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Background: Linarin has been implicated in the inhibition of inflammatory responses and hepatoprotective effects. However, the precise
mechanism by which Linarin integrates injury-induced signaling from inflammatory responses and oxidative stress remains unclear.
Methods: We evaluated the role of Linarin in a mouse model of carbon tetrachloride (CCly)-induced acute liver injury. Mice were
orally pretreated with Linarin or vehicle for seven consecutive days, followed by intraperitoneal injection with 0.2% (v/v) CCly. To
investigate the mechanism of action on oxidative stress, CCly-stimulated HepG2 cells were utilized.

Results: Our results revealed Linarin remarkably attenuated the loss of hepatic architecture, inflammatory cell infiltration, serum
transaminases, and pro-inflammatory cytokines induced by CCl,. Linarin attenuated CCly-induced oxidative stress by increasing the
expression of cytosolic Nrf2 (nuclear factor erythroid 2-related factor 2), inducing nuclear localization of Nrf2, and increasing stress-
induced protein heme oxygenase-1 (HO-1). Additionally, Linarin decreased the expression of toll-like receptors (TLR)-4, and its
downstream proteins, MyD88, IRAK1, and TRAF6. Furthermore, Linarin reversed CCly-induced phosphorylation of ERK, p38, and
JNK. Importantly, Linarin increased the expression of both LC3II and Beclin 1, which are hallmarks of autophagic flux. Autophagy-
mediated hepatoprotective effects in Linarin-treated HepG2 cells were mitigated by the autophagy inhibitor 3-MA. However,
combined treatment of Linarin with 3-MA failed to significantly reverse cell apoptosis and the production of transaminases and pro-
inflammatory cytokines.

Conclusion: Linarin prevents acute liver injury, possibly by alleviating ROS-induced oxidative stress, inhibiting TLR4/MyD88 and
INK/p38/ERK-mediated inflammatory responses, and promoting Beclin 1/LC3II-mediated autophagic flux.
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Introduction
The liver is a metabolic hub responsible for many vital functions including metabolism, detoxification and immunity." Acute
liver injury is characterized by fulminant hepatocyte necrosis and systemic inflammatory response; without immediate
treatment, substantial liver injury can progress to fibrosis and liver cirrhosis and is more likely to develop into acute liver
failure and death.”* However, specific pharmacotherapeutic interventions for liver damage have not changed significantly and
many patients fail to respond to specific treatments. Therefore, novel therapies to prevent liver injury are urgently needed.
Although the underlying mechanism has not yet been established, multiple factors are known to be involved in the
pathogenesis of hepatic damage. These exists two important innate immune stimulators, pathogen-associated molecular
patterns (PAMPs) caused by hepatotropic microbes and damage-associated molecular patterns (DAMPs) that are endogenous
signaling derived from injured cells. Both DAMPs and PAMPs are recognized by pattern recognition receptors (PRRs), such
as Toll-like receptors (TLRs) and cytoplasmic Nod-like receptors (NLRs), to trigger the production of chemokines and other
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mediators, and recruit and activate innate immune cells in the liver.* ® Many cell types participate in the innate immune
response, including monocytes, macrophages, dendritic cells, neutrophils, natural killer cells (NK) or invariant natural killer
T cells (iNKT cells).” When injury is sustained, excessive reactive oxygen species (ROS) and reactive nitrogen species (RNS)
are produced, which further damages hepatocytes and augments inflammatory responses.®® If this process is prolonged,
uncontrolled inflammatory responses and activated signaling cascades further exacerbate cell and tissue death.

Chrysanthemum indicum L, one of herbal medicine recorded in “Dictionary of Chinese Materia Medica” and has been
used for hundreds of years in China. Chrysanthemum indicum L has shown a relatively clear therapeutic effect in
inflammatory and immune-related diseases. In terms of liver damage, Chrysanthemum indicum L has shown remarkable
medicinal value. Linarin (syn. Acacetin 7-O-rhamnosyl (1°”"—6") glucoside, or acacetin 7-O-rutinoside) is a naturally
occurring flavonol glycoside derived from Chrysanthemum indicum L.'° It is abundant in Chrysanthemum indicum L and
its pharmacological activity has received increasing attention. Linarin has been reported to possess anti-inflammatory,'"
antioxidative,'” anti-apoptosis activities'® in several disease models. Linarin has been shown to have liver-protective
activities.'*'> Linarin treatment decreased the serum levels of alanine aminotransferase (ALT), aspartate aminotransfer-
ase (AST), pro-inflammatory cytokines TNF-a, IL-6, and interferon-y in D-galactosamine (GalN)/LPS-induced liver
injury.'> This cytoprotective effect is associated with enhanced STAT3 activity and increased anti-apoptotic Bcl-xL
levels.'® Given the potent bioactivity of Linarin and its hepatoprotective effects, further studies are needed to clarify the
underlying mechanism in liver injury.

In this study, the role of Linarin in carbon tetrachloride (CCly)-induced mice and CCly-stimulated HepG2 cells was
investigated. We reported that Linarin administration decreased liver cell death and reduced pro-inflammatory cytokines and
oxidative stress. Mechanistically, increased activation of Nrf2 signaling resulted in antioxidative effects and mitochondrial
protection. Inhibition of TLR4/MyD88 and MPAK signaling was associated with anti-inflammatory activity. By inhibiting
autophagy, we observed attenuated effects of Linarin in CCly-induced HepG2 cells, suggesting that Beclin 1/LC31I-related
autophagic flux was involved in Linarin-mediated hepatoprotective effects.

Materials and Methods

Animals and Treatment

Male BALB/c mice (20-24 g) were purchased from Hubei Experimental Animal Research Center (China). All the mice were
housed under specific pathogen-free conditions. Fifty mice were provided free access to food and water. After all animals
adaptability feeding a week, they were randomly divided into five groups (n=10): normal control group, CCl, model control
group, and three different concentration treatment groups (12.5 mg/kg Linarin, 25 mg/kg Linarin, and 50 mg/kg Linarin). In the
Linarin-treated groups, mice were intragastrically injected with Linarin at doses of 12.5, 25, and 50 mg/kg once daily for 7 days
prior to CCl, administration. The equal volume of vehicle was intragastrically administered to mice in the control and model
groups. Linarin (purity>98%) was obtained from Chengdu Purechem Standard Biotechnology Co., Ltd. (https://show.guidechem.

com/purecheny/). For acute liver injury, the mice were intraperitoneally injected with 0.2% (v/v) CCl, (Tianli Chemical Reagent
Co., Ltd., Tianjin, China) diluted in olive oil or vehicle (olive oil) at a dose of 10 mL/kg weight. All animals were sacrificed at 24
hours after CCly injection using anesthesia with 1% pentobarbital (10 mL/kg). Blood samples were collected from the orbital
sinus. The serum was separated by centrifugation at 3000 rpm for 10 min, then collected and stored at —80 °C until use. In this
study, all animal experiments were approved by the Ethics Committee of Hubei University of Chinese Medicine (No. HUCMS-
202107011) and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Cell Culture and Treatment

The HepG2 cells were obtained from the Key Laboratory of Traditional Chinese Medicine Resources and Chemistry of
Hubei Province (Wuhan, China) and grown in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) at
37°C, 5% CO, and humid conditions. The cells were pretreated for 1 h with Linarin at final concentrations of 10 pg/mL,
20 pg/mL, and 40 pg/mL. CCly (20 mM) was used to induce the cell death. To further assess the role of autophagy,
3-methyladenine (3-MA, a chemical inhibitor of autophagy) at 15 uM was added 1 h prior to incubation with Linarin.
Parallel cultures were treated with equal amounts of vehicle and used as negative controls.
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Histological Analysis

For histological analysis, the liver tissues were removed and fixed in 10% buffered formalin. Liver specimens were
sectioned and stained with hematoxylin and eosin (H&E) for light microscopic examination. For immune histochemical
analysis, liver specimens were incubated with F4/80 antibody (Abcam) or TLR4 antibody (Affinity), or LC3II antibody
(Bioss). Cell death through apoptosis was detected using terminal deoxynucleotidyl transferase dUTP nick-end labelling
(TUNEL) staining according to the manufacturer’s instructions (Roche) and visualized using a Nikon fluorescence

microscope (Zeiss).

Determination of AST, ALT and Total Bilirubin

The enzymatic activities of ALT, AST, and total bilirubin were examined using commercial assay kits (Beyotime
Biotechnology, Inc., Shanghai, China), according to the manufacturer’s instructions.

Determination of Hepatic SOD and MDA

An appropriate amount of liver tissue was collected, separated, washed, homogenized, and centrifuged with a 9-fold
volume of 4°C physiological saline (4 °C, 4000 rpm, 10 min). Following centrifugation, the supernatant was collected to
determine oxidative stress markers. Superoxide dismutase (SOD) and malondialdehyde (MDA) contents in the liver
homogenates were determined using assay kits according to the manufacturer’s instructions (Beyotime Biotechnology,
Inc., Shanghai, China).

Cytokine Measurement
The levels of IL-1B, IL-6, and TNF-o were measured using Enzyme-Linked Immunosorbent Assay (ELISA) kits
(Beyotime Biotechnology, Inc., Shanghai, China) according to the manufacturer’s instructions.

Flow Cytometer Analysis

HepG?2 cells were seeded in six-well plates, cultured for 24 h, and then treated as directed for 24 h. After that, cells were digested,
washed in PBS, and stained using the FITC Annexin V apoptosis detection kit (Elabscience Biotechnology Co., Ltd.). The
samples were analyzed by flow cytometry (Beckman Coulter) and data were analyzed with FlowJo v10.6.2 software.

Western Blotting

Cell lysates were prepared from liver tissue and HepG2 cells using RIPA buffer containing 1% Triton X-100 lysis buffer,
protease inhibitor cocktail, and PhosSTOP (Roche). The protein concentration was determined using a BCA (Bicinchoninic
acid) Protein Assay Kit (Beyotime Biotechnology, Inc., Shanghai, China). Total protein from each sample was separated by
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (PAGE). The separated samples (total protein) were
transferred from the gel onto a polyvinylidene difluoride (PVDF) membrane (Absin, China). The membranes were then
exposed to enhanced chemiluminescence (ECL) Western blotting substrates (Thermo Fisher). The ImageJ software was used
to measure the density of the results. The following antibodies from Abcam were used: TLR4, MyD88, LC3 and Beclin 1. The
following antibodies from Affinity were used: IRAK 1, TRAF6, Phospho-ERK 1/2 and Phospho-p38. The following antibodies
from Affinity were used: Keapl. The following antibodies from Proteintech were used: phospho-JNK. Antibodies against
Nrf2 and Heme oxidase-1 (HO-1) were derived from SAB and Abs, respectively.

Determination of Mitochondrial ROS

Mitochondrial probes have been used to determine mitochondrial ROS production. Briefly, HepG2 cells were treated
with Linarin and incubated at 37°C with the MitoSox Green reagent and MitoTracker Red for 10 min. HepG2 cells were
washed with PBS. Fluorescence microscopy (Nikon, Tokyo, Japan) was used to assess the fluorescence density.
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Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential (MMP) was evaluated using a 5.5",6.6'-tetrachloro-1.1",3.3'- tetracthylbenzimi-
dazolylcarbocyanine iodide (JC-1) probe (Servicebio, Wuhan, China). HepG2 cells were washed with PBS and incubated
in the dark with the JC-1 working solution at 37°C for 20 min. After removing the JC-1 solution, the cells were washed
and resuspended in assay buffer and the sequential fluorescence of each well was measured using a fluorescence
microscope (Nikon, Tokyo, Japan).

Statistical Analysis

Statistical analyses were performed using Prism 9.4.1 (GraphPad Software). All Data are presented as mean =+ standard
deviation (SD). Differences between multiple groups were compared using one-way analysis of variance (ANOVA).
Statistical significance was set at P <0.05.

Results
Linarin Had a Hepatoprotective Effect in CCls-Induced Acute Injury

To determine the liver-protective activity of Linarin, a mouse model of CCly-induced acute hepatic injury was
established. The CCl, challenge caused an increase in ALT, AST, and total bilirubin levels at 24 h. Linarin pretreatment
showed significant dose-dependent protective effects, with an approximately 60% reduction in serum ALT (Figure 1A),
60% reduction in AST (Figure 1B), and 50% reduction in total bilirubin (Figure 1C). Histological evaluation revealed
more severe liver injury in the model control group with more extensive cell necrosis, loss of liver structure, and features
of perivascular inflammatory cell infiltration (Figure 1D). We also evaluated the protective effects of Linarin on CCly-
stimulated HepG2 cells. CCl, induced massive hepatocyte death, which was reversed by Linarin, with cell survival rates
of 79.7, 68.3, and 61.7% at doses of 40, 20, and 10 pg/mL, respectively (Figure 1E). CCly-stimulated HepG2 cells
showed elevated production of ALT (Figure 1F) and AST (Figure 1G), which was significantly down-regulated by
Linarin in a dose-dependent manner. Thus, treatment with Linarin protected the hepatocytes both in vitro and in vivo.

Linarin Inhibited Apoptosis on CCls-Induced Hepatocytes

The results of TUNEL staining revealed that the number of TUNEL-positive cells in the liver tissues of the model control
group was significantly higher than that of the normal control group. Linarin (50 mg/kg) decreased the number of
TUNEL-positive cells in liver tissues of CCls-induced mice (Figure 2A). Apoptosis of HepG2 cells was detected using
flow cytometry. Our study showed that CCly significantly increased the proportion of early and late apoptosis to 33.6%
compared with 6.0% apoptosis in the normal control group. However, Linarin alleviated CCly-induced cell apoptosis,
with the greatest reduction observed at 40 pg/mL Linarin (Figure 2B). These findings indicated that Linarin protects

hepatocytes from apoptosis.

Linarin Inhibited Excessive Inflalmmatory Responses

Compared to the model control group, the expression of F4/80, an activator of macrophages, was significantly decreased
in Linarin-pretreated mice (Figure 3A). After exposure to CCly, serum inflammatory cytokines significantly increased,
especially IL-6 (Figure 3B), IL-1p (Figure 3C) and TNF-a (Figure 3D). However, Linarin pretreatment inhibited the
production of pro-inflammatory cytokines. In particular, we observed approximate 34% decreases at the high dose for the
pro-inflammatory cytokine IL-6, and 55% decreases for the cytokine IL-1B. We also examined the production of IL-6
(Figure 3E), IL-1B (Figure 3F), and TNF-a (Figure 3G) in CCly-induced HepG2 cells. The results showed that the levels
of pro-inflammatory cytokines increased in HepG2 cells after stimulation with CCly. Linarin treatment reversed these
effects in a dose-dependent manner. These results showed that the hepatoprotective effect of Linarin is associated with

a reduction in inflammatory responses.

3592 e Drug Design, Development and Therapy 2023:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dovepress Li et al

A Hkk B *kk C *kk
250 i 500 p— 407 e

Fkk A ko g

= 200 o 400+ g 30-
3 = 300 2
— 150- = -1 [

5 2 5 204
< < S
g 100 £ 200 £

g g 2 10
2 @ 100 s
o 50 5
'—

0- 0-

NC MC LD MD HD NC MC LD MD HD NC MC LD MD HD
D

E ucd F **:** G
150 - 5— T 0.15— -
Kk ns i R ala
o~ - ns
°\° e 4 *kk
> 100+ | ~ 0.10
2 S - !
2 -, 2
S o
5 507 < 2 0.05-
(§] 14
0= 0- 0.00-
CCl, (20 mM) - + o+ o+ 4+ CCl,20mM) - + + + + CCl, 20 mM) - + o+ o+ o+
Linarin (ug/mL) - - 10 20 40 Linarin (ug/mL) - - 10 20 40 Linarin (ug/mL) - - 10 20 40

Figure | Linarin had a hepatoprotective effect in CCls-induced acute injury. (A) Serum ALT, (B) AST and (C) total bilirubin levels in mice from each group. (D) Histological
examination of liver sections from each group with H&E staining (original magnification, x200). Image showed hepatocyte necrosis (black arrow), inflammatory cell
infiltration (yellow arrow), cellular edema (green arrow), hepatocyte steatosis (blue arrow). (E) CCK8 assay to study cell viability. ALT (F) and AST (G) levels in the
supernatant of HepG2 cells. Data are expressed as mean * SD. *P < 0.05, ** P < 0.0, *** P < 0.001.

Abbreviations: NC, normal control; MC, model control; LD, low dose of Linarin 12.5 mg/kg; MD, middle dose of Linarin 25 mg/kg; HD, high dose of Linarin 50 mg/kg; ns,
non-significant.

Linarin Alleviated Oxidative Stress in CCls-Induced Hepatocytes

To analyze whether antioxidant responses are involved in Linarin-induced hepatoprotective effects, we evaluated the
effects of Linarin on SOD and MDA levels in the liver. The levels of the antioxidant enzyme SOD in the model control
group significantly decreased, and the levels of MDA markedly increased compared with the normal control group
(Figure 4A and B). Linarin significantly increased SOD levels, but decreased MDA levels. Likewise, CCly-induced the
dysregulation of SOD and MDA was attenuated by Linarin in HepG2 cells (Figure 4C and D).
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Figure 2 Linarin inhibited apoptosis on CCly-induced hepatocytes. (A) TUNEL staining for apoptotic cells of the liver sections (original magnification, x200). (B)
Representative flow plots and quantification of apoptotic cells. Data are expressed as mean + SD. *** P < 0.001.

Abbreviations: NC, normal control; MC, model control; LD, low dose of Linarin 12.5 mg/kg; MD, middle dose of Linarin 25 mg/kg; HD, high dose of Linarin 50 mg/kg.

To investigate the effect of Linarin on ROS generation in vitro, CCly-induced HepG2 cells were utilized in this
experiment. The results showed that ROS were highly induced in CCl,-stimulated HepG2 cells, whereas Linarin
treatment resulted in a significant reduction in intracellular ROS release (Figure 4E). We monitored the mitochondrial
depolarization using the JC-1 mitochondrial membrane potential detection kit. As shown in Figure 4F, the results showed
a reduction in the percentage of red-to-green fluorescence when cells were treated with CCl; compared with untreated

cells. However, in Linarin-treated cells, the reduction in the percentage of red-to-green fluorescence was reversed in
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Figure 3 Linarin inhibited excessive inflammatory responses. (A) Immunohistochemical detection of F4/80-positive cells in liver sections from each group (original
magnification: x200). Serum concentration of pro-inflammatory cytokines (B) IL-6, (C) IL-1B and (D) TNF-a in mice. The levels of (E) IL-6, (F) IL-1B and (G) TNF-a in the
supernatants of HepG2 cells. Data are expressed as mean * SD. ns, non-significant; *P < 0.05, ** P < 0.01, *** P < 0.001.

Abbreviations: NC, normal control; MC, model control; LD, low dose of Linarin 12.5 mg/kg; MD, middle dose of Linarin 25 mg/kg; HD, high dose of Linarin 50 mg/kg.

a dose-dependent manner. These results suggest that Linarin effectively attenuated the decline of mitochondrial
membrane potential in CCl, treated cells.

Keap|-Nrf2 Signaling Involved in the Linarin-Alleviated Oxidative Stress

Nrf2 is a transcription factor that regulates cellular resistance to oxidants through a variety of mechanisms, including the
induction of catabolism of superoxide and peroxides and the regeneration of oxidized cofactors and proteins.'® As an
Nrf2 binding protein, Keap1 inhibits Nrf2 by interacting with Nrf2 and directing Nrf2 ubiquitination. The Keap1-Nrf2
pathway is a major regulator of oxidative stress.'” As shown in Figure 5A-C, CCl, stimulation significantly decreased the
expression levels of nuclear and cytosolic Nrf2, whereas Linarin increased the expression of cytosolic Nrf2 and induced
nuclear localization of Nrf2. Keapl expression was significantly increased by CCl, exposure, whereas Linarin treatment
reversed this effect in a dose-dependent manner (Figure 5D and E). Compared with the control group, the expression of
HO-1 in the CCl, stimulation group was significantly decreased, while the expression of HO-1 after Linarin treatment

was significantly increased (Figure 5D and F).

Effect of Linarin on TLR4 Expression and TLR4/MyD88 Signaling in CCl4-Induced Liver

Injury
Based on the fact that TLR4 amplifies the inflammatory response in liver injury, we investigated whether Linarin induces
hepatoprotective effects by inhibiting TLR4 signaling. Immunohistochemistry demonstrated that the liver sections from
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Figure 4 Linarin alleviated oxidative stress in CCly-induced hepatocytes. (A) Hepatic SOD and (B) MDA activity in mice from each group. (C) SOD and (D) MDA activity in
HepG2 cells treated with Linarin. (E) Mitochondrial superoxide detected through immunofluorescence using MitoSox Green and MitoTracker Red staining. (F)
Mitochondrial membrane potential was detected by JC-1 staining. Data are expressed as mean * SD. ns, non-significant; ** P < 0.01, ** P < 0.001.

Abbreviations: NC, normal control; MC, model control; LD, low dose of Linarin 12.5 mg/kg; MD, middle dose of Linarin 25 mg/kg; HD, high dose of Linarin 50 mg/kg.

model control mice showed increased expression of TLR4 in sinusoidal endothelial cells, vascular cells, and hepatocytes
after CCly injection, and overall TLR4 immunoreactivity was decreased by Linarin pretreatment (Figure 6A). Consistent
with the above results, Western blotting showed that pretreatment with Linarin reduced the expression protein levels of
TLR4 (Figure 6B and C). Western blot analysis of MyD88, IRAK1, and TRAF6, indicated that CCl, exposure increased
the expression of MyD88 (Figure 6D), IRAK1 (Figure 6E), and TRAF6 (Figure 6F), whereas pretreatment with Linarin

significantly reduced the levels of these proteins.
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Figure 5 Keap|-Nrf2 signal involved in the Linarin-alleviated oxidative stress. (A) Western blot analysis of nuclear Nrf2 and cytosol Nrf2 protein in liver lysates from each
group. (B) Nuclear Nrf2 amount normalized relative to expression of Lamin Bl. (C) Cytosol Nrf2 amount normalized relative to expression of GAPDH. (D) Western blot
analysis of HO-I and Keap| protein in liver lysates from each group. (E) Keap| and (F) HO-I amount normalized relative to expression of GAPDH. Data are expressed as
mean + SD (n = 3); *P < 0.05, ** P < 0.01, ** P < 0.001.

Abbreviation: ns, non-significant.

Effect of Linarin on MAPK Signaling in CCl-Induced Liver Injury

Mitogen-activated protein kinases (MAPKs) signaling include ERK, p38, and JNK pathways.'® Extracellular stimuli such
as cytokines, TLRs, and oxidative stress can activate ERK, p38, and JNK kinase activation.'® We further investigated
whether Linarin affects MAPK signaling in acute liver injury. CCly treatment increased hepatic expression of p-JNK,
p-p38, and p-ERK. Linarin pretreatment produced the opposite effect, with a decreased expression of p-JNK, p-p38, and
p-ERK (Figure 6G-J).

Linarin Promoted Autophagy in CCls-Induced Acute Liver Injury

Given the established protective role of autophagy in acute liver injury, we investigated whether Linarin pretreatment could
induce autophagy and thus promote the protective effects of Linarin against liver injury. The expression of the autophagy-
specific marker LC31I was detected by immunohistochemical staining. 24 h after the CCl, challenge, LC3II expression in the
liver of CCly treatment group decreased, whereas LC3II expression in the liver of the Linarin pretreatment group increased
(Figure 7A). Consistent with the immunostaining results, Western blot analysis showed significant increases in both Beclin 1
(Figure 7B and C) and LC3II (Figure 7B and D) in mice treated with Linarin compared to the model control group. In
summary, our results suggest that Linarin promotes the protective effects of autophagy against CCly-induced hepatic injury.

Inhibition of Autophagy Mitigated Linarin-Induced Hepatoprotective Effect

To study the mechanisms underlying the autophagy-mediated hepatoprotective effects of Linarin, CCly-stimulated
HepG2 cells were treated with Linarin and the autophagy inhibitor, 3-MA. As expected, co-treatment with an autophagy
inhibitor further increased apoptosis, which was not reversed by Linarin (Figure 8A and B). After the CCly challenge, co-
treatment with an autophagy inhibitor further elevated the production of AST (Figure 8C) and ALT (Figure 8D) and the
pro-inflammatory cytokines TNF-a (Figure 8E) and IL-6 (Figure 8F), whereas Linarin treatment failed to significantly
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Figure 6 Effect of Linarin on TLR4 expression, TLR4/MyD88 and MAPK signaling in CCl-induced liver injury. (A) Expression of TLR4 in the liver determined by immunohistochem-
istry (original magnification, X200). (B) Western blot analysis of TLR4, MyD88, IRAK | and TRAFé6 protein in liver lysates from each group. (C) TLR4, (D) MyD88, (E) IRAKI and (F)
TRAF6 amount normalized relative to expression of GAPDH. (G) Western blot analysis of p-ERK, p-JNK and p-p38 protein in liver lysates from each group. (H) p-ERK, (I) p-JNK and
(J) p-p38 amount normalized relative to expression of GAPDH. Data are expressed as mean  SD (n = 3). ns, non-significant; *P < 0.05, ** P < 0.01, *** P < 0.001.

Abbreviations: NC, normal control; MC, model control; LD, low dose of Linarin 12.5 mg/kg; MD, middle dose of Linarin 25 mg/kg; HD, high dose of Linarin 50 mg/kg.

reverse this effect. CCl, significantly down-regulated the autophagy markers Beclin 1 and LC3II protein expressions,
which were further down-regulated when co-treated with autophagy inhibitor 3-MA (Figure 8G-I). Co-treatment with
Linarin did not enhance the expression of Beclin 1 and LC3II, suggesting that Linarin-mediated autophagy plays
a beneficial role in protecting against liver injury triggered by CCl, (Figure 8G-I).

Discussion

Liver damage is an inflammatory disease with a rising incidence each year. Unfortunately, the overall treatment of liver
damage is limited. Particularly worth mentioning is that immunosuppressive agents, which have been commonly used for
liver damage often have significant adverse effects. As a result, treatment of liver injury is extremely difficult. Our study
focused on the traditional medicinal efficacy of Chrysanthemum indicum L, investigating whether Linarin has a certain
liver-protective activity and provides a new strategy for the treatment of liver damage. In this study, further evidence was
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provided to support the hypothesis that Linarin alleviates liver inflammation and damage in CCly-induced mice. Our
study showed that the hepatoprotective effects of Linarin are associated with Keap1-Nrf2-dependent antioxidative stress.
We also confirmed that the downregulation of TLR4 and MAKP signaling is involved in Linarin-mediated hepatopro-
tective effects. More importantly, our findings suggested that Linarin plays an important role in promoting autophagy to
prevent normal liver cells from CCly induced cell damage.

Consistent with previous studies, acute CCl, injection resulted in increased levels of serum markers of liver injury,
inflammatory infiltration, and histopathological alterations.”>*' Linarin pretreatment decreased serum ALT, AST, and
total bilirubin levels, protected hepatocytes, and preserved their structural integrity. Infiltration of the liver macrophages
significantly increased 24 h after CCly injection, which was prevented by Linarin pretreatment, as determined histolo-
gically by F4/80 staining. The role of macrophages in liver injury has been well documented.”>** Upon liver injury,
inflammatory mediators are released by activated and stressed cells, which rapidly recruit bone marrow-derived
monocytes to differentiate into macrophages; this inflammatory microenvironment dramatically impacts the phenotypes
and function of Kupffer cells and monocyte-derived macrophages.>* Thus, it is believed that the inhibition of hepatic
macrophage infiltration can relieve disease progression. In addition to macrophage expansion, hepatotoxicity leads to
massive subsequent production of pro-inflammatory cytokines, especially IL-6 and TNF-0.>> After CCl, injection,
elevated levels of TNF-a, IL-1B, and IL-6 were observed, which were reversed by Linarin. Linarin pretreatment to
decrease macrophage infiltration and pro-inflammatory cytokine production is important for modulating liver
inflammation.

For the inflammatory pathway, TLR4/MyD88 signaling was investigated. In the liver, TLR4 is a classical immune
pathway that is expressed in all parenchymal and non-parenchymal cell types. The literatures suggest that TLR4
activation induces a cascade of pro-inflammatory cytokines involved in the pathophysiology of severe liver injury.?®
We found that pretreatment with Linarin decreased the levels of TLR4 protein expression in the liver, which might partly
contribute to the amelioration of liver inflammation by Linarin. This is consistent with previous studies showing that
Linarin can reduce TLR4 protein expression in D-galactosamine- and LPS-induced fulminant liver failure.'> In our study,
Linarin attenuated the increase in MyD88, IRAK1, and TRAF6 protein expression induced by CCly, which revealed that
Linarin suppressed the TLR4-mediated MyD88-dependent pathway to alleviate the excess inflammatory response in
acute injury.
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Figure 8 Linarin promoted autophagy in CCl,-induced acute liver injury. To further assess the role of autophagy, 3-methyladenine (3-MA, a chemical inhibitor of autophagy)
at |5 pM were added | h prior to Linarin incubation in CCly-stimulated HepG2 cells. (A) Representative flow plots and (B) quantification of apoptotic cells. (C) AST and (D)
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Upon activation of TLR4, IRAKI1 and IRAK4 are recruited and interact with TRAF6 proteins, which can
eventually activate MAPK signals.”” The MAPK pathway includes p38 MAPK, ERK and JNK, which are phos-
phorylated to promote the production of inflammatory mediators and contribute to hepatic inflammation.*® Previous
studies have demonstrated that JNK is strongly activated in response to CCly- or acetaminophen-induced liver
injury;** ' JNK inhibition blocks liver injury.*? Phosphorylation of p38 MAPK also contributes to CCly-induced
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acute liver injury, and ablation of p38 decreases inflammatory cell recruitment and antioxidative response.’’ ERK
signaling has been associated with liver injury, mitochondrial dysfunction, and oxidative stress.>* The role of MAPK
signaling, as shown here, also illustrates protein activation via phosphorylation after CCly injection. Linarin
decreased the levels of phosphorylated JNK, ERK, and p38 MAPK, and the levels of activation were negatively
correlated with the Linarin dose. Thus, Linarin appears to attenuate CCl-induced activation of MAPK signaling.

ROS- induced oxidative stress leads to worsening of liver diseases.’®> ROS overproduction affects the structure and
function of cellular components. In our study, significantly reduced intracellular and mitochondrial ROS levels were
observed after treatment with Linarin. In addition, the production of the hepatic oxidative marker MDA was remarkably
down-regulated and the antioxidant enzyme SOD was up-regulated. ROS are primarily produced in the mitochondria and
mitochondrial dysfunction is associated with increased ROS levels.*® In this study, the mitochondrial membrane potential
of Linarin-treated HepG2 cells was significantly increased, suggesting that Linarin could prevent mitochondrial depolar-
ization and restore negative membrane potential, thereby protecting mitochondrial function.

Nrf2, a redox-regulated transcription factor, plays a central role in the modulation of antioxidant defense systems to
protect tissues from oxidative stress.’” During oxidative stress, Nrf2 accumulates in the cytoplasm and is then transported
to the nucleus. Nrf2 then initiates the transcription of antioxidant enzymes, such as sulfiredoxin, SOD, HO-1 in the
nucleus.*®~? Keapl tightly regulates ROS-mediated Nrf2 activation by promoting proteasomal degradation of Nrf2; thus,
Keapl inhibition results in the activation of Nrf2.** Studies have shown that Nrf2 activation prevents acute liver injury
by regulating antioxidant defense-associated genes.*' Previous literatures have confirmed the hepatoprotective effect of
Nrf2 in different acute liver injury models, such as LPS- and D-GalN-induced,** CCls-induced***** and acetaminophen-
induced mouse acute liver injury models.*> Therefore, we explored the mechanism underlying the oxidative damage in
Linarin-treated HepG?2 cells. We found that CCl, exposure obviously increased the expression of Nrf2 in both the nuclear
and cytoplasm, which was reversed by Linarin treatment, suggesting that Linarin treatment significantly enhanced the
nuclear translocation of Nrf2. Moreover, CCl, exposure induced the expression of Keapl and decreased the expression of
HO-1, which were attenuated by Linarin. These results suggested that Linarin may promote Nrf2-mediated antioxidant
defense to alleviate hepatic oxidative stress.

Another important finding was that Linarin pretreatment induced autophagy, which was strengthened by the
results of experiments using autophagy inhibitor 3-MA-treated hepatocyte models. Autophagy, an evolutionarily
conserved process in eukaryotes, preserves cellular function under normal and pathophysiological conditions.*®*
Autophagy efficiently and precisely controls the quality and quantity of cytoplasmic organelles, contributing to liver
homeostasis and hepatic metabolism.*® Dysregulation of autophagy is associated with pathological symptoms and
liver disease and its modulation is a potential therapeutic option.*’ Autophagy exerts hepatoprotective and anti-
inflammatory effects in acute liver failure. It has described that autophagy inhibits mitochondrial death pathway
activation through caspase 8 in hepatocytes.’® Anti-inflammatory effects on macrophages may rely on p62-
dependent mitophagy to decrease the accumulation of damaged mitochondria and generation of inflammasome-
dependent IL-1B.>">* Nevertheless, we also detected a significant reduction in LC3II and Beclin 1 expression in the
liver tissues of CCly-treated mice and CCl,-stimulated HepG2 cells. The inhibition of autophagy leads to decrease
the viability of hepatocytes and increase hepatocyte apoptosis. In contrast, Linarin treatment increased the expres-
sion of LC3II and Beclin 1. These data suggest that Linarin promotes autophagy to eliminate extensively damaged
cells from the liver tissue.

A previous study showed that in LPS-induced acute injury, Linarin attenuates hepatic apoptosis by reducing pro-
apoptotic Bim phosphorylation and increasing anti-apoptotic BxI-xL.'> Our study confirmed the protective effects of
Linarin on CCly-induced acute hepatic injury in vitro and in vivo. In addition, we revealed an alternative mechanism for
hepatocyte protection by Linarin. Linarin attenuated ROS-induced oxidative stress, inhibited TLR4/MyD88-mediated
inflammatory responses, and promoted Beclin 1/LC31I-mediated autophagic flux (Figure 9). Further studies are required
to determine the triggers of autophagy and to identify the mechanism by which Linarin inhibits TLR4 signaling.
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Figure 9 Mechanisms of protective effects of Linarin in CCls-induced acute liver injury.
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