oxygen from different concentrations of CM NCs with
H>0O,. The concentration of CM NCs is expressed in the form of the molar
concentration of Ce.

(Fig. 2a). After adding CM NCs to the Fe*'/H,0, system, the
intensity of the absorption peak progressively decreased with
the increase in the CM NC concentration. Furthermore, the
*OH scavenging capacity of the CM NCs was confirmed by ESR
spectra. As shown in Fig. 2b, the 1:2:2:1 multiple peak
intensity indicated the amount of *OH, that was captured by
5,5'-dimethylpyrroline-1-oxide (DMPO). The signal of DMPO/
*OH diminished with the addition of CM NCs. Similarly, the
scavenging of *O,” by the CM NCs was also assessed via ESR
spectroscopy using DMPO as a spin trap (Fig. 2¢). The *O,~ was
generated by the hypoxanthine/xanthine oxidase (HYP/XOD)
system that served as a control group. The DMPO/*OOH signal
intensity decreased as the concentration of CM NCs was
increased, indicating their ability to eliminate *O, . To test
the H,0, decomposition capacity of the CM NCs, the amount of
generated O, was monitored using a dissolved-oxygen meter.
Compared with the control group (only H,0,), the amount of
O, production and the rate of O, release evidently increased
with an increasing CM NC concentration (Fig. 2d). All the
results above demonstrated that CM NCs have an excellent
capacity for scavenging ROS and generating O,.

Intracellular ROS scavenging by CM NCs

For subsequent bioapplications, a compatibility assessment
was first performed using a standard Cell Counting Kit-8
(CCK-8) assay. No significant cytotoxicity for human hepato-
carcinoma (HepG2) cells and human embryonic kidney 293T
(HEK293T) cells was observed (Fig. S8, ESIT), even if the CM NC
concentration reached 1500 pg mL™'. Moreover, the CM NCs do
not cause any obvious hemolysis, even at a concentration of
1500 pg mL~", when co-cultured with mouse red blood cells
(Fig. S9, ESIf). The cellular uptake of CM NCs by mouse
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Fig. 3 (a) Fluorescent staining images of HepG2 cells treated with CM
NCs using HPF for ROS staining. Scale bar: 50 um. (b) /n vitro cell viabilities
of HepG2 cells treated with different concentrations of CM NCs in the
absence and presence of H,O,. Data represent the mean =+ s.d.; P values
were calculated via two-tailed Student's t-test, *P < 0.05; **P < 0.01;
***p < 0.001; ****P < 0.0001.

macrophages (RAW264.7) increased with the duration of incu-
bation (Fig. S10, ESIT). Then, hydroxyphenyl fluorescein (HPF)
was selected as a fluorescence probe to assess the intracellular
ROS-scavenging capability of the CM NCs. After incubation
with a culture medium containing different concentrations of
H,0, (250 uM or 375 pM), HepG2 cells showed green fluores-
cence, indicating the generation of ROS in HepG2 cells, as
shown in Fig. 3a. When the CM NCs were added to an H,0,-
containing cell system, the green fluorescence intensity showed
a distinct weakening, confirming the good scavenging capabil-
ity of the CM NCs. By contrast, for PBS only and the CM NC
group, no significant fluorescence signal was observed. The
ROS scavenging ability was further quantified by monitoring
the cell viability after adding 1 mM H,0, and different con-
centrations of CM NCs, ranging from 100 to 800 pug mL "
Fig. 3b shows that the cell viability of HepG2 cells improved
with an increasing concentration of CM NCs, indicating their
good scavenging ability. The good biocompatibility and super-
ior ROS scavenging activity endow the CM NCs with good
potential for the treatment of hepatic IRI.

In vivo biodistribution and biocompatibility of CM NCs

The liver is a major organ involved in macromolecule metabo-
lism, distribution and elimination.** Mostly, nanomaterials
can be trapped by KCs and achieve passive enrichment in the
liver through intravenous (i.v.) injection.*® In particular, nano-
materials with a negative surface charge are more susceptible to
be phagocytosed by KCs.>***” To quantify the biodistribution of
the CM NCs, inductively-coupled plasma-atomic emission
spectroscopy (ICP-AES) was employed to detect the content of
Ce at various time points post-i.v.-injection. As shown in
Fig. 4a, the CM NCs were predominantly taken up by the
RES, such as the liver and spleen, and were significantly
enriched in the liver at 6 hours after tail-vein injection. Due
to their small particle diameter, the CM NCs traveled quickly to
the liver, but were also gradually metabolized and eliminated
from the liver 24 hours after administration. Up to 14 days, a
very small amount of Ce element was detected in the liver
tissue. To observe the cellular uptake of CM NCs after their
intravenous injection, liver tissue was prepared for bio-
transmission electron microscopy (bio-TEM). And as visualized
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Fig. 4 In vivo biodistribution of CM NCs. (a) Biodistributions of Ce ele-
ment in the main organs at various time points. (b and c¢) Bio-TEM images
of mouse liver tissue demonstrating the uptake of CM NCs in the Kupffer
cells and hepatic astrocytes after intravenous injection of CM NCs. The
yellow dashed line in (b) outlines the nucleus of the KC and the red dotted
circle indicates lysosome within the engulfed CM NCs. The yellow dashed
line in (c) shows the nucleus of the astrocyte and the red dotted circle
highlights the CM NCs in lipid droplets.

via bio-TEM (Fig. 4b), the CM NCs were phagocytized mainly by
the KCs. This might partially be due to the CM NCs with a
negative surface charge being more likely to be taken up by
KCs.*® Moreover, we also observed the aggregation of CM NCs
in the lipid droplets of hepatic astrocytes. Thereby, both of
these advantages, including a passive liver targeting ability and
short-term metabolic excretion, make the CM NCs ideal for the
treatment of hepatic IRI.

For further assessment of the biocompatibility of the CM
NCs in vivo, healthy ICR mice were randomly divided into two
groups, as a PBS-treated group and a CM NCs-treated group.
The serum biochemical markers of the two groups, which
included ALT, AST, alkaline phosphatase (ALP), albumin and
blood urea nitrogen (BUN), were evaluated. No statistical dif-
ference was found between the two groups (Fig. S11, ESIf).
Meanwhile, the blood parameters (Fig. S12, ESIt) and hema-
toxylin-eosin (H&E) staining of the main organs (Fig. S13, ESIT)
appeared to show no obvious toxicity 30 days after receiving the
CM NC treatment. Thus, the CM NCs exhibit excellent biocom-
patibility in both the short and long term.

Prevention of hepatic IRI with CM NCs

For the in vivo study, all mice were separated randomly into six
groups, and included a healthy group, a CM NC-treated group,
a sham group, a hepatic IRI group, a 12 h- and a 7 day-group
after IRI mice had been treated with CM NC. The hepatic IRI
model was established according to a previous protocol.>® In
the sham group, the mice underwent the same surgical proce-
dures except ligation. The serum biochemical markers (ALT
and AST) are the main indicators of hepatic function in clinical
assessments and experiment research.*® At 12 h and 7 days,
respectively, after surgery, the serum ALT and AST levels were
monitored to assess the short- and long-term protective effects
of CM NCs for IRI. Compared with the healthy group, the ALT
and AST levels of the IRI mice were significantly higher (Fig. 5a
and b), which suggests a severely impaired liver function. For
the group of CM NC-treated IRI mice, both indicators were
found to be slightly elevated at 12 h post-surgery. Moreover,
both ALT and AST levels at 7 days after treatment with the CM
NCs had returned to the healthy level. These results indicated

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Prevention of hepatic IRl with CM NCs. Indicator levels of hepatic
function included (a) ALT and (b) AST from each group. (c) MDA levels in
liver homogenates from each group. (d) Images of fluorescent staining of
liver tissues with DHE and 4,6-diamidino-2-phenylindole (DAPI). Scale bar:
100 pm. (e) H&E staining of the liver tissue of each group. The dashed
yellow lines outline severe damage areas with hepatocellular necrosis,
hemorrhage and inflammatory cells. The yellow arrows indicate hepato-
cyte cytoplasm vacuolization. Scale bar: 100 um. Data represent the mean
+ s.d.; P values were calculated via two-tailed Student's t-test, *P < 0.05;
**P < 0.01; **P < 0.001; ****P < 0.0001.

that hepatic damage was alleviated through treatment with
CM NCs.

ROS at physiologically low levels play a significant role in
intracellular signal transduction and maintain a redox balance
in the organism.”’ ROS overproduction can result in oxidative
stress, which causes lipid peroxidation and cell membrane
damage.*® So *0, levels in the liver tissues from each group
were detected by fluorescent staining using dihydroethidium
(DHE). As shown in Fig. 5d, the red fluorescence intensities of
the treated groups were significantly reduced compared with
the IRI group, which further confirmed the ROS scavenging
activity of the CM NCs in vivo. In addition, malondialdehyde
(MDA), a product of lipid peroxidation, has been widely used as
one of the indicators of oxidative stress. The MDA levels of
hepatic tissue homogenates in each group were detected. As
shown in Fig. 5c¢, the level of MDA in IRI mice was markedly
increased compared with the other groups. By contrast, for the
IRI mice with CM NC treatment, the MDA levels remained close
to the mice of the healthy group. Such a result provides direct
evidence that the CM NCs can reduce oxidative stress and
alleviate liver tissue injury.

This journal is © The Royal Society of Chemistry 2022
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The H&E staining of liver tissue was performed for further
pathological evaluation. Severe liver injury was significantly
observed in IRI mice receiving PBS treatment (Fig. 5e). The
area marked by the dashed yellow line showed a large area of
hepatic cell necrosis and hemorrhage. However, a milder liver
injury with some hepatocyte cytoplasm vacuolization (marked
with yellow arrows) was found in the CM NCs-treated IRI group.
After treatment with CM NCs for 7 days, the hepatic tissue
morphology showed no visible damage and no difference from
the healthy group. All these results further confirmed that the
CM NCs can effectively prevent hepatic IRI.

Regulating the inflammatory process of hepatic IRI

Hepatic IRI is a complex pathological and physiological phe-
nomenon involving multiple mechanisms. In addition to the
direct oxidative damage caused by oxidative stress, as another
important mechanism, the inflammatory response that is
triggered by excessive ROS and hypoxia can exacerbate liver
damage.”®*>** KCs, which are liver tissue-specific macro-
phages, are activated by damage-associated molecular pattern
(DAMP) molecules such as high mobility group box 1 (HMGB1),
thereby inducing further production of ROS and the release of
numerous pro-inflammatory cytokines.*> For a more compre-
hensive understanding of how the CM NCs exert their protec-
tive effects, enzyme-linked immunosorbent assay (ELISA) was
conducted to assess the levels of several cytokines secreted in
the liver homogenates. The pro-inflammatory cytokine IL-1
exhibited significantly elevated levels in the PBS-treated IRI
group compared with the healthy mice, as shown in Fig. 6b.
Moreover, IL-1f has the potential to increase TNF-o synthesis
and release by the KCs.*® As a central role in hepatic IRI, TNF-o.
can stimulate the activation of monocytes/macrophages,*” but
it can also promote the release of other cytokines, such as
IL-6.*® However, the above cytokine levels were markedly down-
regulated for the CM NC-treated IRI group due to the ROS
scavenging activity of the CM NCs (Fig. 6a-c).
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Fig. 6 CM NCs regulate the inflammatory process of hepatic IRI. (a—f) The
cytokines TNF-a (a), IL-1B (b), IL-6 (c), IL-12 (d), IFN-v (e), and MPO (f) were
detected in liver homogenates from each group via ELISA. Data represent
the mean + s.d.; P values were calculated via two-tailed Student's t-test,
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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In addition to ROS production and the release of pro-
inflammatory cytokines, activated KCs also secrete chemokines
that induce the recruitment and activation of neutrophils,
resulting in further aggravation of hepatic IRL***° IL-1B, TNF-
a, IL-12 and IFN-y are the key cytokines secreted by activated
KCs to promote migration, adhesion, accumulation and activa-
tion of neutrophils.’®>' From Fig. 6a, b, d and e, it was
confirmed that the secretion of these cytokines was highly
increased. Activated neutrophils, as the main actor of tissue
damage, exacerbate liver reperfusion injury by releasing numer-
ous ROS and several proteolytic enzymes.”> Myeloperoxidase
(MPO), a neutrophil-specific peroxidase enzyme and a biomar-
ker of neutrophil infiltration, is released into the extracellular
environment when neutrophils are activated and degranulated.
According to Fig. 6f, we observed an increased neutrophil
accumulation, as demonstrated by the increased MPO activity
in the IRI group. Nevertheless, the mice with the CM NC
treatment could significantly decrease the expression of MPO
in hepatic IRI. As such, the CM NCs have a great potential in the
prevention of hepatic IRI via scavenging the ROS produced by
KCs, decreasing KCs and monocyte/macrophage activation,
regulating inflammatory cytokine secretion and reducing neu-
trophil recruitment.

Conclusions

In conclusion, CM NCs with a small size and high biocompat-
ibility were successfully synthesized and used for the treatment
of hepatic IRI. The CM NCs exhibited excellent SOD and CAT
mimetic activities to scavenge and eliminate *O,”, H,0,, and
*OH. Moreover, in vitro experiments confirmed that the ROS-
scavenging activities of CM NCs could protect cells against
oxidative stress damage. Further in vivo studies demonstrated
that CM NCs effectively restored the SOD levels and alleviated
liver injury during the hepatic IRI process. Importantly, we
further demonstrated that the CM NCs significantly alleviate
oxidative stress during the reperfusion process, subsequently
suppressing the activation of KCs and neutrophils, and redu-
cing the secretion of inflammatory factors. In summary, the CM
NCs, with the advantages of small size, high biocompatibility,
and passive liver-targeting ability, have the capacity to scavenge
ROS and regulate inflammation, and could be a potential
nanodrug for the treatment of hepatic IRI. Moreover, our study
also provides the foundation for further investigations, for the
application of CM NCs in the treatment of other oxidative-
stress-related diseases.
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