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Abstract

Sepsis is a life-threatening organ dysfunction syndrome, and liver is a susceptible
target organ in sepsis, because the activation of inflammatory pathways contrib-
utes to septic liver injury. Oxidative stress has been documented to participate in
septic liver injury, because it not only directly induces oxidative genotoxicity, but
also exacerbates inflammatory pathways to potentiate damage of liver. Therefore, to
ameliorate oxidative stress is promising for protecting liver in sepsis. Wogonin is the
compound extracted from the medicinal plant Scutellaria baicalensis Geogi and was
found to exert therapeutic effects in multiple inflammatory diseases via alleviation
of oxidative stress. However, whether wogonin is able to mitigate septic liver injury
remains unknown. Herein, we firstly proved that wogonin treatment could improve
survival of mice with lipopolysaccharide (LPS)- or caecal ligation and puncture (CLP)-
induced sepsis, together with restoration of reduced body temperature and respira-
tory rate, and suppression of several pro-inflammatory cytokines in circulation. Then,
we found that wogonin effectively alleviated liver injury via potentiation of the anti-
oxidative capacity. To be specific, wogonin activated Nrf2 thereby promoting ex-
pressions of anti-oxidative enzymes including NQO-1, GST, HO-1, SOD1 and SOD2
in hepatocytes. Moreover, wogonin-induced Nrf2 activation could suppress NF-kB-
regulated up-regulation of pro-inflammatory cytokines. Ultimately, we provided in
vivo evidence that wogonin activated Nrf2 signalling, potentiated anti-oxidative en-
zymes and inhibited NF-kB-regulated pro-inflammatory signalling. Taken together,
this study demonstrates that wogonin can be the potential therapeutic agent for
alleviating liver injury in sepsis by simultaneously ameliorating oxidative stress and
inflammatory response through the activation of Nrf2.
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1 | INTRODUCTION

Sepsis is a life-threatening syndrome characterized by the dysfunc-
tion of multiple organs due to dysregulated host immune response
to infection. The incidence of sepsis is about 0.3%-1.03% in high-
income countries, and its mortality is between 30% and 50% as the
leading cause of death in the intensive care units (ICUs).}* Of note,
septic liver injury substantially contributes to the poor prognosis of
patients and is regarded as an independent indicator of the mortality.
Recent studies have demonstrated that damaged hepatocytes would
release damage-associated molecular patterns (DAMPs) to trigger
more pronounced regional and systemic inflammatory responses,
exacerbating the dysfunction of liver and other organs.5*6 In addi-
tion, septic liver injury is closely associated with cholestasis, hypoxic
hepatitis and severe coagulopathy, which would progress to liver
failure and worsen the outcome of patients with sepsis. Therefore,
to effectively ameliorate liver injury is crucial for the treatment of
sepsis and the improvement of patients’ prognosis.

During the progression of sepsis, hypotension-induced isch-
aemia, severe infection and dysregulated immune response are all
greatly implicated in inducing septic liver injury. The generation
of reactive oxygen species (ROS) is tightly linked to these crucial
pathogenic insults and mediates their effects. On one hand, oxida-
tive stress with excessive accumulation of ROS can directly cause
damage to hepatocytes by promoting the formation of oxidative
protein adducts and lipid peroxides.” On the other hand, continuous
oxidative stress is a potent trigger of inflammatory signalling to am-
plify the release of cytokines like tumour necrosis factor-a (TNF-a)
and interleukin-6 (IL-6) via the activation of nuclear factor-xB (NF-
kB) pathway in hepatocytes and Kupffer cells, thus forming a posi-
tive feedback loop to recruit more neutrophils and lymphocytes and
augment the damage of liver. Recently, some studies have revealed
that the agents with anti-oxidative capacity could effectively sup-
press the systemic immune response and improve the outcome of
patients with sepsis.®? However, whether septic liver injury could be
relieved by the scavenging of ROS with some specific anti-oxidative
agents and thus bring benefits to sepsis treatment remains far from
understood.

Wogonin (5,7-dihydroxy-8-methoxyflavone) is the natural com-
ponent isolated from the root of Scutellaria baicalensis Georgi, the
crude drug commonly used for allergies and cancer as complemen-
tary treatment. %! Intriguingly, its anti-oxidative effect has been
extensively proved in multiple diseases, in particular those with
the involvement of inflammatory responses. To be specific, wogo-
nin was capable of attenuating oxidative stress via the activation of
peroxisome proliferator-activated receptor-y (PPAR-y)/adiponectin
receptor 2 (AdipoR2) pathway and exerted the therapeutic effect on
non-alcoholic steatohepatitis (NASH) in mice.'? Moreover, in drug-
or heavy metal-induced nephritis, wogonin exerted its anti-oxidative
capacity through PPAR-y and NF-kB signalling so as to alleviate
nephrotoxicity.*>** What's more, wogonin played a neuroprotective
role by restraining oxidative stress-induced chronic inflammation in

primary cultured cortical neurons.’® Nevertheless, it still remains to
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be elicited whether wogonin can suppress septic liver injury via the
prevention of oxidative stress.

Nuclear erythroid 2-related factor (Nrf2) is a crucial regulator of
redox balance with its transcriptional activity in various tissues and
cells. After the translocation to nucleus, Nrf2 binds to the antioxidant
response elements (AREs) in DNA of downstream genes and initiates
expression of antioxidant enzymes such as haeme oxygenase-1 (HO-
1) and superoxide dismutases (SODs).X® In vivo studies demonstrate
that knockout of Kelch-like ECH-associated protein 1 (Keapl) can
greatly improve the treatment outcome of septic mice via the po-
tentiation of the transcriptional activity and anti-oxidative capacity
of Nrf2.Y Besides, in hyperlipidaemia- and hyperglycaemia-induced
liver injury model, hydrogen sulphide alleviates liver injury via S-
sulfhydrated-Keapl/Nrf2 signalling, whereas Nrf2 deficiency can
abolish the protective effects, indicating the indispensable role of
Nrf2 signalling for maintaining liver homeostasis and preventing liver
injury. Recently, the activation of Nrf2 signalling has been proved to
be responsible for the protective role of wogonin in different tissues
and cells; thus, we suggest that wogonin exerts protective effects
towards liver injury via activation of Nrf2 signalling in sepsis.

2 | MATERIALS AND METHODS
2.1 | Sepsis mouse model

C57BL/6J mice (male, 7-8 weeks old weighing 20 + 2 g) were pur-
chased from Experimental Animal Center of Fourth Military Medical
University. The mice were kept under well-controlled environ-
mental conditions with constant temperature (25 + 2°C), humid-
ity (60 + 10%) and alternating 12 hour light-dark cycles. Standard
pellet diet and sterilized water were accessible ad libitum. The in-
vestigation was performed in accordance with ethical regulations
including International Guiding Principles for Biomedical Research
Involving Animals and was approved by the Ethical Committee for
Animal Experimentation of Fourth Military Medical University. The
research protocol was designed and executed according to the prin-
ciples of the Declaration of Helsinki.

Wogonin purchased from MCE (MedChemExpress) was dis-
solved with DMSO (Sigma-Aldrich) for storage and was then mixed
with 40% PEG300 (MedChemExpress), 5% Tween-80 and 45% ster-
ilized saline to indicated concentrations for intraperitoneal injection
(i.p.). The vehicle was used for injection as control. To establish LPS-
induced sepsis mouse model, LPS (Sigma-Aldrich) was dissolved and
diluted with the identical vehicle of wogonin to 8 mg/mL (40 mg/
kg) for intraperitoneal injection. Wogonin i.p. was performed 1 hour
before LPS injection. Body temperature and respiratory rate were
monitored 1 hour before and 8 hours after LPS injection. Body
temperature was measured by the Animal Digital Electronic Body
Thermometer (ALC-ET03/06, Shanghai Alcott Biotech Co., Ltd).
Blood and liver tissue were harvested 8 hours after LPS injection.

To establish caecal ligation and puncture (CLP)-induced sepsis

mouse model, C57BL/6J mice were completely anesthetized with
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1% pentobarbital solution and a midline abdominal incision was per-
formed. The cecum was ligated at the 1/2 of the distal end and was
perforated by sterile needles (7%) to induce polymicrobial peritonitis
and sepsis. The abdominal wall was sutured in two layers followed
by injection of 0.1 mL saline subcutaneously for fluid resuscitation.
The animals in the sham group underwent laparotomy and bowel
manipulation without ligation and perforation. Wogonin treatment
was performed 2 hours before CLP operation. Sham and CLP groups
were treated with vehicle at the same time. Body temperature and
respiratory rate were monitored 2 hours before and 12 hours after
operations. Blood, liver and kidney tissue were harvested 12 hours

after CLP operation.

2.2 | Cell culture

Mouse hepatic cell line AML12 was purchased from ATCC, which
was cultured in DMEM/F-12 medium (Gibco) supplemented with
10% foetal bovine serum (FBS, Invitrogen), ITS-X (Insulin-Transferrin-
Selenium-Ethanolamine, Gibco) and 40 ng/ml dexamethasone
(Beyotime Biotechnology, Jiangsu, China). The cell was incubated
in humidified atmosphere of 5% CO, at 37°C. For the establish-
ment of septic liver injury model in vitro, AML12 cells were treated
with 200 ng/mL LPS and 100 ng/mL recombinant mouse TNF-a
(BioLegend Inc) for 6 hours. The cells were harvested for further
studies. The cell line was tested for mycoplasma contamination with

negative results.

2.3 | Detection of cytokines and hepatic
transaminases by ELISA

Detection of TNF-a, IL-1B, interferon-y (IFN-y) and IL-6 in serum
was performed using the commercially available ELISA kits (Dakewe
Bio-engineering Co, Ltd, Cat. No: 1217202 for TNF-a, 1210122 for
IL-1p, 1210002 for IFN-y, 1210602 for IL-6). Detection of aspartate
transaminase (AST) and alanine transaminase (ALT) in serum was per-
formed using the pre-coated ELISA kits (mlbio, Cat. No: ml002169-1
for ALT, ml058577-1 for AST). Blood samples were collected 8 hours
after LPS i.p. whereas 12 hours after CLP operation, centrifuged at
1200 g for 20 minutes at 4°C, and the supernatant was collected to
detect TNF-a, IL-1p, IL-6, IFN-y, AST and ALT levels in serum. All the
procedures were done according to the manufacturers’ instructions.
The plates were measured with an ELx 808 plate reader (Bio-Tek

Instruments Inc) at 450 nm.

2.4 | Oxidative stress-associated assays

Malondialdehyde (MDA) level was detected with Lipid Peroxidation
MDA Assay Kit (Beyotime, S0131M) according to the manufactur-
ers’ instruction. In brief, liver tissue and hepatocytes were lysed by
RIPA buffer (Beyotime) added with PMSF (Beyotime) for 30 minutes,

centrifuged with 12 000 g at 4°C for 30 minutes and the superna-
tant was collected and the protein concentration was measured by
the bicinchoninic acid (BCA) method kit (Solarbio). Thiobarbituric
acid (TBA) working solution and standard curves were prepared, fol-
lowed by mix of 0.1 mL supernatant and the working solution. The
mixture was heated by boiling water for 15 minutes, cooled down to
room temperature and centrifuged at 1000 g for 10 minutes. About
0.2 mL of the supernatant was collected, transferred to 96-well plate
and measured with the ELx 808 plate reader (Bio-Tek Instruments
Inc) at 532 nm.

SOD activity was detected with Total Superoxide Dismutase
Assay Kit (Beyotime, SO101M) according to the manufacturers’ in-
struction. In brief, the liver was perfused by saline with 0.16 mg/
mL heparin sodium at first and was homogenized with pre-cooled
PBS on ice. The cells were collected, washed twice and homoge-
nized with pre-cooled PBS. The homogenate was centrifuged with
12 000 g at 4°C for 30 minutes, and the supernatant was collected.
The protein concentration was measured by BCA method. The su-
pernatant containing 100 pg protein was collected and diluted (1:20)
for detection. Working solution and detection buffer was prepared
according to the instruction, followed by mixing with samples in 96-
well plate. The mixture was incubated at 37°C for 30 minutes and
measured with the ELx 808 plate reader at 450 nm. Inhibitory rate%
sample) (Anct ~ Anca) X 100% (A, ab-
sorbance at 450 nm, NC, negative control wells). SOD activity was

(1%) was calculated as (A, - A

calculated as 1%/(1 - 1%) for statistical analysis.

Intracellular ROS detection was performed by flow cytometry
with the indicator 5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluo
rescein diacetate acetyl ester (CM-H,DCFDA) (Invitrogen, C6827)
according to the manufacturers’ instruction. In brief, ROS indicator
(50 pg/tube) was dissolved with 30 uL DMSO for storage. The cells
were collected, centrifuged 240 g for 5 minutes, washed twice with
PBS and resuspended with 100 uL DMEM/F-12 medium including
10 pmol/Lindicator without FBS. The mixture was incubated at 37°C
for 30 minutes protected from light, followed by being washed with
DMEM/F-12 medium without FBS twice and resuspended for flow
cytometry detection (Beckman Coulter) using excitation sources and
filters appropriate for fluorescein isothiocyanate (FITC).

2.5 | Haematoxylin and Eosin (H&E) staining

Liver and kidney tissue of the sepsis mice were harvested, immersed
in 4% paraformaldehyde fixative and then embedded in paraffin.
Fixed sections (4 um-thick) were stained with haematoxylin-eosin
reagents (Sigma-Aldrich) and finally observed with a light microscopy
(Olympus). For statistical analysis, 2 fields (magnification, 200x)
were observed from one slide for scoring. The liver histopathologi-
cal scores were calculated as previously reported.18 The renal tissue
damage scores were calculated as previously reported.r? Briefly, the
percentage of damaged renal tubules was used to assess the score
of tissue damage: 0, no damage; 1, <25% damage; 2, 25%-50% dam-
age; 3, 51%-75% damage; 4, >75% damage, and the criteria of tubular
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damage included loss of brush border, tubular dilation, cast forma-
tion, inflammatory cell infiltration and cell lysis.

2.6 | Immunohistochemical staining

Liver tissue of the sepsis mice for immunohistochemical staining
(IHC) staining was harvested, immersed in 4% paraformaldehyde fix-
ative and then embedded in paraffin and sectioned into 4 pm-thick
slices. The subsequent steps accomplished with biotin-streptavidin
peroxidase method (SPlink Detection Kit, ZSGB-Bio) were performed
according to the manufacturer's instruction. In brief, the paraffin-
embedded slides were deparaffinized, rehydrated with graded etha-
nol dilutions, subjected to antigen retrieval, incubated with 30%
H,0,-CH,OH (30% H,0, 50 mL, ddH,0 50 mL and CH,OH 400 mL)
to inactivate endogenous peroxidases, blocked with goat serum at
room temperature for 20 minutes, respectively. The slides were
incubated with the corresponding primary antibodies at 4°C over-
night, which were washed with PBS, followed by the incubation with
biotinylated goat anti-rabbit IgG and subsequent HRP-conjugated
streptomycin. Diaminobenzidine (ZSGB-Bio) was added to the slides
for chromogenic reaction. The slides were mounted and observed
with optical microscope (Olympus).

The primary antibodies used for IHC staining were against Nrf2
(rabbit polyclonal, ProteinTech, 16396-1-AP, 1:100), HO-1 (rabbit
polyclonal, Affinity Biosciences, AF5393, 1:100), SOD1 (rabbit poly-
clonal, ProteinTech, 10269-1-AP, 1:100), SOD2 (mouse monoclonal,
ProteinTech, 66474-1-1g, 1:100) and p-p65 (Ser536) (rabbit polyclonal,
Affinity Biosciences, AF2006, 1:100). The standard of staining scores
was described previously.?’ In brief, the percentages of staining-
positive cells were evaluated into four categories: 0 (0%), 1 (1%-33%), 2
(34%-66%) and 3 (67%-100%). The staining intensities were evaluated
into four grades: O (none), 1 (week), 2 (moderate) and 3 (strong). The
final staining score was defined as the product of the percentage and

intensity scores.

2.7 | TUNEL staining

Liver tissue of the sepsis mice for TUNEL staining was harvested, im-
mersed in 4% paraformaldehyde fixative and then embedded in paraffin
and sectioned into 4 um-thick slices. TUNEL staining was performed
with the use of One Step TUNEL Apoptosis Assay Kit (Beyotime, C1088)
according to the manufacturer's instructions. In brief, the paraffin-
embedded slides of liver tissue were deparaffinized, rehydrated with
graded ethanol dilutions, incubated with 20 pg/mL Proteinase K
(Beyotime, ST533) in Immunol Staining Wash Buffer (Beyotime, P0106)
at 37°C for 30 minutes and washed by PBS three times. TUNEL working
solution was prepared according to the instruction, and the slices were
incubated with 50 uL TUNEL working solution at 37°C for 60 minutes,
subsequently DAPI (Beyotime) for 15 minutes protected from light,
washed by PBS for three times and observed with fluorescence mi-

croscope (Olympus) at 488 nm (excitation wavelength). For statistical

analysis, 2 fields (magnification, 100x) were observed from one slide
and TUNEL positive cells were counted for comparison, as the previous
study reported.?!

2.8 | RNA extraction and qRT-PCR

Total RNA was extracted using EZNA Total RNA Kit || (OMEGA Bio-
tek) according to the manufacturer's instructions. Reverse tran-
scription was performed using PrimeScript RTase (Takara Bio Inc)
according to the manufacturer's protocol. The expression levels of
TNF-a, IL-1B, IL-6 mRNA in liver tissue and AML12 cell lines were
determined with real-time quantitative reverse transcription PCR
(qRT-PCR) using Premix Ex Taq (Takara) according to the manufac-
turer's instructions and normalized to the expression levels of the
endogenous control, B-actin. The cycling conditions were as follow-
ing: 95°C for 2 minutes followed by 40 cycles of denaturation at
95°C for 5 seconds, annealing at 55°C for 10 seconds and extension
at 72°C for 45 seconds. All reactions were run in triplicate. The re-
sulting amplification and melt curves were analysed to ensure the
identity of the specific PCR product. Threshold cycle values were
used to calculate the fold change in the transcript levels by using
the 2722 method. The primers used for gRT-PCR were listed in
Table S1.

2.9 | Immunoblotting and antibodies

AML12 cells were lysed using RIPA buffer (Beyotime) added with
PMSF (Beyotime). Protein concentration was measured using the
BCA method kit (Solarbio). Protein samples were separated by 10%
SDS-PAGE (Beyotime) and then transferred to polyvinylidene fluo-
ride membranes (PVDF, Millipore). After blocking with 5% non-fat
milk for 1 hour, the membrane was incubated with primary anti-
bodies at 4°C overnight and with the corresponding horse radish
peroxidase (HRP)-conjugated secondary antibody (1:2000 dilution)
for 1 hour at room temperature the next day. Finally, the blots
were detected using enhanced chemiluminescence substrate (ECL
kit, Millipore). The phosphorylated protein was normalized to the
corresponding total protein. The primary antibodies used for im-
munoblotting were against Nrf2 (rabbit polyclonal, ProteinTech,
16396-1-AP, 1:1000), p65 (rabbit polyclonal, ProteinTech, 10745-
1-AP, 1:2000), p-p65 (Ser536) (rabbit monoclonal, Cell Signaling
Technology, #3033, 1:1000), B-actin (mouse monoclonal, Cell
Signaling Technology, #3700, 1:3000), NQO-1 (rabbit polyclonal,
Affinity Biosciences, DF6437, 1:500), GST-M1 (rabbit poly-
clonal, ProteinTech, 12412-1-AP, 1:500), HO-1 (rabbit polyclonal,
Affinity Biosciences, AF5393, 1:500), SOD1 (rabbit polyclonal,
ProteinTech, 10269-1-AP, 1:1000), SOD2 (mouse monoclonal,
ProteinTech, 66474-1-Ig, 1:1000), Caspase3 (mouse monoclonal,
ProteinTech, 66470-2-1g, 1:1000), Cleaved-Caspase3 (rabbit mono-
clonal, Cell Signaling Technology, #9664, 1:1000), Bax (rabbit poly-
clonal, ProteinTech, #50599-2-1g, 1:2000), Bcl-2 (rabbit polyclonal,
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ProteinTech, #12789-1-AP, 1:1000), PARP (rabbit monoclonal, Cell
Signaling Technology, #9532, 1:1000), Cleaved-PARP (Asp214) (rab-
bit monoclonal, Cell Signaling Technology, #5625, 1:500) and the
second antibodies were HRP-linked goat anti-rabbit antibody (Cell
Signaling Technology, #7074, 1:2000), HRP-linked goat anti-mouse
antibody (Cell Signaling Technology, #7076, 1:2000).

2.10 | Immunofluorescence staining

AML12 cells were grown and treated on cell culture dish with glass
bottom. After the treatment, the cells were washed by PBS, fixed by
paraformaldehyde, blocked by the goat serum and were incubated with
primary antibody (Nrf2, rat monoclonal, CST, #14596, 1:50) at 4°C over-
night. The cells were subsequently incubated with the secondary anti-
body (Alexa Fluor 488 Donkey anti-Rat IgG (H + L), Invitrogen, A21208)
for 2 hours and the nuclear dye DAPI (Beyotime) for 15 minutes at room
temperature. Fluorescent images were obtained by confocal micro-
scope (Nikon), and statistical analysis was performed according to the
previous study.??

2.11 | RNA interference

Small interfering RNA (siRNA) specifically targeting Nrf2 (siNrf2)
and negative control siRNA (siNC) were designed and synthesized
by GenePharm. Sequences of the siRNA were listed in Table S2.
The siRNA was transfected into cells using Lipofectamine™ 3000
(Invitrogen) and Opti-MEM (Gibco). The transfection procedure was
performed according to the manufacturer's instructions.

2.12 | Flow cytometry analysis of cell apoptosis

Cell apoptosis was detected with Annexin V-FITC/Pl Apoptosis
Detection Kit (Beyotime, C1062L) according to the manufacturers’
instruction. In brief, AML12 cells were harvested, washed twice with
4°C PBS and re-suspended in binding buffer with Annexin V-FITC
staining agent of the kit. After incubation at 37°C for 30 minutes,
propidium iodide (Pl) was added to the stain cells 15 minutes before

the analysis by flow cytometry.

2.13 | Detection of blood urea nitrogen
(BUN) and creatinine

BUN and creatinine in serum were detected to evaluate renal dys-
function. Blood samples were collected 12 hours after CLP op-
eration, centrifuged at 4000 rpm for 20 minutes at 4°C, and the
supernatant was collected to detect BUN and creatinine levels using
commercial kits (Jiancheng Bioengineering Institute, Nanjing, China,
Cat. No: C013-2-1 for BUN and C011-2-1 for creatinine). All the

procedures were done according to the manufacturers’ instructions.
The plates were measured with an ELx 808 plate reader (Bio-Tek

Instruments Inc) at 640 nm for BUN and 546 nm for creatinine.

2.14 | Statistical analysis

The results were analysed by two-tailed Student's t test or one-
way analysis of variance (ANOVA). The survival curves were ana-
lysed by log-rank (Mantel-Cox) test. The results were presented as
mean + SD through at least 3 independent experiments, with P < .05
considered to be statistically significant. Statistical analyses were ac-
complished using GraphPad Prism 6.0 (GraphPad Software).

3 | RESULTS

3.1 | Wogonin treatment improves the prognosis of
mice with LPS- or CLP-induced sepsis

In order to study whether wogonin exerts its protective role in the treat-
ment of sepsis, we first established the mouse sepsis model via the intra-
peritoneal injection of LPS or the surgery of caecal ligation and puncture
(CLP) as previously described®?* (Figure 1A). In consistent with previous
reports, both LPS injection and CLP could effectively induce the pheno-
type of sepsis in mice, as manifested by prominent decrease of body
temperature and respiratory rate?” (Figure 1B,C). According to previous
studies, increased levels of circulating cytokines like TNF-a, IL-1p and
IFN-y are typical characteristics of sepsis, which may induce endothe-
lium dysfunction, pathological procoagulant state and exacerbate liver
injury as well.??7 Besides, the increase of IL-6 in circulation can also
greatly contribute to the onset and progression of sepsis.?” Therefore,
these pro-inflammatory cytokines in serum are critical pathological fac-
tors and valuable indicators of sepsis. Our results showed that either
LPS injection or CLP surgery significantly up-regulated the levels of cir-
culating TNF-a, IL-1B, IFN-y and IL-6 in mice (Figure 1D), indicating suc-
cessful establishment of sepsis mouse model.

To investigate the effect of wogonin on the outcome of sepsis mice,
we intraperitoneally injected LPS- or CLP-induced sepsis mice with dif-
ferent dose of wogonin. As was shown, wogonin treatment was capa-
ble of reversing the decreased body temperature and respiratory rate
caused by LPS injection or CLP surgery (Figure 1E,F and Figure S1A,B).
In addition, the concentrations of pro-inflammatory cytokines TNF-«,
IL-1B, IFN-y and IL-6 in circulation were prominently repressed after
wogonin treatment in these two types of sepsis mice (Figure 1G), with
the levels of these cytokines gradually decreased as the dose of wogonin
increased (Figure S1C,D). Of note, the lethality is reported to occur in
an acute manner in LPS-induced sepsis mouse model, whereas begins

P,228 35 was revealed in previ-

relatively later after the surgery of CL
ous reports and our Kaplan-Meier survival analysis (Figure 1H). We
further illustrated the survival rate of LPS- or CLP-induced sepsis mice

48 hours or 7 days after wogonin treatment, respectively, which showed
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that wogonin treatment prominently improved the survival of these wogonin was able to effectively improve the manifestations, outcome
two types of sepsis mice (Figure 1H), in particular in a dose-dependent of mice with LPS- or CLP-induced sepsis and suppress the levels of cir-
manner (Figure S1E,F). Taken together, our results demonstrate that culating pro-inflammatory cytokines.
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FIGURE 1 Wogonin treatment improves the prognosis of mice with LPS- or CLP-induced sepsis. A, Schematic presentation of the
establishment of LPS- and CLP-induced sepsis mouse model. B and C, Body temperature and respiratory rate changes 1 h before and 8 h
after LPS injection or 2 h before and 12 h after CLP operation in sepsis mouse model (n = 6, respectively). D, Detection of serum TNF-a,
IL-1B, IFN-y and IL-6 in LPS- and CLP-induced sepsis mice (n = 6). E and F, Body temperature and respiratory rate changes after wogonin
treatment in LPS- and CLP-induced sepsis mice (n = 6). G, Detection of serum TNF-«, IL-1B, IFN-y and IL-6 after wogonin treatment in LPS-
and CLP-induced sepsis mice (n = 6). H, Survival analysis of LPS- and CLP-induced sepsis mice (n = 7) with or without wogonin treatment.
The concentration of wogonin was 50.0 mg/kg. The results are presented as mean + SD through at least 3 independent experiments and
were analysed by one-way analysis of variance (ANOVA). The results of survival comparison were analysed by Kaplan-Meier survival curves
and log-rank test (Mantel-Cox method). *P < .05, **P < .01, ***P < .001, ****P < .0001

3.2 | Wogonin mitigates liver injury in mice
with sepsis

Sepsis is commonly characterized by the dysfunction of multiple or-
gans, among which the damage of liver occurs frequently and can
develop to fulminant hepatitis or a lethal syndrome of hepatocellular,
metabolic and hemodynamic disorder as liver failure.?”?? Therefore,
septic liver injury has been documented as a crucial and independ-
ent indicator of the mortality of patients with sepsis.29 We therefore
went on to investigating the effects of wogonin on liver in sepsis mice.
Previous studies have demonstrated the histological malformation of
liver tissue in sepsis mice, with different characteristics indicating dis-
tinct degrees of liver injury, which were used as histological scoring
standard to evaluate the severity of liver injury. To be specific, swol-
len hepatocytes, disappearance of sinus hepaticus and slightly inflam-
matory cell infiltration suggest lower degree of liver injury, whereas
obscure nucleus, vacuolar degeneration, ballooning degeneration of
hepatocytes and severe inflammatory cell infiltration indicate moder-
ate degree of liver injury. In addition, the above-mentioned alterations
of moderate degree together with focal necrosis indicate higher degree
of liver injury.3%3! Through the H&E staining analysis, we found that
liver tissue from the two sepsis models showed obscure nucleus (in-
dicated by red arrows) and vacuolar degeneration (indicated by yellow
arrows) in hepatocytes (Figure 2A,B). Excessive periportal neutrophil
and macrophage infiltration (shown by blue arrows) were also found
in liver tissue of LPS- and CLP-induced septic mice (Figure 2A,B). In
contrast, the liver tissue isolated from wogonin-treated sepsis mice dis-
played mild histological malformation including swollen cells, obscure
nucleus and vacuolar degeneration, as well as less infiltration of inflam-
matory cells (Figure 2A,B). In line with the histological appearance, the
staining scores were significantly higher in liver tissue of either LPS- or
CLP-induced sepsis mice compared with the control, whereas wogonin
treatment could re-suppress the increased histological scores, indi-
cating ameliorated septic liver injury (Figure 2C,D). In line with this,
our TUNEL staining showed that wogonin treatment prominently re-
duced the apoptotic rate of hepatocytes in liver tissue from these two
types of sepsis mice (Figure 2E,F and Figure S2A,B). The biomarkers
ALT and AST in serum for reflecting liver injury were both prominently
increased in sepsis mice, whereas significantly re-suppressed after
wogonin treatment (Figure 2G,H), forwardly supporting that wogonin
could reduce the severity of liver injury in sepsis mice.

Considering the protective role of wogonin reported in drug- or

13,14

heavy metal-induced kidney injury, we also investigated the effect

of wogonin on CLP-induced kidney injury. To evaluate the effect of

wogonin on renal dysfunction, we examined levels of BUN and serum
creatinine 12 hours after CLP operation (Figure S2C,D). The results
showed that CLP operation caused significant increase of BUN and
creatinine, and wogonin treatment efficiently reduced both of the
BUN and creatinine levels, indicating the therapeutic effect of wogo-
nin on CLP-induced septic kidney dysfunction. Besides, we conducted
H&E staining analysis of renal tissues to examine the histological mal-
formation of renal tissue in CLP-induced sepsis mice. According to the
previous study,19 the percentage of damaged renal tubules was used
to assess the score of tissue damage. The criteria of tubular damage
included loss of brush border, tubular dilation, cast formation, inflam-
matory cell infiltration and cell lysis. Through H&E staining analysis, we
found that renal tissue from CLP-induced sepsis mice showed more se-
vere characteristics of renal histological damage, including cell necrosis
or lysis (indicated by red arrows), cast formation (indicated by yellow
arrows) and inflammatory cell infiltration (indicated by blue arrows)
than the sham group (Figure S2E). In contrast, the renal tissue from
wogonin-treated sepsis mice displayed mild histological malforma-
tion (Figure S2E). In line with the histological observation, the staining
scores were significantly higher in renal tissues in CLP-induced sep-
sis mice compared with the sham group, whereas wogonin treatment
could reduce the score of renal tissue damage, indicating ameliorated
CLP-caused renal injury induced by wogonin treatment (Figure S2F).

3.3 | Wogonin activates Nrf2 pathway and
alleviates oxidative stress in hepatocytes

Accumulative evidence has revealed that oxidative stress plays a
crucial role in the pathogenesis of septic liver injury. The excessive
generation of ROS could not only directly cause the cell death of
hepatocytes by augmenting the formation of lipid peroxides and
oxidative protein adducts, but also amplify the pro-inflammatory
signalling cascades to induce more severe systematic immune and
inflammatory responses.3?° Therefore, we turned to study whether
wogonin exerted its therapeutic effect on septic liver injury via the
prevention of oxidative stress. As predicted, LPS injection or CLP
surgery promoted the formation of lipid peroxidation product MDA
in liver tissue of sepsis mice. Meanwhile, the activity of the cru-
cial anti-oxidative enzyme SOD in liver was prominently repressed
(Figure 3A,B). After the treatment with wogonin, the accumula-
tion of MDA in liver was significantly ameliorated, together with
the increased activity of SOD (Figure 3A,B), indicating the potent

anti-oxidative capacity of wogonin in vivo. Previous reports have
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FIGURE 2 Wogonin mitigates liver injury in mice with LPS- or CLP-induced sepsis. A and B, Representative H&E staining images of liver
tissue from LPS- and CLP-induced sepsis mice (n = 5). The red arrows indicate obscure nucleus of hepatocytes. The yellow arrows indicate
hepatocytes with vacuolar degeneration. The blue arrows indicate infiltrated neutrophils or macrophages. Magnification, 200x. Scale

bar = 50 pm. C and D, H&E staining scores of liver injury in LPS- and CLP-induced sepsis mice (n = 5). The number of scored fields = 10.

E, Representative TUNEL staining images of liver tissue in CLP-induced sepsis mice (n = 5). The arrows indicate the TUNEL-positive cells.
Magnification, 200x. Scale bar = 50 pm. F, The number of TUNEL-positive cells in the liver of CLP-induced sepsis mice with or without
wogonin treatment (n = 5). The number of analysed fields = 10 (magnification, 100x). G and H, Liver injury biomarkers ALT and AST in serum
of LPS- and CLP-induced sepsis mice (n = 6). The concentration of wogonin was 50.0 mg/kg. Data are presented as mean + SD through at
least 3 independent experiments and were analysed by one-way analysis of variance (ANOVA). *P < .05, **P < .01, ***P < .001, ****P < .0001

revealed that the exposure to LPS combined with TNF-a mimics
the stressful condition accounting for liver inflammatory response
and liver injury in sepsis.>¢* We cultured AML12 hepatocytes in
vitro and stimulated them with LPS combined with TNF-a, which
induced significant increase of MDA and decrease of SOD activity
(Figure 3C,D). Consistent with the effect in vivo, wogonin treatment
could also prominently suppress the accumulation of MDA and re-
cover the activity of SOD in vitro (Figure 3C,D), so was the genera-
tion of intracellular ROS detected by flow cytometry stained with
CM-H,DCFDA (Figure 3E). These results provide the evidence that
wogonin exerted potent anti-oxidative capacity in septic liver injury.

Nrf2 is a master regulator of anti-oxidative machinery in various
tissues and cells. Accumulating evidence has revealed that wogonin
was capable of activating Nrf2 pathway to exert anti-oxidative effect,
coupling with anti-inflammatory capacity. In addition, to activate Nrf2
signalling could ameliorate acute liver injury by facilitating the expres-
sions of downstream anti-oxidant enzymes so as to restrain oxidative
stress.*®* Therefore, we proposed that wogonin might play the pro-
tective role in septic liver injury via the activation of Nrf2. Given that
Nrf2/ARE signalling transcriptionally activates antioxidant enzymes
like HO-1, NAD(P)H:quinone oxidoreductase (NQO-1), glutathione S-
transferase (GST), superoxide dismutase SOD1 and SOD2 to mitigate

74243 \we thus detected the expres-

oxidative stress-induced damage,
sions of these target genes. Through the immunoblotting analysis, we
discovered that wogonin treatment abolished the suppressed expres-
sions of Nrf2 and its downstream NQO-1, GST-M1, HO-1, SOD1 and
SOD2 caused by LPS combined with TNF-a (Figure 3F). Subsequent
RT-PCR assay revealed the similar alteration trend as immunoblot-
ting analysis showed, suggesting the potentiated transcriptional ac-
tivity of Nrf2 after the wogonin treatment (Figure 3G). Furthermore,
through the immunofluorescence staining analysis, we found that
wogonin treatment promoted the nuclear translocation of Nrf2
(Figure 3H), which is essential for its transcriptional activity that pro-
motes the expressions of downstream anti-oxidative enzymes. Taken
together, these results demonstrate that wogonin could alleviate ox-

idative stress in hepatocytes and effectively activate Nrf2 pathway.

3.4 | Wogonin prevents hepatocytes from LPS/
TNF-a-induced apoptosis

It has been unveiled that Nrf2 possesses the anti-inflammatory
capacity that is highly associated with the interplay between Nrf2
signalling and NF-xB signalling. The genetic deletion of Nrf2 can

potentiate inflammation whereas its up-regulation suppresses pro-
inflammatory responses controlled by NF-kB, thus contributing to
the progression of chronic obstructive pulmonary disease (COPD),
traumatic brain injury and some other diseases.***” As we discov-
ered that wogonin was able to activate Nrf2 and alleviate oxidative
stress, we wondered whether it could restrain pro-inflammatory re-
sponse in sepsis liver. Our gRT-PCR analysis in AML12 cells showed
that while LPS combined with TNF-a elevated the levels of TNF-a,
IL-6 and IL-1B, wogonin treatment prominently suppressed the ex-
pressions of these pro-inflammatory cytokines (Figure 4A). In addi-
tion, our immunoblotting analysis revealed that in response to the
stimulation with LPS combined with TNF-«a, the phosphorylation
of NF-xkB was significantly increased, whereas wogonin treatment
could restrain the activation of NF-xB (Figure 4B). These results in-
dicated the great potential of wogonin in the prevention of inflam-
matory response in sepsis liver.

Our in vitro experiments in AML12 cells proved that wogonin
could simultaneously potentiate the activity of Nrf2-dependent anti-
oxidative machinery and inhibit NF-kB-dependent pro-inflammatory
pathway. Thereafter, we examined whether wogonin could protect
hepatocytes against septic liver injury in vitro as well. The stimu-
lation of LPS combined with TNF-a resulted in robust increase of
apoptosis of AML12 cells, which was significantly suppressed after
the co-treatment with wogonin, especially in a dose-dependent
manner (Figure 4C). Moreover, we employed immunoblotting analy-
sis to testify the expressions of apoptosis-related molecules. The ex-
pression of anti-apoptotic Bcl2 was markedly increased, whereas the
expressions of pro-apoptotic Bax, Cleaved-Caspase3 and Cleaved-
PARP were significantly decreased after the co-treatment with
wogonin (Figure 4D,E). Combined with the results in sepsis mice, our
data proved that wogonin could ameliorate septic liver injury both in

vitro and in vivo.

3.5 | Wogonin ameliorates liver injury in a Nrf2-
dependent manner in sepsis

Forwardly, we went on to investigating whether wogonin ex-
erted its protective effects on septic liver injury via the activation
of Nrf2. We transfected AML12 cells with siRNA against Nrf2 to
obtain the knock-down of Nrf2 expression, followed by the treat-
ment with LPS combined with TNF-a and wogonin. As was shown,
the knock-down of Nrf2 abolished the suppressive effect on MDA
accumulation of wogonin in LPS/TNFa-stimulated AML12 cells
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FIGURE 3 Wogonin activates Nrf2 pathway and alleviates oxidative stress in hepatocytes. A and B, MDA and SOD activity in liver

tissue from LPS- or CLP-induced sepsis mice with or without wogonin treatment (n = 6). C and D, MDA and SOD activity in LPS/TNF-a-
stimulated AML12 cells with or without wogonin treatment. E, Intracellular ROS analysed by flow cytometry in AML12 cells. MFI, the mean
fluorescence intensity. F and G, Protein and mRNA levels of Nrf2 and downstream antioxidant enzymes NQO-1, GST-M1, HO-1, SOD1 and
SOD2 in LPS/TNF-a stimulated AML12 cells with or without wogonin treatment. H, Representative images of Nrf2 nuclear translocation
detected by immunofluorescence staining and the percentage of nuclear Nrf2-positive cells in the cells with indicated treatment. The arrows
show the Nrf2 nuclear positive cells. Magnification, 200x. Scale bar = 10 pm. NC, the negative control group. The results are presented

as mean + SD through at least 3 independent experiments and were analysed by one-way analysis of variance (ANOVA). ns, no statistical

significance, *P < .05, **P < .01, ***P < .001

(Figure 5A). In addition, the activity of anti-oxidative SOD potenti-
ated by wogonin was also re-suppressed after the knock-down of
Nrf2 (Figure 5B), whereas the accumulation of intracellular ROS
was potentiated by the knockdown of Nrf2 (Figure 5C). Subsequent
immunoblotting analysis revealed that Nrf2 expression deficiency
abolished the facilitative role of wogonin in the up-regulation of
anti-oxidative enzymes including NQO-1, GST-M1, HO-1, SOD1 and
SOD2 (Figure 5D). Moreover, the deficiency of Nrf2 expression re-
amplified the transcriptional levels of pro-inflammatory cytokines
TNF-a, IL-6 and IL-1p (Figure 5E), so was the phosphorylation of
NF-kB p65 subunit (Figure 5F). Furthermore, the knock-down of
Nrf2 expression exacerbated LPS/TNF-a-induced apoptosis of
AML12 cells (Figure 5G), with the expressions of pro-apoptotic Bax,
Cleaved-Caspase3 and Cleaved-PARP increased and anti-apoptotic
Bcl2 decreased (Figure 5H). Taken together, wogonin exerted its pro-
tective role in septic liver injury in a Nrf2-dependent manner via the
potentiation of anti-oxidative capacity and the suppression of pro-

inflammatory cytokines.

3.6 | Wogonin activates Nrf2 signalling in liver
tissue of sepsis mice

Finally, we employed IHC analysis to clarify the role of wogonin in
Nrf2 signalling in the liver of sepsis mice. As was revealed, wogonin
treatment was able to potentiate the staining scores of Nrf2 and its
downstream HO-1, SOD1 and SOD2 in liver tissue from both LPS-
and CLP-induced sepsis mouse models (Figure 6A-D and Figure S3A-
D). In contrast, the staining score of phosphorylated-pé5 (Ser536)
was repressed (Figure 6E and Figure S3E), which was in line with
previous in vitro results. Therefore, we provided in vivo evidence
that wogonin facilitated the activation of Nrf2 to enhance the anti-
oxidative capacity and restrain the pro-inflammatory signalling, thus
effectively ameliorating septic liver injury.

4 | DISCUSSION

In the present study, we initially proved that wogonin treatment
could improve the survival of mice with LPS- or CLP-induced sep-
sis, accompanied with the rescue of reduced body temperature and
respiratory rate, and the suppression of pro-inflammatory cytokines
TNF-a, IL-1B, IFN-y and IL-6 in circulation. Then, our results showed

that wogonin was effective in mitigating liver injury in mice with

sepsis, which was attributed to the potentiation of anti-oxidative
capacity and the suppression of pro-inflammatory cytokines.
Furthermore, we proved that it was the activation of Nrf2 that was
responsible for the protective role of wogonin in liver injury in LPS-
or CLP-induced sepsis mice. Finally, we provided in vivo evidence
that wogonin activated Nrf2 signalling in liver tissue of sepsis mice.
In summary, wogonin is a promising therapeutic agent for preventing
liver injury in sepsis mice via the simultaneous regulation of anti-
oxidative machinery and pro-inflammatory signalling through the
activation of Nrf2 (Figure 7).

Previous studies have revealed that oxidative stress plays a crit-
ical role in liver injury, because the disturbance of redox balance
could induce intracellular dysfunction of biochemical and metabolic
processes in hepatocytes.*® Moreover, liver is responsible for de-
oxidation reactions, synthesis of lipids and storage of glycogen as the
primary metabolic organ, so it is more susceptible to oxidative stress
caused by multiple factors including sepsis-associated inflamma-
tory stimulations. During the progression of sepsis, the generation
of ROS is tightly linked to the occurrence and development of liver
injury, not only via the direct damage to hepatocytes by promot-
ing the formation of oxidative protein adducts and lipid peroxides,
but also through the pro-inflammatory response accentuated by ox-
idative stress. Therefore, to ameliorate oxidative stress is a useful
strategy to reduce liver injury in sepsis to obtain the improvement
of the patients. Our study demonstrated that the generation of ROS
in sepsis liver was concomitant with impaired anti-oxidative capac-
ity. Wogonin treatment was potent in restraining septic liver injury
via the potentiation of Nrf2-dependent anti-oxidative machinery.
Moreover, the alleviation of oxidative stress by wogonin treatment
led to suppressed production of pro-inflammatory cytokines and cell
apoptosis in hepatocytes, highlighting the great therapeutic poten-
tial of wogonin in oxidative stress-driven liver injury in sepsis.

As the natural component of Scutellaria baicalensis Georgi
(also known as Huang Qin), wogonin has been proved as potent
activator of Nrf2 so as to exert its regulatory effect on oxidative
stress-related diseases. For example, wogonin played protective
role against myocardial infarction by repressing oxidative stress
through the activation of Nrf2/HO-1 pathway.*’ Besides, wogonin
was capable of ameliorating the severity of rheumatoid arthritis
and nephrotoxicity resulted from cadmium and cisplatin by less-
ening oxidative stress.?>*%° Consistent with these reports, our
findings further confirmed the potent anti-oxidative capacity of
wogonin in treating septic liver injury via the activation of Nrf2.

Therefore, Nrf2 is a crucial mediator of the therapeutic effect
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FIGURE 4 Wogonin prevents hepatocytes from LPS/TNF-a-induced apoptosis. A, qRT-PCR analysis of TNF-a, IL-1p and IL-6 mRNA levels
and (B) immunoblotting analysis of p65 and p-p65 (Ser536) after LPS/TNF-a and wogonin treatment with indicated concentrations in AML12
cells. C, Representative flow cytometry images and analysis of cell apoptosis after indicated treatment in AML12 cells. D, Immunoblotting
analysis of pro-apoptotic Bax, Cleaved-Caspase3, Cleaved-PARP and anti-apoptotic Bcl2 expression related to (C). E, Densitometry analysis
of Cleaved-caspase3, Cleaved-PARP, Bax and Bcl2 related to (D). NC, the negative control group. The results are presented as mean + SD
through at least 3 independent experiments and were analysed by one-way analysis of variance (ANOVA). *P < .05, **P < .01, ***P < .001
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FIGURE 5 Wogonin ameliorates septic liver injury in a Nrf2-dependent manner. A and B, MDA and SOD activity in AML12 cells

with indicated treatments. C, Intracellular ROS analysed by flow cytometry and represented as MFI of CM-H,DCFDA in AML12 cells.

D, Immunoblotting analysis of Nrf2, NQO-1, GST-M1, HO-1, SOD1 and SOD2 in AML12 cells with indicated treatments. E and F, gRT-

PCR analysis of TNF-a, IL-1p and IL-6 mRNA levels and immunoblotting analysis of p65 and p-p65 (Ser536) in AML12 cells with indicated
treatments. G, Representative flow cytometry images and analysis of cell apoptosis in AML12 cells with indicated treatments. H,
Immunoblotting analysis of Nrf2, pro-apoptotic Bax, Cleaved-Caspase3 and Cleaved-PARP together with anti-apoptotic Bcl2 expression
and densitometry analysis of Cleaved-caspase3 and Cleaved-PARP. The concentration of wogonin is 10 pmol/L. The results are presented
as mean + SD through at least 3 independent experiments and were analysed by two-tailed Student's t test or one-way analysis of variance
(ANOVA). ns, no statistical significance, *P < .05, **P < .01, ***P < .001

of wogonin in many diseases. Extending to previous reports, anti-inflammatory agent that could be applied for the treatment of
we also proved that the activation of Nrf2 effectively antago- inflammatory diseases.
nized the inflammation via the suppression of NF-xB signalling Septic liver injury leads to intrahepatic endothelial dysfunction

in sepsis liver, which supports that wogonin was also a potential which facilitates dysregulated molecular transportation between
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FIGURE 6 Wogonin activates Nrf2 signalling in liver tissue of LPS-induced sepsis mice. A-E, Representative IHC images and IHC

score analysis of Nrf2, HO-1, SOD1, SOD2 and p-p65 (Ser536) in liver tissue from LPS-induced septic mice (n = 5). The number of scored
fields = 10. Magnification, 400x. Scale bar = 50 pm. The concentration of wogonin was 50.0 mg/kg. The results are presented as mean + SD
through at least 3 independent experiments and were analysed by one-way analysis of variance (ANOVA). ns, no statistical significance,

*P <.05,"*P <.01, ***P < .001

Sepsis

Anti-oxidative

wogonin

!

capacity

FIGURE 7 Schematic presentation of the mechanism of wogonin to alleviate septic liver injury. Wogonin treatment activated Nrf2
signalling, promoted transcription and expression of endogenous antioxidants including NQO-1, GST, HO-1, SOD which suppressed sepsis-
induced oxidative stress in hepatocytes. Moreover, wogonin-promoted Nrf2 signalling inhibited NF-xB activation and decreased production
of pro-inflammatory cytokines, which mitigated inflammatory damage of hepatocytes in sepsis

hepatocytes and circulation resulting in systemic metabolism disor-
der like hyperlipidaemia.>>2 Wogonin was found to exert protective
role in endothelial cells through inhibition of high mobility group box 1
(HMGB1) in LPS- and CLP-induced sepsis and reduced sepsis-related
mortality in mice.>® Therefore, apart from the direct effect on hepato-
cyte reported in the present study, wogonin can also exert protective
effect on septic liver injury by maintaining intrahepatic endothelial
barrier, raising the notion that both of the localized hepatocyte and
hepatocyte-associated microenvironment should be taken into con-
sideration in case of the treatment of septic liver injury.

Abnormal activation of NF-kB signalling plays the pivotal role
in inflammatory diseases such as asthma, rheumatoid arthritis and
inflammatory bowel disease so that the antagonization of NF-kB sig-
nalling can be an effective therapeutic strategy for inflammatory dis-
eases.> The crosstalk between Nrf2 and NF-kB signalling pathways
has been frequently observed that anti-oxidative Nrf2 signalling
pathway was able to inhibit NF-kB signalling activation by reducing
DNA-binding activity of NF-kB.>® In respiratory syncytial virus in-
fection model, Nrf2 depletion strengthened DNA-binding activity
of NF-kB in Nrf2”~ mice and exacerbated inflammation together

with more protein/lipid oxidation.”® In acute liver injury induced

by LPS/D-GalN injection, Nrf2 inhibited NF-xB DNA binding by re-
ducing MafK expression, the transcription factor which mediated
p65 acetylation and its DNA-binding affinity.?” What's more, as the
redox-sensitive transcriptional factor,”® NF-xB has been proved to
be activated by oxidative stress since that intracellular ROS induced
the serine phosphorylation of the NF-xB subunit p65 and thereby
facilitated its nuclear translocation and downstream gene expres-
sion like IL—1[3.59 In Nrf2™~ septic shock mice, NF-xB signalling was
magnified in lung and peritoneal macrophages whereas antioxidants
N-acetyl cysteine and GSH-monoethyl ester suppressed NF-xB
activation, which implied that anti-oxidative agents could inhibit
NF-kB signalling by alleviating oxidative stress and re-suppressed
Nrf2 depletion-induced NF-kB activation.®® The present study con-
sistently showed that suppression of oxidative stress induced by
Nrf2 signalling activation restrained p65 phosphorylation and pro-
inflammatory cytokine production, reflecting that anti-oxidative
capacity of wogonin could also attenuate liver injury by suppress-
ing NF-kB signalling pathway, which suggests that the manipulation
of anti-oxidative stress machinery could be referred as alternative
strategy for sepsis and other inflammation-associated disorders. In

conclusion, the present study showed that wogonin could ameliorate
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septic liver injury and improve the outcome of mice with sepsis via
the simultaneous regulation of anti-oxidative machinery and pro-
inflammatory signalling through the activation of Nrf2 in hepato-
cytes. Additional clinical trials are needed to confirm the therapeutic

potential of wogonin for sepsis in the future.

ACKNOWLEDGEMENTS

This work was supported by the Ministry of Logistics (CWS13J063)
and Xijing Hospital of Fourth Military Medical University
(YYKJFZJJ2018Y012 and Clinical Application Research Project of
Military Medicine in 2018). We appreciate Dr Zhi-Bin Lin, Xiao-Juan
Wang and Yan Qiu for technical assistance.

CONFLICT OF INTEREST

The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTION
Ji-Min Dai: Investigation (lead); Writing-original draft (lead); Writing-
review & editing (equal). Wei-Nan Guo: Conceptualization (equal);
Writing-review & editing (lead). Yi-Zhou Tan: Investigation (equal);
Writing-original draft (supporting). Kun-Wei Niu: Methodology
(equal). Jia-Jia Zhang: Investigation (supporting). Cheng-Li Liu:
Methodology (supporting). Xiang-Min Yang: Methodology (sup-
Zhi-Nan Chen: Kai-Shan Tao:
Conceptualization acquisition

porting). Supervision (equal).

(supporting);  Funding (equal);

Supervision (lead). Jing-Yao Dai: Conceptualization (lead); Data cura-

tion (lead); Funding acquisition (lead).

DATA AVAILABILITY STATEMENT
The data generated and analysed during the current study are avail-
able from the corresponding author on reasonable request.

ORCID

Jing-Yao Dai https://orcid.org/0000-0001-8510-3647

REFERENCES

1. Woznica EA, Inglot M, Woznica RK, tysenko L. Liver dysfunction in
sepsis. Adv Clin Exp Med. 2018;27(4):547-551.

2. van der Poll T, van de Veerdonk FL, Scicluna BP, Netea MG. The
immunopathology of sepsis and potential therapeutic targets. Nat
Rev Immunol. 2017;17(7):407-420.

3. Blanco J, Muriel-Bombin A, Sagredo V, et al. Incidence, organ
dysfunction and mortality in severe sepsis: a Spanish multicentre
study. Crit Care. 2008;12(6):R158.

4. Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of
sepsis in the United States from 1979 through 2000. N Engl J Med.
2003;348(16):1546-1554.

5. Martin-Murphy BV, Holt MP, Ju C. The role of damage associated
molecular pattern molecules in acetaminophen-induced liver injury
in mice. Toxicol Lett. 2010;192(3):387-394.

6. Shi S, Verstegen MMA, Mezzanotte L, de Jonge J, Lowik CWGM,
van der Laan LJW. Necroptotic cell death in liver transplantation
and underlying diseases: mechanisms and clinical perspective. Liver
Transplant. 2019;25(7):1091-1104.

7. Jaeschke H. Reactive oxygen and mechanisms of inflammatory liver
injury: present concepts. J Gastroenterol Hepatol. 2011;26:173-179.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

WILEY--2

Honore PM, Spapen HD, Marik P, Boer W, Oudemans-van SH.
Dosing vitamin C in critically ill patients with special attention to
renal replacement therapy: a narrative review. Ann Intens Care.
2020;10(1):23.

Kellum JA, Pike F, Yealy DM, Huang DT, Shapiro NI, Angus DC.
Relationship between alternative resuscitation strategies, host re-
sponse and injury biomarkers, and outcome in septic shock: analysis
of the protocol-based care for early septic shock study. Crit Care
Med. 2017;45(3):438-445.

Zhao Q, Yang J, Cui MY, et al. The reference genome sequence of
Scutellaria baicalensis provides insights into the evolution of wogo-
nin biosynthesis. Mol Plant. 2019;12(7):935-950.

Chen C, Guo D, Lu G. Wogonin protects human retinal pigment
epithelium cells from LPS-induced barrier dysfunction and inflam-
matory responses by regulating the TLR4/NF-xB signaling pathway.
Mol Med Rep. 2017;15(4):2289-2295.

Chen J, Liu J, Wang Y, et al. Wogonin mitigates nonalcoholic fatty
liver disease via enhancing PPARa/AdipoR2, in vivo and in vitro.
Biomed Pharmacother. 2017;91:621-631.

Badawy AM, ElI-Naga RN, Gad AM, Tadros MG, Fawzy HM.
Wogonin pre-treatment attenuates cisplatin-induced nephrotoxic-
ity in rats: impact on PPAR-y, inflammation, apoptosis and Wnt/B-
catenin pathway. Chem Biol Interact. 2019;308:137-146.

Jiao D, Jiang Q, Liu Y, Ji L. Nephroprotective effect of wogonin
against cadmium-induced nephrotoxicity via inhibition of oxidative
stress-induced MAPK and NF-kB pathway in Sprague Dawley rats.
Hum Exp Toxicol. 2019;38(9):1082-1091.

Cho J, Lee HK. Wogonin inhibits excitotoxic and oxidative neuro-
nal damage in primary cultured rat cortical cells. Eur J Pharmacol.
2004;485:105-110.

Bosmann M, Ward PA. The inflammatory response in sepsis. Trends
Immunol. 2013;34(3):129-136.

Kong X, Thimmulappa R, Craciun F, et al. Enhancing Nrf2 pathway
by disruption of Keap1 in myeloid leukocytes protects against sep-
sis. Am J Respir Crit Care Med. 2011;184(8):928-938.

Xie K, Yu Y, Zhang Z, et al. Hydrogen gas improves survival rate
and organ damage in zymosan-induced generalized inflammation
model. Shock. 2010;34(5):495-501.

Xie Y, Liu B, Pan J, et al. MBD2 mediates septic AKI through acti-
vation of PKCn/p38MAPK and the ERK1/2 axis. Mol Ther Nucleic
Acids. 2021;23:76-88.

Dai J, Huang Q, Niu K, et al. Sestrin 2 confers primary resistance to
sorafenib by simultaneously activating AKT and AMPK in hepato-
cellular carcinoma. Cancer Med. 2018;7(11):5691-5703.

Ito S, Tanaka Y, Oshino R, Okado S, Hori M, Isobe KI. GADD34 sup-
presses lipopolysaccharide-induced sepsis and tissue injury through
the regulation of macrophage activation. Cell Death Dis. 2016;7:€2219.
Yao J, Zhao L, Zhao Q, et al. NF-kB and Nrf2 signaling pathways con-
tribute to wogonin-mediated inhibition of inflammation-associated
colorectal carcinogenesis. Cell Death Dis. 2014;5:€1283.

Cauwels A, Rogge E, Vandendriessche B, Shiva S, Brouckaert P.
Extracellular ATP drives systemic inflammation, tissue damage and
mortality. Cell Death Dis. 2014;5:e1102.

Rittirsch D, Huber-Lang MS, Flierl MA, Ward PA. Immunodesign
of experimental sepsis by cecal ligation and puncture. Nat Protoc.
2009;4(1):31-36.

Li YJ, Guo Y, Yang Q, et al. Flavonoids casticin and chrysosplenol
D from Artemisia annua L. inhibit inflammation in vitro and in vivo.
Toxicol Appl Pharmacol. 2015;286(3):151-158.

Su L, Li N, Tang H, et al. Kupffer cell-derived TNF-a promotes he-
patocytes to produce CXCL1 and mobilize neutrophils in response
to necrotic cells. Cell Death Dis. 2018;9(3):323.

Hotchkiss RS, Moldawer LL, Opal SM, Reinhart K, Turnbull
IR, Vincent JL. Sepsis and septic shock. Nat Rev Dis Primers.
2016;2:16045.


https://orcid.org/0000-0001-8510-3647
https://orcid.org/0000-0001-8510-3647

98
7 | wiLEy

28.

29.

30.
31.

32.

33.

34.

35.

36.
37.

38.
39.

40.
41.
42.
43,
44,

45.

DAI ET AL.

Choi JH, Park SH, Jung JK, et al. Caffeic acid cyclohexylamide res-
cues lethal inflammation in septic mice through inhibition of kB
kinase in innate immune process. Sci Rep. 2017,7:41180.

Strnad P, Tacke F, Koch A, Trautwein C. Liver - guardian, modifier and
target of sepsis. Nat Rev Gastroenterol Hepatol. 2017;14(1):55-66.
Ferrer TJ, Webb JW, Wallace BH, et al. Interleukin-10 reduces
morbidity and mortality in murine multiple organ dysfunction syn-
drome (MODS). J Surg Res. 1998;77(2):157-164.

Hou L, Xie K, Li N, et al. 100% oxygen inhalation protects against
zymosan-induced sterile sepsis in mice: the roles of inflammatory
cytokines and antioxidant enzymes. Shock. 2009;32(4):451-461.
Jaeschke H, Ho YS, Fisher MA, Lawson JA, Farhood A. Glutathione
peroxidase-deficient mice are more susceptible to neutrophil-mediated
hepatic parenchymal cell injury during endotoxemia: importance of an
intracellular oxidant stress. Hepatology. 1999;29(2):443-450.
Jaeschke H. Reactive oxygen and mechanisms of inflammatory liver
injury. J Gastroenterol Hepatol. 2000;15(7):718-724.

Du Y, Qian B, Gao L, et al. kAloin preconditioning attenuates he-
patic ischemia/reperfusion injury via inhibiting TLR4/MyD88/
NF-B signal pathway and in vivo and in vitro. Oxid Med Cell Longev.
2019;2019:3765898.

Li B, Cheng Z, Sun X, et al. Lonicera caerulea L. polyphenols allevi-
ate oxidative stress-induced intestinal environment imbalance and
lipopolysaccharide-induced liver injury in HFD-fed rats by regulat-
ing the Nrf2/HO-1/NQO1 and MAPK pathways. Mol Nutr Food Res.
2020;64(10):e1901315.

Wollborn J, Wunder C, Stix J, et al. Phosphodiesterase-4 inhibition
with rolipram attenuates hepatocellular injury in hyperinflamma-
tion in vivo and in vitro without influencing inflammation and HO-1
expression. J Pharmacol Pharmacotherap. 2015;6(1):13-23.

Yuan Z, Yuan Z, Hasnat M, et al. A new perspective of triptolide-
associated hepatotoxicity: the relevance of NF- B and NF- B-
mediated cellular FLICE-inhibitory protein. Acta Pharm Sin B.
2020;10(5):861-877.

Gao S, Wake H, Gao Y, et al. Histidine-rich glycoprotein ameliorates
endothelial barrier dysfunction through regulation of NF-xB and
MAPK signal pathway. Br J Pharmacol. 2019;176(15):2808-2824.
Wu S, Zhao M, Sun Y, et al. The potential of Diosgenin in treat-
ing psoriasis: studies from HaCaT keratinocytes and imiquimod-
induced murine model. Life Sci. 2020;241:117115.

Pan CW, Pan ZZ, Hu JJ, et al. Mangiferin alleviates lipopolysaccha-
ride and D-galactosamine-induced acute liver injury by activating
the Nrf2 pathway and inhibiting NLRP3 inflammasome activation.
Eur J Pharmacol. 2016;770:85-91.

Zhong W, Qian K, Xiong J, Ma K, Wang A, Zou Y. Curcumin alle-
viates lipopolysaccharide induced sepsis and liver failure by sup-
pression of oxidative stress-related inflammation via PI3K/AKT and
NF-kB related signaling. Biomed Pharmacother. 2016;83:302-313.
Motohashi H, Yamamoto M. Nrf2-Keapl defines a physiolog-
ically important stress response mechanism. Trends Mol Med.
2004;10(11):549-557.

Khan NM, Haseeb A, Ansari MY, Devarapalli P, Haynie S, Haqqi
TM. Wogonin, a plant derived small molecule, exerts potent anti-
inflammatory and chondroprotective effects through the activa-
tion of ROS/ERK/Nrf2 signaling pathways in human Osteoarthritis
chondrocytes. Free Radic Biol Med. 2017;106:288-301.

Cuadrado A, Martin-Moldes Z, Ye J, Lastres-Becker |. Transcription
factors NRF2 and NF-xB are coordinated effectors of the Rho fam-
ily, GTP-binding protein RAC1 during inflammation. J Biol Chem.
2014;289(22):15244-15258.

Sivandzade F, Prasad S, Bhalerao A, Cucullo L. NRF2 and NF-kB
interplay in cerebrovascular and neurodegenerative disorders: mo-
lecular mechanisms and possible therapeutic approaches. Redox
Biol. 2019;21:101059.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Wardyn JD, Ponsford AH, Sanderson CM. Dissecting molecular
cross-talk between Nrf2 and NF-xB response pathways. Biochem
Soc Trans. 2015;43(4):621-626.

Kobayashi EH, Suzuki T, Funayama R, et al. Nrf2 suppresses mac-
rophage inflammatory response by blocking proinflammatory cyto-
kine transcription. Nat Commun. 2016;7:11624.

Zhou BH, Zhao J, Liu J, Zhang JL, Li J, Wang HW. Fluoride-induced
oxidative stress is involved in the morphological damage and dys-
function of liver in female mice. Chemosphere. 2015;139:504-511.
Bei W, Jing L, Chen N. Cardio protective role of wogonin loaded
nanoparticle against isoproterenol induced myocardial infarction
by moderating oxidative stress and inflammation. Colloids Surf B.
2020;185:110635.

Huang Y, Guo L, Chitti R, et al. Wogonin ameliorate complete
Freund's adjuvant induced rheumatoid arthritis via targeting NF-
kB/MAPK signaling pathway. BioFactors. 2020;46(2):283-291.

La Mura V, Pasarin M, Rodriguez-Vilarrupla A, Garcia-Pagéan JC,
Bosch J, Abraldes JG. Liver sinusoidal endothelial dysfunction after
LPS administration: a role for inducible-nitric oxide synthase. J
Hepatol. 2014,61(6):1321-1327.

Cheluvappa R, Denning GM, Lau GW, Grimm MC, Hilmer SN, Le
Couteur DG. Pathogenesis of the hyperlipidemia of Gram-negative
bacterial sepsis may involve pathomorphological changes in liver
sinusoidal endothelial cells. Int J Infect Dis. 2010;14(10):e857-e867.
Kwak S, Ku SK, Han MS, Bae JS. Vascular barrier protective effects
of baicalin, baicalein and wogonin in vitro and in vivo. Toxicol Appl
Pharmacol. 2014;281(1):30-38.

Perkins ND. The Rel/NF-kappa B family: friend and foe. Trends
Biochem Sci. 2000;25(9):434-440.

Ahmed SM, Luo L, Namani A, Wang XJ, Tang X. Nrf2 signaling
pathway: pivotal roles in inflammation. Biochim Biophys Acta.
2017;1863(2):585-597.

Cho HY, Imani F, Miller-DeGraff L, et al. Antiviral activity of Nrf2 in
a murine model of respiratory syncytial virus disease. Am J Respir
Crit Care Med. 2009;179(2):138-150.

Hwang YJ, Lee EW, Song J, Kim HR, Jun YC, Hwang KA. MafK pos-
itively regulates NF-xB activity by enhancing CBP-mediated p65
acetylation. Sci Rep. 2013;3:3242.

Xu D, Liao S, Lv Y, Wang J, Kong L. NMR-based metabolomics ap-
proach reveals effects of antioxidant nutrients in sepsis-induced
changes in rat liver injury. J Nutr Biochem. 2020;85:108440.
Takada Y, Mukhopadhyay A, Kundu GC, Mahabeleshwar GH,
Singh S, Aggarwal BB. Hydrogen peroxide activates NF-kappa
B through tyrosine phosphorylation of | kappa B alpha and ser-
ine phosphorylation of p65: evidence for the involvement of |
kappa B alpha kinase and Syk protein-tyrosine kinase. J Biol Chem.
2003;278(26):24233-24241.

Thimmulappa RK, Lee H, Rangasamy T, et al. Nrf2 is a critical regula-
tor of the innate immune response and survival during experimental
sepsis. J Clin Investig. 2006;116(4):984-995.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Dai J-M, Guo W-N, Tan Y-Z, et al.
Wogonin alleviates liver injury in sepsis through Nrf2-
mediated NF-xB signalling suppression. J Cell Mol Med.
2021;25:5782-5798. https://doi.org/10.1111/jcmm.16604



https://doi.org/10.1111/jcmm.16604

