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Abstract

Hepatic ischemia-reperfusion injury (IRI), which mainly results from excessive reactive oxygen
species (ROS) generated by a reperfusion burst of oxygen, has long been a major cause of liver
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dysfunction and failure after surgical procedures. Here, a monodispersed hydrophilic
carbohydrate-derived nanoparticle (C-NP) was synthesized as a nanoantioxidant that could
effectively prevent hepatic IRI. The spherical C-NPs had a size of ~78 = 11.3 nm covered with
polar surface groups. They were well dispersible in water with good colloidal stability,
nontoxicity, and good ROS scavenging capability. The C-NPs also exhibited good circulation
lifetime, effective delivery to liver, and gradual degradability with an ability to assist the IRI group
maintaining a normal and healthy liver status. The pathology mechanism of C-NPs in hepatic IRI
was confirmed to be scavenging of excessive ROS by C-NPs. The effective therapeutic treatment
of C-NPs in living animals revealed a great potential in clinical prevention for hepatic IRI.
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INTRODUCTION

Organ ischemia with inadequate oxygen supply followed by reperfusion can lead to complex
inflammatory responses and oxidative stress. Liver is highly dependent on oxygen supply
and susceptible to hypoxic or anoxic conditions.? Hepatic ischemia-reperfusion injury (IRI)
is therefore a major cause of liver dysfunction and failure after surgical procedures such as
tissue resection, trauma, hypovolemic shock, and transplantation.2:3 Reactive oxygen species
(ROS), such as hydrogen peroxide (H,05), superoxide anion (0%7), and hydroxyl radical
(HO™), play a major role in reperfusion injury by peroxidation of DNA, protein, and lipids,
which can cause a series of deleterious cellular responses including cell death, inflammation,
and ultimate hepatic failure.4-8 It is, therefore, essential to develop methodologies capable of
eliminating ROS during reperfusion to prevent and treat hepatic IRI1.7-8 However, there is no
approved clinical pharmacological intervention for hepatic IRI.% Recently, various
nanomaterials have been developed with ROS scavenging ability to treat ROS-related
diseases including stroke, 10 neurodegenerative diseases,!! acute kidney injury,1?
atherosclerosis,13 and diabetes.1* These nanomaterials are mostly made from metal and
metal oxides, such as platinum,® gold1® and selenium” and ceria oxides.18:19 However,
these nanomaterials face several critical hurdles for clinical translation, that is, easy to
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aggregate (poor colloidal stability)20 in the bloodstream or in the liver/spleen system, metal-
ion release side effects,2! poor degradability,22 and the requirement of extra surface coating/
functionalization to achieve desired biodistribution and biostability may jeopardize the
reaction kinetics of ROS.

Specifically, carbon-based nanomaterials such as carboxyl-modified fullerenes with a
conjugated rz-system have already shown excellent capability of ROS harvesting related
applications.22-24 Herein, unlike common hydrophobic carbon materials, a hydrophilic
carbohydrate-derived nanoparticle (C-NP) was synthesized by a one-step aqueous method?®
and directly applied as an effective nanoantioxidant for the first time. This C-NP contains
polyfurane units with conjugated r-systems of which antioxidant chemistry is based on
radical capture and reaction on conjugated r-systems and unsaturated bonds.26:27 The
hydrophilicity due to polar surface groups enables excellent dispensability in water with
good colloidal stability. /n vitro cytotoxicity and ROS scavenging experiments demonstrated
a great potential in preventing ROS-related diseases. Therefore, these C-NPs were further
applied /n vivo and successfully ameliorated acute liver injury in hepatic IRl models. Two
clinical liver damage indicators (the aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels) showed that a C-NP-treated group had negligible liver
damage and it enhanced recovering the superoxide dismutase (SOD) level to the normal
healthy state within 60 h. The detailed mechanism of IRI prevention by C-NPs was
investigated systematically, 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. This study provided a novel strategy for
effectively treating hepatic IRI.

RESULTS AND DISCUSSION

Physiochemical Properties of C-NPs.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images
shown in Figure 1a revealed that as-received C-NPs had a uniform spherical shape with a
monodispersed size distribution.28 The phase of the products was confirmed by X-ray
diffraction (XRD) spectra. The broad peak centered at about 25.3° corresponds to the
amorphous structure of the polymer-like carbons. The (101) peak (about 42°) relates to in-
plane scattering and is characteristic of a turbostratic-type (sp?-hybridized) carbon due to
aromatization and condensation of the materials.2%:30 The as-prepared C-NPs could be easily
dispersed (Zeta potential: -68.1 = 0.37 mV) in an aqueous solution (Figure 1b) and maintain
colloidal stability in PBS solution for at least 3 days. Size distribution of the C-NPs was
measured by dynamic light scattering (DLS) analysis and showed an average diameter of 78
+ 11.3 nm (Figure 1c). The C-NPs exhibited a relatively uniform spherical morphology at a
larger scale, as confirmed by the repeatable wavy height profile from atomic force
microscopy (AFM) (Figure S1) scan. The surface of sphere was generally smooth with no
obvious roughness.

X-ray photoelectron spectroscopy (XPS) analysis was performed to investigate the
composition of the C-NPs. The full spectrum survey showed two major components, C
(62.23%) and O (30.39%) from the C-NPs (Figure S2). The enlarged C 1s peak (Figure 1d)
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could be deconvoluted into three main components including C—C, C—O, and C=0.
Accordingly, the O 1s peak (Figure 1e) could also be deconvoluted to two oxygen bonds,
that is, C—O and C=0. Fourier-transform infrared (FTIR) spectroscopy (Figure 1f) further
showed the vibration bands from C=0 groups at 1710 cm~1 and aromatic C=C groups at
1620 and 1513 cm~1. Bands in the range of 1000-1300 cm™1, corresponding to the C-OH
stretching and OH bending vibrations, implied the existence of residual hydroxy! groups.
The hydroxyl groups could be covalently bonded to the carbonized core and contributed to
the hydrophilicity and stability of C-NPs. Comparing the C-NPs to the precursor (glucose)
showed that the aromatic C—H bands at 875-750 cm™! disappeared, whereas aliphatic C=C
and C—O—H (hydroxy! or carboxyl) bands appeared at ~2900 and 3000-3700 cm™1,
respectively, indicating the occurrence of dehydration and aromatization during the
hydrothermal carbonization, which were responsible for generating turbostratic-type carbon
structure.

In Vitro ROS Scavenging by C-NPs.

The ROS scavenging capability of the C-NPs was first investigated /7 vitroin a cell-free
system by in situ Raman, electrospin resonance (ESR) and UV-vis absorbance spectroscopy.
The Raman spectra of the pristine C-NPs (Figure 2a) showed two overlapping bands around
1589 and 1361 cm~1 which could be attributed to the in-plane vibrations in aromatic
crystalline carbon (G band)3! and disordered amorphous (partially hydrogenated) carbon
films (D band),32 respectively. These data confirmed the existence of small aromatic clusters
in C-NP samples, agreeing well with the aromatization of the materials observed in FTIR
spectra. After adding H,0,, a strong new peak centered at 875 cm™1 appeared corresponding
to H,O5, while both D and G bands of C-NPs were almost flattened out. After 30 min, the
H,0, peak decreased and peaks of C-NPs were re-emerging. Finally, the H,O, peak fully
disappeared and a new CO32~ peak emerged as a result of oxidation of carbohydrate and
formation of dissolvable carbonates. The significantly stronger G band compared to D band
post reaction suggested that amorphous carbon was more reactive and receptive to H,O».
The strong antioxidative ability was also shown by ESR spectra (Figure 2b), where the
1:2:2:1 multiple peaks represent the *OH captured by 5,5”-dimethylpyrroline-1-oxide
(DMPOQ) as a spin trapping agent. The peak intensity was highly sensitive to the amount of
trapped DMPO/+OH, which was dependent on the scavenging ability of C-NPs. The peaks
showed a sharp decrease upon adding C-NPs and further decreased as the C-NP
concentration increased, revealing that the remaining ROS was highly responsive to the C-
NP concentration. Moreover, pristine C-NPs exhibited a maximum absorption peak at ~240
nm (Figure 2c), which linearly decreased (Figure S3) as the amount of H,O5 increased. This
correlation can also be clearly observed from the color degradation of 5 pg/mL C-NPs
solution when adding 0-450 xM of H,0, (Figure S4). SEM analysis of the degrading
samples was shown in Figure S5; after adding over 250 M H»0,, the C-NPs transformed to
dissolvable carbonates (increased dendrite clusters appears), which was in consistent with
former results in Raman spectra (the CO3%~ peak emerged). More XPS analyses (Figure S6)
of C-NPs reacting with H,O, demonstrated an increased O/C ratio in the products of C-
NP/H,0, system (Figure S7), confirming the oxidation of unsaturated C=C with H,O, and
generation of dissolvable carbonates. /n7 vitro antioxidative experiments further conducted on
comprehensive ROS assays were using catalase (CAT), hydroxyl radical antioxidant
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capacity (HORAC), and superoxide dismutase (SOD) activity bioassays to evaluate H,Oo,
*OH, and O,7, respectively. The results shown in Figure 2d—f demonstrated that the
activities of all anti-ROS enzymes were highly dependent on the concentration of C-NPs,
further confirming the /n vitro effectiveness of C-NPs as an antioxidant.

A time- and dose-dependent viability assay was then employed to evaluate the cellular
effects/cytotoxicity of the C-NPs. The embryonic kidney 293 (HEK?293) cell viability test
(shown in Figure S8) confirmed that the as-prepared C-NPs had no significant toxicity. The
cellular uptake of C-NPs by RAW264.7 cells increased along with the incubate time
increased from 0 to 24 h (Figure S9), demonstrating the capability of C-NPs entering cells
and harvesting ROS /n situ. ROS scavenging ability of C-NPs in HepG2 (human
hepatocellular carcinoma) cell system was investigated by comparing the
immunofluorescent confocal images shown in Figure 2g, where ROS and nuclei were
stained as green and blue, respectively. Normal ROS signals (green signal) generated by cell
breathing could be found in the cell system with added PBS and C-NPs solutions (left two
images in the top row). Much stronger and intensive ROS signals could be clearly seen in
H,0,-containing cell systems (two middle images in the top row). Accordingly, massive cell
death occurred as confirmed by membrane damage/disappearing and nuclei leaking out/
merging in Hoechst staining images (middle row). With the presence of C-NPs (right
column), the ROS signal was significantly suppressed nearly to the level of the two control
systems and the cell death was dramatically reduced. To quantify the relationship of cell
viability with the C-NPs concentration, /n vitro cell viability test of human embryonic
kidney (HEK293) cells with 250 ¢M H»0, and C-NPs ranging from 5-25 pg/mL were
compared (Figure 2h). It could be clearly seen that the survival rate of HEK293 cells were
highly dependent on the concentration of C-NPs. In general, the /n vitro experiments
suggested that the C-NPs were nontoxic and could effectively scavenge ROS and thus
protect the cells from ROS damage.

In Vivo Biophysiochemical Study of C-NPs.

In vivo PET imaging was used to investigate the biodistribution of C-NPs. The radionuclide
897y was used to label C-NPs,33 and the resultant 89Zr-C—-NPs were highly stable in PBS
solution as monitored by thin layer chromatography (Figure S10). The labeling yield
increased following the time and temperature and reached 69% at 15 °C and 89.1% at 55 °C
after 2.5 h incubation (Figure S11). Real-time and noninvasive trace of 89Zr—-C—NPs were
recorded by PET imaging after mice received intravenous (i.v.) injection of 89Zr-C—NPs. As
shown in Figures 3a and S12, the maximum intensity projection (MIP) images displayed a
clear vision of the heat signal at 12 h post injection (p.i.), indicating a good circulation of the
NPs. A dramatic signal increase also presented in the bladder after 1 h, which could be a
sign of renal clearance of the excessive injected nanoparticles since no signal of bone and
joint absorption of free Zr-89 was observed at this time point (Figure S12). This observation
was intriguing as excessive NPs were able to be efficiently excreted via urine, an ideal
property of nanomedicine that should home efficiently to the desired/diseased area with the
unbounded quickly excreted by renal clearance, avoiding extended duration in the host. Such
an ideal circulation capability could be attributed to the unique carboxyl group-decorated
amorphous carbon structure. The carboxyl coating created a hydrophilic protection layer
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around the C-NPs, which could repel the absorption of opsonin proteins via steric repulsion,
and thereby significantly delayed the first step in opsonization.34 Therefore, the C-NPs could
maintain good colloidal stability in blood circulation and meanwhile still possess a strong
capacity to pass across microcapillaries.

Signals in the liver and spleen were found at 1 h p.i. and became exclusive at 24 h p.i. After
48 h p.i., 89Zr—C—NPs started to degrade gradually, showing a major signal in the vertebra
(Figure S12), since free 89Zr could easily be absorbed by bones and joints (Figure $13).3°
Quantitative region-of interest (ROI) analysis of PET images in Figure 3b showed that the
liver uptake of 89Zr—C—NPs peaked at 24 h p.i (25.6 + 1.7%/1D/g) followed by subsequent
decrease to the original level. This observation suggested that the NPs were gradually
cleared from the liver starting from day 1.

Prevention of Hepatic IRl in Murine Model.

A murine model of IRI was created according to a previous protocol.38 The treatment effect
of C-NPs to hepatic IRI was tested by i.v. injecting C-NPs to IRI-mice, which was compared
to two control groups, including an IRI group with PBS injection (Figure 4a) and a sham-
operated group that exposed liver but without ligation. The blood/liver samples were
collected from all groups and analyzed to evaluate the liver function at 12 h after surgery.
Another group of C-NP-treated IRl mice was examined at 60 h after the surgery for long-
term assessment. Hematoxylin and eosin (H&E) staining of liver tissues was performed to
provide direct evidence of IRI treatment. Large areas of severe damage were found (white
dashed line area in Figure 4b) in liver sections from PBS-treated IRI mice along with
obvious cytolysis, necrosis of hepatic cells, and hemorrhage. Such a massive necrosis was
also found in the PBS-treated IRI group after 60 h, which indicated the damage already
overrids the liver self-healing ability. However, from the 12 h C-NPs-treated IRI group, only
slight cell vacuolization (yellow arrow) generated by osmosis was discovered. No obvious
damage could be observed in the C-NP-treated IRI group after 60 h. Their H&E staining
results were similar to those of healthy mice received PBS (sham group, first picture in the
top row in Figure 4b) or C-NP injection (first picture in the bottom row in Figure 4b).
Sections were scored from 0 to 4 for sinusoidal congestion, vacuolization of hepatocyte
cytoplasm, and parenchymal necrosis, as described by Suzuki et al.3 (Tables S1 and S2),
and the C-NP-treated IRI group had a 71.42% lower value compared to the PBS-treated IRI
group, further confirming that the C-NPs can successfully prevent IRl damage in liver
(Tables S1 and S2).

In clinical study for hepatic injury, aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels are key and universal indicators for liver health raging from
early preclinical animal testing to postmarketing patient monitoring.38:3% The AST and ALT
levels were significantly elevated in the IRl mice group, indicating severe liver damage. In
contrast, these two indicators were very low in the C-NPs injected group and sham group,
evidencing the successful prevention of liver damage by C-NPs /n vivo. Furthermore, the
superoxide dismutase (SOD) level was tested in liver homogenates from all groups. SOD is
a main self-defender to neutralize ROS from nearby cells in the liver, which is usually
considered as an indicator of oxidative stress.? The PBS-treated IRI mice groups showed a
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significantly reduced level of SOD due to the oxidative stress, while the C-NP-treated IRI
group could maintain a normal SOD level as compared to the sham group and C-NP control
group. All of these results together provided a convincing case that hepatic injury did occur
in C-NP-treated IRl mouse, and C-NP injection can effectively prevent the injury. It is
worthy to note that all of the ALT, AST, and SOD levels and H&E staining results from
healthy mice injected with C-NPs were all in the normal range, demonstrating there was no
toxic side effect of the C-NPs /in vivo. The liver profile detection (Figures S14 and 15)
(including cholesterol, albumin, urea nitrogen, and alkaline phosphatase) and H&E staining
of main organs (Figure S16) of mice that received C-NP treatment at both day 1 and day 15
confirmed the biocompatibility of C-NPs /n vivo.

Pathophysiology of Hepatic IRl Prevention.

Activation of Kupffer Cells and Other Monocytes/Macrophages.—As excessive
ROS is believed to regulate cellular phenotypes in liver during reperfusion, the generation
and scavenging of ROS is the key mechanism of hepatice IRI injury/prevention.*! Here we
performed immunofluorenscene staining on liver samples to demonstrate the effect of
cellular phenotypes. DAPI, Anti-CLE4F, anti-F4/80, and anti-CD31 antibodies were used
for marking nuclear (blue), Kupffer cells (green), monocyte/macrophage cells (pink), and
vascular endothelial cells (red), respectively. As shown in Figure 5a, both healthy mice
treated with C-NPs and the sham group exhibited minimal monocyte/macrophage activation
and intact vascular endothelial integrity. In contrast, hepatic IRI led to significant activation
of monocytes/macrophages as well as impaired endothelial integrity. Moreover, Kuffper
cells were obviously activated to accumulate around the damaged area, and the monocyte/
macrophage cells migrated and gathered inside the area. At the same time, hepatocyte nuclei
became pyknotic and karorrhexis 12 h after injury, then underwent karyolysis 60 h later.
With C-NP scavenging excessive ROS, minimal aciviation of Kupffer cells and recruitment
of monocyte/macrophages were found in liver staining slices. Activated Kupffer cells are
responsible for releasing signals including pro-inflammatory cytokines, prostanoides, and
ROS,*2 which activate more Kupffer cells and other immune cells and thus lead to more
liver damage in the continued circle. To further confirm the cytoactivity of Kupffer cells and
monocytes/macrophages, several cytokines in liver homogenates from each group were
tested using enzyme-linked immunosorbent assay (ELISA). As shown in Figure 5b, a pro-
inflammatory cytokine, interleukin-1 (IL-1), was significantly increased in the hepatic IRI
groups, which were secreted by the first respondor macrophages exhibiting the inflammatory
phenotype.*3 The IL-1 was reported to stimulate ROS release in neutrophils and would
further increase tumor necrosis factor-a (TNF-a) (shown in Figure 5¢ synthesis in Kupffer
cells). TNF-a is also a pro-inflammatory cytokine, which in turn promotes activation of
Kupffer cells and monocytes/macrophages.** As a stimulator for innate immunity response,
interleukin-6 (IL-6) was found to be up-regulated by TNF-a, which was shown in Figure 5d.
Another pro-inflammatory cytokine, nitric oxide synthase 2 (NOSZ2), which is responsible
for for high levels of NO,*> was also up-regulated in the liver homogenates of nontreated IRI
mice (Figure S17), thus highly toxic peroxynitrite anion was produced by the high level of
NO combined with high oxidative stress. However, the NOS2 level was ameliorated in mice
receiving C-NP treatment due to ROS scavenged by C-NPs effectively. In general, these pro-
inflammatory cytokines, including IL-1, IL-6, TNF-a, and NOS2, were significantly
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increased in the hepatic IRI groups while being maintained in normal ranges in C-NP-treated
IRI mice. These upgraded cytokines further amplified activation of Kupffer cells, promoted
neutrophil recruitment, and adherenced to the liver sinusoids, which were thoroughly
investigated next.

Recruitment and Infiltration of Neutrophils.—The interferon gamma (IFN-) and
interleukin-12 (1L-12) secreted by activated Kupffer will further drive inflammatory
response forward by recruitng the neutrophils to the inflammatory site within minutes#6:47
which is another key cellular phenotype during acute oxidative injury. The increased
secretation of IFN- yand IL-12 in the IRI group without protection of C-NPs was confirmed
in Figure S19a,b, respectively. These two cytokines are reponsible for promoting the
recuitment of neutrophils and apotosis of the hepacytes that were thoroughly evaluated by
immunofluorescence staining on liver slices. Anti-intracellular adhesion molecule-1 (anti-
ICAM-1) antibody was used as a marker for the adhesion of neutrophils and other immune
cells. As shown in Figure S18, low ICAM-1 expression was found in healthy mice liver
tissues treated with PBS or C-NPs and the sham group, together with intact endothelial
integrity and negligible hepatocytes apoptosis. However, hepatic IRl showed very high
expression of ICAM-1, hepatocytes apoptosis, and impaired endothelial integrity. For the C-
NP-protected IRI group, all of these symptoms were reversely ameroliated at 12 and 60 h
after treatment. High expression of the ICAM-1 on the intraluminal side of liver sinusoidal
endothelial cells is believed to be responsible for the rolling, binding, and parenchymal
extravasation of neutrophils.#8 Moreover, the infiltration of neutrophils was also
immunostained and compared by using anti-Ly6G antibody as the neutrophil marker (shown
in Figure S19c). High expression of neutrophil infiltration was found in liver tissues from
IRI mice while mice receiving PBS and C-NPs-protected IRI mice exhibited minimal
neutrophil infiltration in the liver tissue at both 12 and 60 h time point. Myeloperoxidase
(MPQ), as a heme-containing peroxidase mainly expressed in neutrophils, underwent an
obvious growth in livers from hepatic IRI mice (Figure S19d). However, in the liver of C-
NP-treated IRI mice, MPO was not much different to those of healthy mice both at 12 and
60 h time points, confirming less adhesion and infiltration of neutrophils in C-NP-protected
liver tissues.

CONCLUSION

In summary, green-synthesized C-NPs were utilized as a nanoantioxidant for prevention of
hepatic IRI. Physiochemical properties were characterized first to show good colloid
stability and hydrophilicity inherited from carbohydrate precursors. The C-NPs contains
polyfurane units with conjugated r-systems of which antioxidant chemistry is based on
radical capture and reaction on conjugated r-Systems and unsaturated bonds. Efficient ROS
scavenging of these C-NPs was confirmed in different in vitro assays. /n vivo PET imaging
further demonstrated good degradability, good circulation ability, and accurate liver delivery
of the C-NPs. /n vivo hepatic IRI study in a murine animal model revealed that the C-NPs
could effectively prevent the hepatic IR1 and achieve normal liver function and restore SOD
levels. This intriguing therapeutic effect was attributed to the strong capability of C-NPs in
rapidly scavenging excessive ROS and thus suppressed the acitivation of Kupffer cells and
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monocyte/macrophage cells, preventing them from releasing pro-inflammatory cytokines,
subsequently minimizing the adhension, recruitment, and infiltration of neutrophils, and
eventually inhibiting the continued inflammatory process.*6 This study provides a
comprehensive study on the ROS scavenging by C-NPs for effective hepatic IRI prevention.
It offers a promising potential solution for treating ROS-related diseases, such as
Alzheimer’s disease, Parkinson’s disease, and stroke using carbon-based nanomaterials.

Supplementary Material
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Figure 1.

Physiochemical characterization of C-NPs. (a) SEM and TEM (top-inset) images and XRD
spectra (bottom-inset) of as-prepared C-NPs. (b) Photograph of C-NPs dispersed in PBS
solution. (c) DLS size distribution of C-NPs in water at different time point. (d,e) XPS C 1s
and O 1s spectra of C-NPs, respectively. (f) FTIR spectra of C-NPs and the parent
carbohydrate glucose.
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Figure 2.

In vitro ROS scavenging capability of C-NPs. (a) /n situ Raman spectra of C-NPs reacting
with H,O» at varied time points (0, 30 min, and 2 h). (b) ESR spectra of different groups
using DMPO as spin trap agent. (c) UV-vis spectra of C-NPs reacting with varied
concentrations of HyO,. (d-f) ROS scavenging activity of C-NPs to CAT (d), HORC (e), and
SOD (f). Data represent mean + s.d. from four independent replicates. (g)
Immunofluorescent staining image of HepG2 cells incubated in different environments by
using CellROX for ROS staining (Green) (top row) and Hoechst for nuclei staining (blue)
(middle row) and merged image (bottom row). Scale bar: 100 gm. (h). /n vitro cell viabilities
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of HEK293 cells with(+)/without(-) H,0O, and adding different concentrations of C-NPs (5
25 (g/mL).
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Figure 3.
In vivo PET imaging and quantification in organs. (a) Representative maximum intensity

projection (MIP) of PET images after i.v. injection of 89Zr—C—NPs at different time points.
(b) Quantification of time-activity curve of 83Zr-C—NPs in the liver, tail, bone, and blood at
various time points p.i. (¢) Quantification of 89Zr-C—NPs in major body areas after 120 h

p.i.
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Figure 4.
Hepatic IRI prevention performance of C-NPs in mice model. (a) Schematic of the Hepatic

IRI generation and treatment. (b) H&E staining of liver tissues from each group. Yellow
arrows indicate slight vacuolization, and the white dashed lines show the severe cytolysis,
nucleus dissolving, and necrosis of the liver cells. Scale bar: 100 gm. (¢) ALT, (d) AST, and
(e) SOD levels in liver homogenates from each group. Data represent mean + s.d. from five
independent replicates, and Pvalues were calculated by one-way ANOVA with Tukey’s
honest significant difference posthoc test (**** p < 0.0001).
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Figure5.
Immunofluorescence staining and dection of cytokines of liver samples. (a)

Immunofluorescence staining of liver samples by using DAPI (blue) for nuclear stainging,
anti-CLEA4F antibody (green) as Kupffer cell marker, anti-F4/80 antibody (pink) as
monocyte/macrophage marker, and anti-CD31 antibody (red) as an endothelial marker in
liver homogenates from each group. Scale bar: 100 ym. Cytokines of IL-1 (b), TNF-a (c),
and IL-6 (d) from activated monocyte/macrophages and Kupffer cells were measured in liver
homogenates from each group by ELISA. Data represent mean + s.d. from five independent
replicates, and Pvalues were calculated by one-way ANOVA with Tukey’s honest
significant difference posthoc (* p< 0.05; ** p< 0.01; *** p<0.001; **** p<0.0001)
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