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Abstract: Acute liver injury has multiple causes and can result in liver failure. In this study, we
evaluated the hepatoprotective ability of cyanidin (Cy) and investigated its associated mechanisms.
Cy administration significantly and dose-dependently ameliorated acute liver injury induced by
carbon tetrachloride (CCly). High-dose Cy showed effects comparable to those achieved by the
positive control (silymarin). Severe oxidative stress and inflammatory responses in the liver tissue
induced by CCly were significantly mitigated by Cy supplementation. The total antioxidant capacity
and the activity of superoxide dismutase, catalase, and glutathione peroxidase were increased and the
content of malondialdehyde, lipid peroxide, tumor necrosis factor «, interleukin-13, and interleukin-6
were decreased. Additionally, the Nrf2 and NF-«B signaling pathways, which regulate antioxidative
and inflammatory responses, were analyzed using quantitative real-time polymerase chain reaction
and western blot assay. Cy treatment not only increased Nrf2 transcription and expression but also
decreased NF-«B signaling. Moreover, molecular docking simulation indicated that Cy had high
affinity for Keap1 and NF-«B/p65, which may promote nuclear translocation of Nrf2 and inhibit
that of NF-«B. In summary, Cy treatment exerted antioxidative and anti-inflammatory effects and
ameliorated liver injury by increasing Nrf2 and inhibiting the NF-«B pathway, demonstrating the
potential of Cy as a therapeutic agent in liver injury.
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1. Introduction

As a critical internal organ, the liver is responsible for multiple physiological functions,
including metabolism, detoxification, and immunity. However, the liver is susceptible
to damage induced by exogenous materials, such as alcohol, drugs, and other hepato-
toxic chemicals, resulting in liver dysfunction [1,2]. Chemical liver damage, which often
aggravates hepatocirrhosis, liver failure, and cancer, is among the most common types
of liver injury observed clinically and is a significant burden on the global public health
system [3,4]. Currently, many synthetic chemical medicines are widely used to relieve
liver injury, although they may cause adverse effects, such as gastrointestinal irritation and
weight gain [5]. Therefore, it is imperative to develop novel drugs against liver injury that
are more effective and less toxic.

Numerous studies have shown that acute liver injury is often accompanied by exces-
sive oxidative stress and inflammatory responses [6]. The nuclear factor erythroid 2-related
factor 2 (Nrf2) and nuclear factor (NF)-«B signaling pathways are the most important
signaling pathways involved in regulating inflammation and antioxidation. Nrf2 activation
and NF-«kB inhibition have been demonstrated to alleviate liver injury. For example, cur-
cumin upregulates the expression of Nrf2 and related downstream antioxidant molecules
(superoxide dismutase (SOD), catalase (CAT), heme oxygenase 1 (HO-1), and NAD(P)H
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quinone dehydrogenase 1 (NQO-1)) to mitigate aflatoxin Bl-induced liver injury [7]. Addi-
tionally, methoxyeugenol, a molecule extracted from nutmeg and Brazilian red propolis,
exhibits hepatoprotective activity both in vitro and in vivo, which may be attributed to the
anti-inflammatory effects of targeting the NF-«B signaling pathway [8].

Cyanidin (Cy; 2-(3,4-dihydroxyphenyl) chromenylium-3,5,7-triolis), a naturally oc-
curring flavonoid compound, is found in berries and other fruits [9]. Increasing evidence
has suggested that Cy exhibits various bioactivities. Lee et al. demonstrated that Cy
exerts strong anticancer activity by significantly inhibiting cellular proliferation and colony
formation of colon cancer cells. These anticancer effects are likely associated with sup-
pression of the NF-kB pathway and activation of the Nrf2 pathway [10]. Additionally,
Dou et al. reported that Cy exhibits therapeutic potential for preventing osteoclast-related
bone disorders. At a low dosage (<1 pg/mL), Cy promotes osteoclastogenesis, whereas at
a high dosage (>10 ug/mL), Cy inhibits this process [11]. However, there is very limited
information regarding the hepatoprotective activity of Cy, and the mechanism warrants
further clarification.

Therefore, in this study, we evaluated the hepatoprotective effects of Cy in carbon
tetrachloride (CCly)-induced mice. Moreover, we measured the antioxidant enzyme activity
of SOD, CAT, and glutathione peroxidase (GSH-Px), determined the total antioxidant
capacity (T-AOC), analyzed the levels of the oxidative products malondialdehyde (MDA)
and lipid peroxide (LPO) and detected the contents of the inflammatory factor tumor
necrosis factor « (TNF-«), interleukin-13 (IL-13), and interleukin-6 (IL-6) in Cy-treated
mice to assess the antioxidative and anti-inflammatory activity of Cy. Furthermore, the
protective mechanism of Cy, including the activation of Nrf2 signaling and inhibition of
the NF-«B pathway, was examined using quantitative real-time polymerase chain reaction
(qRT-PCR), molecular docking, and western blot analysis. Collectively, our findings indicate
that Cy may be a promising therapeutic agent for the safe and effective management of
liver injury.

2. Materials and Methods
2.1. Materials and Reagents

Cy (>98% purity) was purchased from Chengdu Biopurify Phytochemicals Co., Ltd.
(Chengdu, China). Alanine aminotransferase (ALT), aspartate aminotransferase (AST),
SOD, CAT, GSH-Px, T-AOC, MDA, and LPO test kits were obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Alkaline phosphatase (ALP) and BCA protein
detection kits were obtained from Beyotime Biotechnology Co., Ltd. (Shanghai, China).
Enzyme-linked immunosorbent assay (ELISA) kits for TNF-c, IL-1f3, and IL-6, were pur-
chased from SenBeiJia Biological Technology Co., Ltd. (Nanjing, China).

CCly and other chemical reagents were provided by China National Pharmaceutical
Group Co., Ltd. (Beijing, China).

2.2. Animals and Experimental Design

Specific pathogen-free BALB/c male mice (5-6 weeks old; weighing 18-20 g) were
purchased from Gempharmatech Co., Ltd. (Nanjing, China). All mice were allowed free
access to commercial food and sterile water. After acclimation for 7 days, 40 mice were
randomly divided into five groups (n = 8): (A) normal control (NC), in which the animals
were gavaged with physiological saline; (B) model control (MC), in which the animals
were gavaged with physiological saline; (C) Cy-L treatment group, in which the animals
were gavaged with Cy (10 mg/kg); (D) Cy-H treatment group, in which the animals were
gavaged with Cy (50 mg/kg); and (E) positive control (PC), in which the animals were
gavaged with silymarin (50 mg/kg). After pre-treatment with Cy and silymarin for 14 days,
all mice, except for those in the control group (which were administered an equivalent
volume of olive oil), were injected intraperitoneally with 0.8% CCly (10 mL/kg) in olive
oil to induce acute liver injury (Scheme 1). After 16 h, the mice were sacrificed, and blood
samples from the retro-orbital sinus of the mice were collected in heparin-free tubes and
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placed at room temperature for 1 h. The livers were weighed and separated into two parts.
One portion was cryopreserved in liquid nitrogen for further analysis, and the other was
fixed in 4% formalin for histological observation.

f NC group, saline (i.g.) Olive oil (i.p.)

MC group, saline (i.g.) CC,0.8% Liver index and serum biomarkers

Histopathological analysis

Habituation and grouping  Cy-L group, Cy 10 mg/kg (i.g.) Antioxidant and antid

atory assay
Cy-H group, Cy 50 mg/kg (i.g.) ﬁ (- Tissue immunofluorescence analysis

PC group, silymarin 50 mg/kg(i.g.) Western blof assay

Molecular docking assay

1d4days = |16 h on day ]S,
Scheme 1. Experimental design.

2.3. Determination of Serum Liver Function Indices

Blood samples were centrifuged (3500 rpm/min, 10 min) to obtain the sera at 4 °C.
The levels of AST, ALT, and ALP were determined using commercial assay kits according
to the manufacturer’s instructions. The contents of TNF-« and IL-6 were measured using
corresponding ELISA kits.

2.4. In Vivo Histopathological Assessment

The fixed liver tissues were dehydrated, embedded in paraffin, and sectioned at a
thickness of 4 pm. These samples were then stained with hematoxylin and eosin (H&E)
staining and photographed using an optical microscope [12].

Apoptosis in liver tissue was further evaluated using terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assay. Liver sections (4 um) were
dewaxed using water and stained using a TUNEL apoptosis detection kit according to
the manufacturer’s instructions (Wuhan Servicebio Technology Co., Ltd., Wuhan, China).
TUNEL-positive cells (green) were detected using a fluorescence microscope [12]. The
apoptotic index (AI) was also calculated as the number of apoptotic cells.

2.5. Assessment of Antioxidant Activity and Inflammatory Response in the Liver

Samples of liver tissue (0.1 g) were homogenized in cold normal saline (1 mL) and then
centrifuged (12,000 rpm/min, 15 min) at 4 °C to collect the tissue supernatant. The protein
content was measured using the BCA method. The levels of oxidative stress were assessed
by analyzing the antioxidant enzyme activities of SOD, CAT, and GSH-Px, determining
the T-AOC, and measuring the levels of the oxidative products MDA and LPO, using
corresponding kits. Additionally, the levels of inflammatory cytokines (TNF-«, IL-6, and
IL-1$3) were measured using corresponding ELISA Kkits.

2.6. qRT-PCR Assay

Changes in the mRNA levels of each gene were quantified using qRT-PCR [13]. Briefly,
total hepatic RNA was extracted using TRIzol reagent, and the purity and concentration of
the RNA were determined using a NanoDrop 2000C spectrophotometer (Thermo Scientific,
Waltham, MA USA). cDNA samples were synthesized using a commercial kit (Vazyme
R302-01, Nanjing, China) and further analyzed by qPCR amplification. The sequences
of gene-specific primers are listed in Table 1. The relative expression of target genes was
determined using the 2~22Ct method, with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) used as an internal reference.
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Table 1. Primer sequences used for qRT-PCR analysis.

Genes Primer Sequences (5'—3')

Forward: CGTGCTCGAATGAACACTCT
Reverse: GGAAGCTGAGAGTGAGGACC
Forward: CAGCCAATCAGCGTTCGGTA

HO-1

NQO-1 Reverse: TTGCTGTTGAGGTCGCAGGAG
N2 Forward: CAGCCATGACTGATTTAAGCAG
Reverse: CAGCTGCTTGTTTTCGGTATTA
Keapl Forward: GACTGGGTCAAATACGACTGC
Reverse: GAATATCTGCACCAGGTAGTCC
NE-KB/ p65 Forward: AGGCTTCTGGGCCTTATGTG
Reverse: TGCTTCTCTCGCCAGGAATAC
TNF-o Forward: ATGTCTCAGCCTCTTCTCATTC
Reverse: GCTTGTCACTCGAATTTTGAGA
iINOS Forward: AGACTGGATTTGGCTGGTCCCTCC
Reverse: AGAACTGAGGGTACATGCTGGAGCC
COX-2 Forward: GGGTGTCCCTTCACTTCTTTCA
Reverse: COX-2 TGGGAGGCACTTGCATTGA
GAPDH Forward: GGTGAAGGTCGGTGTGAACG

Reverse: CCCGTAGGGCGATTACAGTC

2.7. Tissue Immunofluorescence Staining

Immunofluorescence staining of the liver was performed to evaluate the levels of TNF-
o and IL-6 (Wuhan Servicebio Technology Co., Ltd., Wuhan, China), and the nuclei were
stained with 4/,6-diamidino-2-phenylindole (DAPI). The stained sections were observed
and photographed using a fluorescence microscope.

2.8. Western Blotting

Proteins were extracted form liver segments in each group through RIPA lysis, quanti-
fied using a BCA assay kit, and denatured with loading buffer in a boiling water bath. Then,
the results were separated by SDS-PAGE and transferred to PVDF membranes. After incu-
bation with primary antibodies Nrf2 (1:1000), NF-xB/p65 (1:2000), p-NE-kB/p65 (1:2000),
GAPDH (1:2000) and LaminB1 (1:2000) overnight at 4 °C, the membranes were washed with
TBST and incubated with horseradish peroxidase labeled secondary antibodies (1:5000).
The protein bands were detected using ECL reagents.

2.9. Molecular Docking Analysis

Molecular docking experiments were performed to predict the binding mode between
small-molecule ligands and biological macromolecules using AutoDock 4.2 [14]. The three-
dimensional structure of Cy (compound CID: 128861) was obtained from the NCBI Pub-
Chem database (https://pubchem.ncbi.nlm.nih.gov/, accessed on 9 March 2022). Those
of the target proteins, including NF-kB (PDB code: 1IKN) and Keap1 (PDB code: 4L7B),
were downloaded from the RCSB Protein Data Bank (http:/ /www.rcsb.org/, accessed on 9
March 2022). For docking, the ligands were prepared by adding all hydrogen atoms and
defining rotatable bonds, and target proteins were applied by extracting the primary ligand,
removing water molecules, and adding all hydrogen atoms. The exhaustiveness value was
set to 20 to increase the docking accuracy. The best-scoring pose, as determined from the
binding energy, was selected, and visually analyzed using PyMOL 2.3.0.

2.10. Statistical Analysis

All data are represented as individual data points and as the mean + standard error
of the mean. Statistical analysis was performed using SPSS software (version 23.0), and
one-way analysis of variance with Tukey’s post hoc test was used for comparisons among
multiple groups. All statistical graphs were drawn using Origin software version 2018.
*p <0.05 and ** p < 0.01 were considered the thresholds for significance.
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3. Results
3.1. Cy Treatment Alleviated CCly-Induced Liver Damage in Mice

The liver indices and levels of serum biomarkers (ALP, AST and ALP) in the mice are
shown in Figure 1A-D. Compared to those in the NC group, the levels of these indicators
were significantly increased in the MC group, suggesting that acute liver damage was
successfully induced by CCly. However, preventive administration of Cy remarkably
and dose-dependently attenuated the increases in biomarker levels in the MC group.
Specifically, in the Cy-H group, compared with that in the MC group, the liver index
decreased by 17.1%, and the serum levels of AST, ALT, and ALP decreased by 70.0%, 81.5%,
and 84.0%, respectively. These reductions did not significantly differ from those in the PC
group (17.4%, 73.6%, 86.4%, and 85.5%, respectively). Additionally, the levels of serum
TNF-« and IL-6 were used to evaluate the inflammatory response (Figure 1E,F). Injection
with CCly induced serious inflammation, characterized by increased levels of inflammatory
factors, and these changes were attenuated by pretreatment with Cy. These results indicate
that Cy exerted a hepatoprotective effect against CCly-induced liver injury in vivo.
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Figure 1. Cy treatment ameliorated CC4-induced liver injury mice. (A) Liver index. Serum levels of
(B) AST, (C) ALT, (D) ALP, (E) TNF- and (F) IL-6. * p < 0.01 compared with NC group, * p < 0.05
and ** p < 0.01 compared with the MC group.

3.2. H&E and TUNEL Staining

The results of liver H&E staining are shown in Figure 2A. No visible histological
abnormalities (clear hepatic cells and central veins) were observed in the NC group. In
contrast, serious injury, including the disruption of the tissue architecture, inflammatory
cell infiltration, and hemorrhage, was observed in the MC group. However, these patho-
logical disorders can be effectively ameliorated by Cy pretreatment. Notably, in the Cy-H
group, we observed mitigation of necrosis and reduced inflammatory cell infiltration in
a manner comparable to that observed in the PC group, indicating that Cy-H prevented
CCly intoxication.
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DAPI

Figure 2. Cy treatment improved hepatic pathological changes in CC4-induced liver injury mice. The
representative images of (A) H&E and (B) TUNEL immunofluorescence staining. Scale bars: 50 pm.

Furthermore, cellular apoptosis in the liver tissue was detected using the TUNEL stain-
ing assay, in which cell nuclei exhibited blue fluorescence and fragmented DNA exhibited
green fluorescence [15]. As presented in Figure 2B, CCly stress exposure resulted in an
increased number of TUNEL-positive cells in the liver tissue compared to that in the NC
group. In the Cy-L, Cy-H, and PC groups, the green fluorescence was less intense, suggest-
ing that cell apoptosis was decreased in the liver tissue, which is consistent with the results
of H&E staining. The values of Al were 1.4%, 47.8%, 18.9%, 3.5% and 4.3% in NC, MC,
Cy-L, Cy-H and PC groups, respectively. Interestingly, the Al did not significantly differ
between the Cy-H and PC groups. The pathological images indicated that Cy ameliorated
CCls-induced liver injury in a concentration-dependent manner.

3.3. Cy Treatment Decreased Hepatic Oxidative Stress in Mice

The activity of hepatic antioxidant enzymes (SOD, CAT, and GSH-Px) in the mice is
shown in Figure 3A-C. In the MC group, the liver tissues exhibited dramatically lower
SOD, CAT, and GSH-Px activity compared to those in the NC group, indicating hepatic
cell injury. However, Cy treatment significantly and dose-dependently increased the
activity of antioxidant enzymes, compared to those in the NC group. Interestingly, in
the Cy-H group, the increases in the SOD, CAT, and GSH-Px activities (41.5%, 71.8%,
and 62.3%, respectively) were similar to those in the PC group (39.5%, 88.3%, and 81.8%,
respectively), indicating that Cy enhances hepatic antioxidant defense systems by elevating
antioxidant activity. Additionally, the T-AOC reflects the compensatory ability of both
enzymatic and nonenzymatic antioxidants to respond to external stimuli and maintain
bodily functions [16]. As displayed in Figure 3D, the MC group exhibited a lower T-AOC
value than that in the NC group. Supplementation with Cy-L and Cy-H significantly
increased the hepatic T-AOC by 37.2% and 69.7%, respectively, compared with that in the
MC group.
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Figure 3. Cy treatment enhanced hepatic antioxidant enzyme activities in CC4-induced liver injury
mice. The activities of (A) SOD, (B) CAT, (C) GSH-Px, and (D) content of T-AOC. # p < 0.01 compared
with NC group, * p < 0.05 and ** p < 0.01 compared with the MC group.

The hepatic levels of the oxidative products MDA and LPO in the five groups are
shown in Figure 4A,B. Intraperitoneal injection with CCly caused an approximately three-
fold increase in the levels of MDA (from 3.7 to 9.5 nmol/mg) and LPO (from 9.5 to
31.0 nmol/mg) compared to those in the NC group, indicating the presence of oxida-
tive damage. Conversely, Cy pretreatment prevented abnormal increases in the levels
of the oxidation products observed in the MC group. In the Cy-L and Cy-H groups, the
MDA levels decreased significantly by 4.2 and 5.6 nmol/mg, respectively, and LPO levels
decreased by 7.1 and 20.4 nmol/mg, respectively. The contents of oxidative products in the
Cy-H group were not significantly different from those in the NC group.
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Figure 4. Cy treatment decreased the hepatic levels of oxidative products in CCy4-induced liver injury
mice. The contents of (A) MDA and (B) LPO. # p < 0.01 compared with NC group, ** p < 0.01
compared with the MC group.
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3.4. Cy Treatment Decreased Hepatic Inflammatory Responses in Mice

TNF-«, IL-6, and IL-1f3 are crucial cytokines that mediate inflammatory responses. As
shown in Figure 5A-C, compared with the NC group, CCl4 administration resulted in sig-
nificant inflammation, as demonstrated by the increased levels of hepatic pro-inflammatory
mediators. However, compared with the MC group, in which the levels of TNF-«, IL-6,
IL-1p were 300.3, 241.9, and 241.9 pg/mg, respectively, the groups pretreated with Cy-L
and Cy-H exhibited significantly lower levels of TNF-« (159.0 and 93.3 pg/mg, respec-
tively), IL-6 (157.1 and 112.0 pg/mg, respectively), and IL-1p (161.2 and 112.8 pg/mg,
respectively). Interestingly, in the Cy-H group, the levels of hepatic TNF-«, IL-6, and
IL-1p were significantly decreased (by 68.9%, 53.7%, and 67.5%, respectively) compared
those in the MC group. The decreases observed following Cy-H treatment were slightly
lesser in magnitude than those induced by treatment with PC (71.5%, 55.0%, and 68.8%,
respectively).

B«

300

250

200

1L-6 (pg/mg prot)

50

NC

MC

Cy

. .
B2 <A 100 r—.%’-?‘ L FT 190 20
T W e e 50
s0
NC MC Gl G- RC 7

Cy

Cy-L Cy-H MC Cy-L  Cy-H

-H PC MC Cy-L

Cy-H

PC

Figure 5. Cy treatment inhibited hepatic inflammatory responses in CC4-induced liver injury mice.
The levels of (A) TNF-«, (B) IL-6, (C) IL-13, (D) gray value analysis of cytokine expression and
representative images of immunofluorescence staining for (E) TNF-« and (F) IL-6. Scale bars: 50 pm.
# p <0.01 compared with NC group, ** p < 0.01 compared with the MC group.

The levels of TNF-a and IL-6 were further evaluated by tissue immunofluorescence
staining analysis, in which blue fluorescence represents the nuclei and red fluorescence
indicates inflammatory factors. As shown in Figure 5E, F, the strong fluorescence signals for
TNF-« (E) and IL-6 (F) in the red channel suggested an excessive inflammatory response
in the MC group. Conversely, pretreatment with Cy and silymarin reduced the intensity
of red fluorescence, indicating a decrease in inflammatory cytokine levels, which agreed
with the results of ELISA. These in vivo findings suggest that Cy mitigated CCl-induced
oxidative stress and inflammation, and this specific mechanism will be investigated in the
next section.

3.5. Cy Treatment Activated the Nrf2 Signaling Pathway and Inhibited the NF-xB
Signaling Pathway

The transcription of genes in the Nrf2 antioxidant pathway (Nrf2, Keapl, HO-1, and
NQO-1) in the liver tissue was determined using qRT-PCR (Figure 6A-D). Compared with
those in the NC group, the relative mRNA levels of HO-1 and NQO-1 in the MC group
were significantly decreased by 28.1% and 13.0%, respectively. This downregulation was
reversed by Cy in a concentration-dependent manner. In the Cy-L and Cy-H groups, the
mRNA levels of HO-1 were dramatically increased (438.9% and 788.1%, respectively) and
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those of NQO-1 were enhanced (72.6% and 289.8%, respectively), compared with those
in the MC group. Moreover, the mRNA transcription of Nrf2, the upstream regulator
of HO-1 and NQO-1, was significantly improved (103.6% and 187.4%, respectively) in
the Cy-L and Cy-H groups, compared with that in the MC group. In contrast, there was
no remarkable difference in the transcriptional levels of Keap1, although the Cy group
exhibited a slight enhancement, compared to in the MC group. Additionally, increased
in Nrf2 expression and nuclear translocation were confirmed by western blot analysis
(Figure 6I). The expression of Nrf2 in nucleocytoplasmic separation by western blotting
further confirmed that Cy treatment promoted Nrf2 translocation to the nucleus, resulting
in increased antioxidant activity.

Aw — B 5 40 =
— - 1 351
=3 =4 ¥ * *
= 8+ 3 +T* = 1.04
& =3
: selal| £ |3 [
- ] + o .
< ] <25
ENT 4’ ER 1. H O
2 - = 2.0
z z z
g 4] 32 Z 154
- oy o b L ‘T B
n = ]
Z g, "fe X B s
- .. ’ RS e 0.5 . % B
r—-I—‘_ .
. r‘—I—ﬁ]A
0.0
o 0 r r v T ~ ‘_ -
l)2 0 NC MC Cy-L Cy-H E 4 NC MC Cy-L cn B g MC oL Cy-H
- ok
" * 1
g 6 -7
Leq g T = =t
& ES. e e ** %5 l
£ . g E .
g1z * .T Z za
= .t Tie]| 7 =
2 osd[ T4 Z Zs o
Ehaal s + E
- £ T ¥
: = e | £
Z0.44 i .L AL £ T .
s 1] o
.
0.0 0 .
G G MC Cy-L on H NC MC Cy-L Cy-H Cy-H
10 3.0 rf2
* #I i Nucleus
_254 e
5 ¥ . I N ] Lamin B1
= £ N
z ‘Jf a £ 201 ]‘ ok
S 64 z N
= % Zis * ‘lL N
- z -
Z =
P 21 .- Cytoplsam
z 2
.
l:—-_—l e .
" : 00 — p— — g—C; APDH

MC

NC MC Cy-L

NC MC Cy-LCy-H

Figure 6. Cy treatment enhanced hepatic Nrf2 and inhibited the NF-kB pathway. mRNA level
changes in (A) HO-1, (B) NQO-1, (C) Nrf2, (D) Keap1, (E) NF-«B/p65, (F) TNF-«, (G) iNOS, and
(H) COX-2, and (I) western blot analysis of protein expression (Nrf2, p65 and p-p65). * p < 0.05 and
** p < 0.01 compared with the MC group.

The relative mRNA levels of genes in the NF-kB inflammatory pathway (NF-«B/p65,
TNF-«, iNOS, and COX-2) in the liver tissue were quantified, as shown in Figure 6E-H. The
MC group exhibited higher levels of NF-kB/p65, TNF-«, iNOS, and COX-2 transcription
than those in the NC group, indicating intense inflammation. In contrast, pretreatment with
Cy significantly downregulated the mRNA expression of NF-«kB/p65 and its corresponding
target genes, compared with that in the MC group. In particular, in the Cy-H group, the
mRNA level of NF-kB/p65 decreased by 59.9%, and downstream target genes (TNF-c,
iNOS, and COX-2) were downregulated by 78.8%, 85.0%, and 43.2%, respectively, compared
with those in the MC group. The decreased NF-«kB/p65 levels were verified by western blot
assay (Figure 6I). The expression of p65 and p-p65 was clearly down-regulated following Cy
treatment compared to that in the MC group. These findings indicated that Cy ameliorated
the CCly-induced inflammatory response by suppressing the NF-«B signaling pathway.
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Molecular docking studies are considered a powerful tool for predicting the poten-
tial targets of bioactive molecules [17]. The theoretical binding modes of Cy with its
target proteins (Keapl and NF-«kB) are shown in Figure 7A,B. The ligand of Cy exhib-
ited strong affinity for Keapl and NF-«B/p65. Keapl combines with Nrf2 and regulates
the cytoplasmic-nuclear shuttling of Nrf2. The molecular docking results suggested that
Cy anchors in Keap1 to form a complex through hydrogen bonds with various residues
(Gly367, Val369, Val418, Val420, Val604, and Val606). The total interaction energy was
—27.949 kJ /mol, indicating the stability of the complex. Thus, we speculated that Cy may
occupy the binding site of Keapl, potentially interfering with the association between Nrf2
and Keapl; as a result, free Nrf2 may be transferred to the cell nucleus. Similarly, Cy bound
to NF-kB/p65, via Asp369, Ser429, Leu438 and Asn491, with a total interaction energy of
—13.43 kJ /mol. This interaction may inhibit NF-«kB nuclear translocation and inactivate the
NEF-«B pathway, thereby suppressing inflammation.
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Figure 7. Theoretical binding modes between (A) Cy and Keapl, and (B) Cy and NF-«B/p65.

4. Discussion

We analyzed the hepatoprotective activity of Cy against CCly-induced toxicity in
mice and elucidated its possible mechanism of action. CCly, an acknowledged hepato-
toxin, can attack and damage hepatocytes. CCly has been widely employed to establish
experimental models of hepatic injury for developing potential treatment strategies [18].
Hepatic ALT and ALP are located in the cytoplasm, whereas AST is mainly distributed in
the mitochondria. After liver cell damage, AST, ALT, and ALP leak into the bloodstream
as a result of the increase in hepatocellular membrane permeability. Thus, serum AST,
ALT, and ALP are recognized as biomarkers for liver injury [19]. Moreover, the liver in-
dex is considered an important indicator for evaluating the degree of experimental liver
damage [20]. In this study, intraperitoneal injection of CCl, caused a remarkable increase
in the liver index and in the serum levels of AST, ALT, and ALP, indicating serious liver
injury. However, supplementation with different doses of Cy mitigated these increases.
In particular, high-concentration Cy had similar effects to the positive control, suggesting
that Cy can restore liver function by enhancing cytomembrane stability. The results of
pathological observations (H&E and TUNEL staining) corroborated these findings.

Numerous studies have indicated that oxidative stress and inflammatory responses
are the main pathogenic factors in CCly-induced liver injury [21,22]. In brief, when CCly
enters hepatocytes, it is metabolized by the cytochrome 450 enzyme family (CYP family),
leading to the generation of the trichloromethyl radical (CCl3®) and the trichloromethyl
peroxide radical (Cl3COQO?®). These free radicals, exhibit high reactivity and instability
and attack proteins and lipids causing lipid peroxidation and decreasing the levels of cell
membrane proteins. The radicals also impair the antioxidant defense system in vivo by
depleting reducing agents and inhibiting antioxidant enzymes production. These effects
contribute to oxidative stress and induce cell damage and death [23]. Oxidative stress also
triggers activation of the NF-«B signaling pathway, resulting in neutrophil infiltration and
subsequent inflammatory injury to the liver [24].
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Normally, reactive oxygen species (ROS) in organisms are maintained at physiological
levels by antioxidant enzymes and non-enzymatic antioxidants in vivo. As important
antioxidant enzymes, SOD catalyzes the formation of hydrogen peroxide (H,O;) from
superoxide radicals, and CAT further degrades H,O, into water. GSH-Px also plays a
role in eliminating peroxides and hydroxyl radicals [25]. Additionally, non-enzymatic
antioxidants, such as GSH, vitamins, and ubiquinone, directly scavenge ROS, which can
be indirectly reflected by the T-AOC [26]. Moreover, MDA and LPO are products of lipid
peroxidation [27]. Thus, SOD, CAT, GSH-Px, T-AOC, MDA, and LPO are commonly used
as biomarkers to assess oxidative stress. Our results demonstrated that CCl-induced ox-
idative damage in the liver resulted in decreased antioxidant enzyme activity and increased
oxidant production. However, Cy administration restored the antioxidant system in a
dose-dependent manner, protecting the liver tissue against CCly-mediated oxidative stress.

Previous studies have suggested that inflammation plays an important role in the
pathogenesis and progression of CCly-induced liver damage [28]. Kupffer cells, as resident
hepatic macrophages, are activated by oxidative stress to release inflammatory factors
(TNF-«, IL-6, and IL-1p3) that aggravate liver injury. TNF-oc promotes the hepatic migration
of neutrophils and monocytes, exacerbating hepatocyte injury via overproduction of pro-
teolytic enzymes and ROS [29]. IL-6 and IL-1f activate T lymphocytes and lymphocytes,
respectively, to accelerate the inflammatory response [30]. Our results indicate that treat-
ment with Cy significantly downregulated the hepatic levels of pro-inflammatory cytokines
to alleviate CCly-induced inflammation.

As discussed above, the hepatoprotective effects of Cy are closely related to its antiox-
idant and anti-inflammatory properties. Thus, the effects of Cy on the Nrf2 and NF-«B
signaling pathways in the liver were evaluated. The Nrf2 pathway is a well-known cen-
tral orchestrator of redox homeostasis. Under normal conditions, Nrf2 is ubiquitinated
and degraded in the cytoplasm by binding to Keapl. However, under stress conditions,
Nrf2 dissociates from Keap1 and translocates into the nucleus to bind to the antioxidant
response element, which initiates transcription and expression of downstream genes, such
as HO-1, NQO-1, SOD, and CAT, which contribute to resistance to oxidative stress [31,32].
In this experiment, we found that HO-1 and NQO-1, two critical antioxidant enzymes,
were remarkably upregulated at the transcriptional level by supplementation with Cy,
compared to those in the model group. Furthermore, Cy treatment increased the mRNA
and protein levels of the upstream regulator Nrf2 in a dose-dependent manner. The molec-
ular docking study revealed that Cy exhibited good affinity for Keapl through hydrogen
bonding, which may interfere with formation of the Nrf2-Keap1 complex. This frees Nrf2
and accelerates Nrf2 nuclear translocation, thereby activating the Nrf2 signaling pathway.
A similar result was reported previously; dietary supplementation with Eucommia ulmoides
leaf extract upregulated the mRNA expression levels of Nrf2, CAT, and SOD, promoting
the intestinal antioxidant capacity and improving the disease resistance of Oreochromis
niloticus against Streptococcus agalactiae [33]. Therefore, additional investigations, such as
co-immunoprecipitation and capillary electrophoresis, should be conducted to clarify the
direct targets of Cy.

NF-«B, a pivotal regulator of inflammation, usually resides in the cytoplasm in an
inactive state. When cells receive inflammatory signals, NF-«B is activated and it translo-
cates into the nucleus, upregulating the expression of pro-inflammatory cytokines (TNF-c,
IL-1e, IL-1p3, IL-6, COX-2, and iNOS) and initiating inflammatory injury [34]. Our ex-
periments confirmed that Cy administration significantly downregulated the mRNA and
protein levels of NF-«kB and its downstream genes (TNF-«, COX-2, and iNOS). Moreover,
the results of molecular modeling predicted that Cy may bind to NF-«kB/p65, inhibiting
its nuclear localization. These experiments indicated that Cy weakened NF-kB signaling
and suppressed the CCly-induced inflammatory response. These findings were consistent
with those of a study showing that Salvia hispanica L. (chia) seed decreases NF-«B/p65
expression and plasma TNF-« levels and attenuates the metabolic syndrome induced by a
sucrose-rich diet [35].
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5. Conclusions

Liver diseases are associated with high morbidity and mortality rates worldwide.
Our findings suggest that Cy ameliorated CCly-induced liver injury through antioxidative
and anti-inflammatory mechanisms. Specifically, Cy enhanced the activity of antioxidant
enzymes (SOD, CAT, and GSH-Px), increased the T-AOC, decreased the levels of oxidative
products (MDA and LPO), and decreased the levels of pro-inflammatory cytokines (TNF-
o, IL-B, and IL-6). Additionally, Cy, as an inhibitor of Keapl and NF-kB, enhanced Nrf2
pathway activity by increasing Nrf2 transcription and promoting Nrf2 nuclear translocation,
while suppressing NF-kB pathway activity by decreasing NF-«kB/p65 expression and
inhibiting NF-«B nuclear translocation (Scheme 2).
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Oxidative stress Inflammation

Nrf-2/keap-1

activation
NF-kB inhibition

Inhibition Inhibition

ZAF

Keap] NF-KB/])65

Scheme 2. Potential mechanism of Cy-mediated amelioration of CCl-induced liver injury.
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