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Ellagic acid supplementation ameliorates ol

cisplatin-induced liver injury in mice
by inhibiting the NF-kB pathway and activating
the Nrf2/HO-1 pathway

Xueyong Zhang'?, Yue Liu'?, Mingchao Liu?, Qiang Ma'?, Zhihui Hao', Shusheng Tang'? and
Chongshan Dai'?"

Abstract

Cisplatin (cis-diaminodichloroplatinum Il, CDDP), an essential chemotherapeutic agent, can cause potential hepa-
totoxicity, but the underlying molecular mechanisms remain unclear. In this study, the protective effects of ellagic
acid (EA) on CDDP exposure-induced hepatotoxicity and the underlying molecular mechanisms were investigated
in a mouse model. Mice were randomly divided into control, CDDP model, EA100 (i.e,, 100 mg/kg/day), and CDDP
plus 25, 50, or 100 mg/kg/day EA groups. Mice in all the CDDP-treated groups were intraperitoneally injected

with 20 mg/kg/day CDDP for two days. For all EA cotreatments, the mice were orally administered EA for seven days.
Our results revealed that CDDP treatment resulted in liver dysfunction, oxidative stress, and caspase activation, which
were effectively attenuated by EA cotreatment in a dose-dependent manner. Furthermore, EA supplementation sig-
nificantly downregulated the CDDP exposure-induced protein and mRNA expression of NF-«B, IL-1(3, TNF-q, and IL-6
but further upregulated the protein and mRNA expression of Nrf2 and HO-1. Molecular docking analysis revealed
strong interactions between EA and the NF-kB or Keap1 proteins. In conclusion, our results revealed that EA sup-
plementation could ameliorate CDDP-induced liver toxicity in mice by activating the Nrf2/HO-1 signaling pathway
and inhibiting the NF-kB signaling pathway.
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Introduction

Cisplatin (cis-diamminedichloroplatinum II, CDDP) is
an anticancer-based drug that is widely used for treating
human malignancies, such as sarcomas, malignant epi-
thelial tumors, lymphoma, and germ cell tumors [1]. In
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It has been reported that CDDP can directly crosslink
with the purine bases of DNA or damage DNA via the
induction of excessive reactive oxygen species (ROS) pro-
duction, ultimately resulting in mitosis and cell apoptosis
in multiple cancer cells [6]. In mammalian cells, the liver
is the main organ where most metabolic reactions occur.
CDDP can rapidly reach a high concentration in the liver
of patients and cause acute liver injury [6]. To date, there
have been reports of various stress responses, including
cell cycle arrest, aging, autophagy, programmed necrosis,
cell apoptosis, and inflammation, that play critical roles
in the pathogenesis of cisplatin-induced tissue injury [3].
It was reported that CDDP exposure could significantly
decrease the levels of reduced glutathione (GSH) and
increase the levels of malondialdehyde (MDA), result-
ing in oxidative stress and liver injury. CDDP exposure
can significantly promote the expression of nuclear
factor-kB (NF-kB) and subsequently increase the levels
of interleukin (IL-1p), tumor necrosis factor (TNF-a),
and nitric oxide synthetase (iNOS), ultimately trigger-
ing an inflammatory response in the liver tissues of rats
[7]. Adaptationally, it was reported that CDDP exposure
can upregulate the expression of nuclear factor erythroid
2-related factor 2 (Nrf2), phospho (p)-extracellular sig-
nal-regulated kinase (p-ERK1/2), heme oxygenase (HO)-
1, Bax, caspase-3, p-p38, and p—c-Jun N-terminal kinase
(p-JNK) proteins in the liver tissues of rodents, indicat-
ing that Nrf2, mitochondrial apoptotic, and mitogen-
activated protein kinase (MAPK) pathways participate in
CDDP-induced hepatotoxicity [8—13]. Ferroptosis, a new
form of cell death, has been demonstrated to be involved
in CDDP-induced cytotoxicity and nephrotoxicity [14].
Overall, these findings provide potential targets for pre-
venting or treating the potential adverse effects caused by
CDDP in clinical practice.

In animal models, several studies have shown that
oral supplementation of silymarin can effectively reduce
CDDP-induced hepatotoxicity, muscle atrophy, ototoxic-
ity, and nephrotoxicity both in vivo and in vitro [15-18].
To date, there is still a lack of effective evidence for the
protective effect of ellagic acid (EA; Fig. S1) on cisplatin-
induced hepatotoxicity. EA is a polyphenolic compound
that can be isolated from various gallnuts and fruits,
such as black currants, pomegranates, raspberries, and
mangos [19]. EA possesses multiple pharmacological
activities, such as anticancer, anti-oxidative stress, anti-
inflammatory, antibacterial, and antiaging activities
[20-26]. Qi et al. reported that oral administration of
EA at various doses (i.e., 50, 100, or 200 mg/kg/day) for
three weeks (i.e., 21 days) improved paraquat exposure-
induced inflammatory cell infiltration, oxidative stress,
and apoptotic cell death in the livers of pigs by enhanc-
ing the gut microbial profile [27]. In another study, Aslan
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and colleagues found that EA supplementation could
effectively attenuate chronic exposure to carbon tetra-
chloride (CCl,)-induced liver and kidney injuries in rats
via the inhibition of oxidative stress through upregulat-
ing the Nrf2 pathway and downregulating the NF-«xB
pathway [28, 29]. To date, the protective effects of EA
against CDDP-induced hepatotoxicity and the potential
actional mechanisms are not clarified. Therefore, in the
present study, we investigated the interventional effects
of EA supplementation on CDDP exposure-induced liver
toxicity and the key actional mechanisms using a mouse
model.

Results

Effects of EA supplementation on the liver index

and function

During the experiments, no mouse died. CDDP treat-
ment significantly decreased the relative liver weight, and
this effect was effectively reversed by EA supplementa-
tion (Fig. S2).

Compared to those in the untreated control group,
marked liver dysfunction was detected in the CDDP
model group, with significantly increased serum alanine
transaminase (ALT) (increased to 48.7 U/L; p<0.001)
and aspartate transaminase (AST) (increased to 78.7 U/L;
p<0.001) levels (Fig. 1). EA supplementation significantly
decreased CDDP exposure-induced liver toxicity. Com-
pared with those in the CDDP alone treatment group, the
serum ALT levels in the CDDP plus 25, 50, and 100 mg/
kg/day EA groups were decreased to 42.7 U/L, 31.3 U/L
(p<0.001), and 29.8 U/L (p<0.001), respectively; and the
serum AST levels were decreased to 67.8 U/L, 53.3 U/L
(p<0.001), and 48.8 U/L (p<0.001), respectively (Fig. 1).
Compared to those in the untreated control group, EA
alone treatment did not alter the levels of serum ALT and
AST (Fig. 1).

EA supplementation attenuates CDDP exposure-induced
histopathological damage in the liver

Compared to the untreated control group, CDDP-treated
mice exhibited marked histopathological injury to the
liver. As shown in Fig. 2, marked central venous conges-
tion with a few necroses and inflammatory cell infiltra-
tion were detected in the livers of CDDP-treated mice.
Similarly, the number of SQSs significantly increased to
2.5 (p<0.001). EA co-treatments at 50 and 100 mg/kg per
day for seven days markedly reduced CDDP exposure-
induced liver injury, and the SQSs were significantly
decreased to 1.3 (p<0.05) and 0.8 (»<0.01), respectively.
No marked histopathological injury was observed in the
group treated with EA alone treatment group, compared
to the vehicle treatment group (Fig. 2).
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Fig. 1 Effects of EA supplementation on serum ALT A and AST B levels in CDDP-treated mice. The results are presented as the mean +S.D.
(n=8). Compared between 2 groups, *** p<0.001. EA: ellagic acid; ALT: alanine transaminase; AST: aspartate transferase; CDDP:

cis-diamminedichloroplatinum I
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Fig. 2 EA supplementation attenuates CODP-induced pathological injury in the liver. Representative H&E images (A) and semiquantitative scores
(SQSs) (B) are presented. The results are presented as the mean+S.D. (n=4). A comparison between any two groups were performed, *p < 0.05,
**p<0.01,and *** p<0.001. Scale bar=50 pm. Yellow arrow, inflammatory cell infiltration; black arrow, hepatocyte necrosis

EA supplementation attenuates CDDP exposure-induced
liver oxidative stress damage

Compared to vehicle treatment, CDDP treatment alone
significantly increased the malondialdehyde (MDA) to
2.5 nmol/mg protein (p<0.001) and decreased the cata-
lase (CAT) and superoxide dismutase (SOD) activities to
83.3 U/mg protein and 79.3 U/mg protein (both p<0.001),
respectively (Fig. 3). EA co-treatment markedly attenu-
ated CDDP exposure-induced increases in MDA levels
and decreases in SOD and CAT activities in the livers. In
the CDDP plus EA50 and EA100 groups, the MDA lev-
els were significantly decreased to 2.2 nmol/mg protein

B
%k
1
4 * KK *
8
8%
2 2 .
£
g 14 @ o
¢
0+
®
'1 T T T T T T
> L P
& LS
S8
S

and 1.9 nmol/mg protein (p<0.01 or 0.001), respectively
(Fig. 3A); the CAT activities were markedly increased to
97.8 U/mg protein and 108.4 U/mg protein (p<0.01 or
0.001), respectively (Fig. 3B); and the SOD activities were
significantly increased to 100.3 U/mg protein and 106.1 U/
mg protein (both p<0.001), respectively (Fig. 3C).

EA supplementation attenuates the CDDP
exposure-induced inflammatory response in the livers

of mice

The levels of the IL-1B, TNF-a, and IL-6 proteins in the
livers of CDDP-treated mice were significantly increased
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Fig. 3 Changes in the MDA levels (A) and CAT (B) and SOD (C) activities in the livers of the mice. The results are shown as the mean+S.D. (n=8).
A comparison between any two groups were performed, *p <0.05, **p < 0.01, and *** p <0.001. MDA: Malondialdehyde; CAT: Catalase; SOD:

Superoxide dismutase

to 90.8 pg/mg protein, 24.1 pg/mg protein, and 74.3 pg/
mg protein (all p<0.001), respectively (Fig. S3). EA
cotreatment significantly decreased the levels of these
inflammatory markers. In the CDDP plus EA50 and
CDDP plus EA100 groups, the levels of IL-1B protein
were significantly decreased to 69.3 pg/mg protein and
51.2 pg/mg protein (p<0.01 or 0.001) (Fig. S3A), respec-
tively; the levels of TNF-a protein were significantly
decreased to 16.2 pg/mg protein and 13.6 pg/mg protein
(p<0.01 or 0.001) (Fig. S3B), respectively; and the levels
of IL-6 protein were significantly decreased to 56.2 pg/
mg protein and 47.8 pg/mg protein (both p<0.001),
respectively (Fig. S3C). Compared to vehicle treatment
group, EA alone treatment did not affect the expression
of IL-1f, TNF-a, or IL-6 proteins in the livers ( Fig. S3).

EA supplementation attenuates CDDP exposure-induced
activation of casapses in the liver

As shown in Fig. S4, the activities of caspase-9 and cas-
pase-3 in the livers of CDDP-treated mice significantly
increased by 3.1- and 3.2-fold (both p<0.001), respec-
tively, compared to that in the control group. Oral
administration of 50 or 100 mg/kg EA per day for seven
days effectively attenuated the CDDP exposure-induced
upregulation of caspase-9 and caspase-3 in the livers of
mice. In the CDDP plus EA50 group, the activities of
caspase-9 and caspase-3 were significantly decreased
to 1.6- and 1.9-fold (both p <0.001), respectively; in the
CDDP plus EA100 group, the activities of caspase-9
and caspase-3 were significantly decreased to 1.1- and

1.4-fold (both p<0.001), respectively. Compared to
vehicle treatment group, EA alone treatment did not
alter the activities of caspase-9 and caspase-3 in the liv-
ers (Fig. S4).

EA supplementation upregulates the expression of Nrf2
and HO-1 mRNAs and downregulates the expression

of p65NF-kB, IL-13, TNF-a, and IL-6 mRNAs in the livers

of mice

The expression of p65NF-kB, IL-1f3, TNF-a, IL-6, Nrf2,
and HO-1 mRNAs in the livers was determined. Com-
pared to those in the untreated control group, CDDP
exposure markedly increased the expression of all
genes, i.e., the expression of p65NF-kB, IL-1p, TNE-
a, IL-6, Nrf2, and HO-1 mRNAs increased 3.7-, 3.7-,
4.2-, 3.4-, 1.6-, and 2.3-fold (all p<0.001), respectively
(Fig. 4). EA supplementation regulated the expression
of these genes. Specifically, in the CDDP plus EA100
group, the expression of p65NF-kB, IL-1B, TNE-q,
and IL-6 mRNAs decreased 1.6-, 1.7-, 1.6-, and 1.7-
fold (all p<0.001), respectively, while the expression
of Nrf2 and HO-1 mRNAs increased 2.3- and 3.5-fold
(both p<0.001), respectively, compared to that in the
CDDP-treated group. Moreover, EA treatment alone
significantly increased the expression of Nrf2 and HO-1
mRNAs by 1.8- and 2.0-fold (both p<0.01), respec-
tively. EA alone treatment had a minor effect on the
expression of the p65NF-kB, IL-1B, TNF-a, and IL-6
mRNAs compared to those in the livers of the vehicle-
treated mice (Fig. 4).
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Fig.4 The relative levels of p65NF-kB (A), IL-13 (B), TNF-a (C), IL-6 (D), Nrf2 (E), and HO-1 (F) mRNAs in the livers of the mice. The results are
presented as the mean +S.D. (n=6). Compared between 2 groups, * p<0.05, ** p<0.01, and *** p<0.001

EA supplementation promotes the protein expression

of Nrf2 and HO-1 and inhibits the protein expression

of NF-kB p65 in the livers of mice

Compared to those in the control group, the Nrf2,
HO-1, and p65NF-kB protein levels were significantly
increased by 1.9-fold (p<0.05), 2.0-fold (p<0.05),
and 4.2-fold (p<0.001) (Fig. 5), respectively. EA co-
treatment further increased the protein expression of
Nrf2 and HO-1 but significantly inhibited the protein
expression of p65NF-kB (Fig. 5). In the CDDP plus
EA 50 and EA 100 groups, the expression of Nrf2 pro-
tein in the liver significantly increased to 2.9- and 4.0-
fold (p<0.01 or 0.001), respectively; the expression of
HO-1 protein significantly increased to 3.0- and 4.2-
fold (p<0.05 or 0.001), respectively; and the expression
of p65NF-kB protein significantly decreased to 1.7- and

1.6-fold (both p<0.001), respectively, compared to that
in the CDDP alone treatment group (Fig. 5).

Molecular docking analysis of EA with the Nrf2, Keap1,

and p65 NF-kB proteins

The affinity of EA for the Nrf2, Keapl, and p65NF-kB
proteins was evaluated by the molecular docking analy-
sis method. As shown in Fig. 6, the binding energies of
EA to the Keapl and p65NF-kB proteins were lower
(i-e., their binding energies were —9.2 and —9.0 kcal/mol,
respectively) than those of EA to the Nrf2 protein (i.e.,
the binding energy was —6.4 kcal/mol), indicating that
EA had more stable binding with the Keapl and p65NEF-
kB proteins than with the Nrf2 protein (Fig. 6A). We fur-
ther found that the binding of EA to Keapl (Fig. 6B) and
p65NE-kB (Fig. 6C) may involve visible hydrogen bonds
and strong electrostatic interactions.
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Fig. 5 The results of western blotting analysis in the liver tissues. Representative images of Western blots (A) and the quantitative analysis (B) were

shown (n=4). Compared between 2 groups,

Discussion

Liver toxicity is one of multiple adverse effects in
patients during CDDP treatment [13]. Our current
results revealed that intraperitoneal CDDP adminis-
tration at 20 mg/kg/day for two days (i.e., a cumulative
dose of 40 mg/kg) significantly increased the serum
AST and ALT levels in mice, indicating that liver injury
occurred (Fig. 1). In addition, marked histopathological
changes, including hepatocyte necrosis, inflammatory
cell infiltration, and central venous congestion, were
detected in CDDP-treated liver tissues (Fig. 2). Further-
more, our current results showed that CDDP exposure-
induced liver injury involves changes in inflammatory
and oxidative stress biomarkers (Figs. 2-5), indicating

*p<0.05,* p<0.01,and *** p<0.001

that the inflammatory response and oxidative damage
play critical roles in CDDP-induced liver toxicity in
mice, which is in line with previous studies [13, 30].

EA is a plant phenolic compound. It can be isolated
from various fruits, such as strawberries, pomegran-
ate, and almond [27]. EA possesses various pharmaco-
logical activity, including anti-aging, anti-inflammatory,
antioxidant, and anti-infection effects [20-26]. Several
previous studies have shown that EA supplementation
can improve the cytotoxicity and liver toxicity induced
by drugs (such as doxorubicin hydrochloride and fluox-
etine) and toxins (such as CCl,, lipopolysaccharide
[LPS]/d-galactosamine, hexavalent chromium, and
alcohol) by inhibiting oxidative stress, apoptosis, and
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Fig. 6 Binding mode of EA with Keap1, Nrf2, and p65NF-kB determined by molecular docking. A The binding energy of EA with potential targets. B
and C, The binding models and corresponding 2D figures showing the interactions of EA with the Keap1 (B) and p65NF-kB (C) proteins

inflammatory responses both in vitro and in vivo [28,
31-34]. Furthermore, our current data showed that EA
supplementation could effectively reverse the CDDP
exposure-induced upregulation of lipid peroxidation,
caspase activity, and the inflammatory response in the
livers of mice, and these protective effects might be
partly dependent on the regulation of the NF-«B path-
way and Nrf2/HO-1 pathway (Figs. 1, 2, 3, 4 and 5).
Excessive ROS production caused by CDDP exposure
can directly damage intracellular macromolecules (e.g.,
lipids, DNA, and proteins) and subcellular organelles
(e.g., mitochondria, the endoplasmic reticulum, and lys-
osomes), triggering cell death [3, 6, 35, 36]. These find-
ings are a critical molecular basis of CDDP-induced
toxicity in animals and humans [35]. It has been demon-
strated that inhibition of ROS production and oxidative
stress via antioxidant supplementation can partly attenu-
ate CDDP-induced cell apoptosis and ototoxicity [37].
Our current results revealed that CDDP exposure signifi-
cantly upregulated MDA levels and significantly down-
regulated SOD and CAT activities in the livers of mice
(Fig. 3). The antioxidant enzymes SOD and CAT can
directly catalyze superoxide anion, and hydrogen perox-
ide (H,0,) is a nontoxic substance in eukaryotic cells and
plays vital roles in the process of antioxidative stress [38].
MDA is one biomarkers of lipid peroxidation [39]. This
evidence indicated that CDDP exposure could lead to
oxidative damage in the liver tissues of mice via the inhi-
bition of antioxidant enzyme activities. Moreover, our
data revealed that EA co-treatment at final doses of 50

and 100 mg/kg/day partly abolished the increase in MDA
and the decrease in SOD and CAT activities in the livers
of mice exposed to CDDP (Fig. 3). Similarly, Zhang et al.
reported that EA co-treatment (at 100 mg/kg/day for five
days) significantly reduced the production of MDA and
increased the total antioxidant capacity and the level of
GSH-PX activity, subsequently protecting against oxida-
tive damage caused by diquat (a toxic pesticide) expo-
sure in the jejunum tissues of mice [24]. In another study,
Zhao et al. found that oral EA administration at doses
of 50 and 100 mg/kg/day for four weeks significantly
increased the activities of CAT, SOD, and GSH-PX, then
protected against chronic ethanol exposure-induced liver
injury in mice [40]. This evidence the protective effects of
EA on CDDP-caused liver toxicity may be partly depend-
ent on its anti-oxidative stress activity. Mitochondria are
also the target of ROS, and dysfunctional mitochondria
can increase the release of cytochrome C (CytC), which
activates caspases-9 and -3 and ultimately leads to cell
apoptosis [41]. Consistently, our current data revealed
that EA co-treatment markedly decreased the activities
of caspase-9 and caspase-3 in the livers of CDDP-treated
mice (Fig. S4). In brief, these data indicated that EA sup-
plementation attenuated CDDP exposure-induced liver
toxicity by inhibiting caspase activation-mediated cell
apoptosis.

It has been reported that CDDP exposure can induce
the production of various proinflammatory factors
and chemokines, including high mobility group box-1
(HMGBL1), TNF-a, IL-6, IL-1B, chemokine ligand 2
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(Ccl2), Ccl7, and the C-X-C motif Ccl2 (Cxcl2) [30]. Sev-
eral studies have also shown that CDDP administration
significantly upregulates the expression of NF-«kB, a criti-
cal transcription factor in the inflammatory response [30,
42]. NF-«xB can transcriptionally activate the expression
of various proinflammatory genes, such as L-1f, IL-6,
and TNF-a [42]. Our data showed that CDDP exposure
significantly upregulated the mRNA and protein expres-
sion of these genes (i.e., NF-«B, IL-1f, IL-6, and TNE-
a). EA cotreatment effectively inhibited the expression
of these genes (Fig. S3, and Figs. 4 and 5). Several stud-
ies have demonstrated that EA is a potential inhibitor of
NF-kB [28, 43]. For example, EA supplementation effec-
tively inhibited LPS-induced NF-«B activation in THP-1
cells, U937 monocytic cells, and liver tissues of mice
[28, 43]. Taken together, this evidence indicated that the
inhibitory effects of EA on the NF-«B signaling pathway
partly contributed to its anti-inflammatory activities.

In response to oxidative stress and inflammatory dam-
age, Nrf2 can function as a “housekeeping” transcription
factor [38, 44]. Under normal conditions, the Nrf2 pro-
tein is located mainly in the cytoplasm via a bind with
Kelch-like ECH-associated protein 1 (Keapl) at the sites
of the ETGE and DLG motifs [44]. Under oxidative stress
conditions, the interaction between Nrf2 and Keapl
is disrupted, and the Nrf2 protein enters the nucleus,
binds to the ARE, and then transcriptionally activates
antioxidant genes, such as CAT, GSH-PX, and HO-1,
which usually play protective roles [45]. A recent study
showed that Nrf2 knockout in mice significantly exac-
erbated CDDP exposure-induced acute kidney injury,
demonstrating that Nrf2 plays a protective role in CDDP-
induced nephrotoxicity [46]. EA is considered a potential
activator of Nrf2 [22]. Multiple studies have shown that
EA cotreatment can promote the expression of Nrf2 and
protect against drug or toxin exposure-induced harmful
events both in vitro and in vivo [23, 28, 47, 48]. Gu et al.
reported that EA pretreatment (at 20 mg/kg, oral admin-
istration) significantly activated the expression of Nrf2
and HO-1 proteins and significantly inhibited the expres-
sion of NF-kB and TNF-a protein, then markedly ame-
liorated LPS/D-galactosamine co-exposure-caused acute
liver injury in mice [32]. Wei et al. demonstrated that
Nrf2 is key target in the protective effects of EA on rote-
none-induced neurotoxicity in mice [49]. Our current
data revealed that EA cotreatment significantly upregu-
lated the expression of Nrf2 and HO-1 mRNAs and pro-
teins in the livers of mice (Figs. 4 and 5). This evidence
indicated that the activation of the Nrf2/HO-1 pathway
may play a critical role. Additionally, Nrf2 can partially
inhibit the activation of NF-kB via its downstream gene
HO-1 [50]. A recent study found that pharmacological
inhibition of Nrf2 reduced the protective effect of EA
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on IL-1B-induced oxidative stress and the inflammatory
response in human C28/12 chondrocytes [23]. These data
suggested that the activation of the Nrf2 pathway by EA
supplementation may also contribute to its inhibitory
effect on the expression of NF-kB. The underlying molec-
ular mechanisms still require further study. In addition,
in the present study, molecular docking analysis revealed
that the binding energies of EA to the Keapl and NF-kB
proteins were lower than those of the Nrf2 protein, indi-
cating that the stable binding of EA to the Keapl and
NF-kB proteins was greater than that to the Nrf2 protein
(Fig. 6).

Importantly, EA has outstanding safety and has been
used in food production as a food additive [51, 52].
Tasaki and colleagues reported that the no-observed-
effect level (NOEL) of EA in male and female F344 rats
was 3011 and 3254 mg/kg body weight/day, respectively
[51]. In addition, a previous study reported that oral EA
administration at a dosage of 10 mg/kg/day for ten days
markedly attenuated CDDP-induced renal dysfunction
and oxidative stress damage in rats [53]. Recently, Gao
et al. showed that oral EA supplementation at 50 mg/kg/
day for seven days improved the CDDP-induced inflam-
matory response in a mouse model [54]. Taken together,
these findings indicated that EA may be a potential pro-
tective agent against CDDP-induced toxicity, and further
commercial development could be considered.

Conclusions

In a short, our current findings revealed that EA sup-
plementation could effectively ameliorate liver toxicity
caused by CDDP exposure, and the underlying molecular
mechanisms may involve the inhibition of oxidative stress
and the inflammatory response. The potential molecu-
lar mechanisms involved the opposite regulation on the
NEF-kB and Nrf2/HO-1 signaling pathways (Fig. S5). Our
current study also shed that EA is a potential anticancer
agent for the treatment of CDDP-induced acute liver
injury.

Materials and methods

Drugs and reagents

Carboxyl methyl cellulose sodium (CMC-Na) and CDDP
(CAS number: 15663-27-1, purity>99%) were both
obtained from Sigma (Shanghai, China). Ellagic acid
(CAS number: 476-66-4, purity>96%; EA) was pur-
chased from Aladdin (Shanghai, China). All other rea-
gents were at least analytically pure.

Animals and treatments

All animal experiments from the present study were
performed according to the regulations of the Manage-
ment of Experimental Animals of China Agricultural
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University and approved by the Institutional Animal Care
and Use Committee of China Agricultural University
(Approval number AW02303202-2-14). C57BL/6 mice
(8 weeks old, male, 20-22 g) were obtained from Beijing
Weitong Lihua Technology Co., Ltd. (Beijing, China). The
mice were allowed to adapt for one week before the treat-
ments. During the experiments, all the mice were fed in
a standard room environment with room temperature
(at 22 +3 °C) and relative humidity (at 50%—60%). A 12 h
light—12 h dark cycle was used.

Forty-eight mice were randomly divided into the con-
trol, CDDP model, EA100 (i.e., EA at 100 mg/kg/day),
and CDDP plus EA25, EA50, or EA100 groups (n=8 in
each group), and the detailed treatments are shown as
follows:

(1) Control group. Mice were intraperitoneally (i.p.)
injected with an equal volume of saline for 2 days
and orally administered an equivalent volume of 0.5%
CMC-Na for seven days.

(2) CDDP alone group. The dose of CDDP was fol-
lowed to Lu et al. study [8]. CDDP was dissolved in
saline at a final concentration of 2 mg/mL. During
the first two days, the mice were ip. injected with
CDDP at a final dose of 20 mg/kg/day (i.e., the cumu-
lative dose was 40 mg/kg). After 2 h, the mice were
treated intragastrically with an equal volume of 0.5%
CMC-Na (ie, 0.1 mL/10 g body weight). On the
third day, the mice were intragastrically administered
0.5% CMC-Na alone for an additional five days.

(3) EA group. EA was dissolved in 0.5% CMC-Na and
prepared as a suspension at a final concentration of
10 mg/mL. Mice were i.p. injected with saline and
intragastrically administered EA at a final dosage of
100 mg/kg/day for seven days.

(4)(6) CDDP plus EA 25, EA 50, or EA 100 groups.
EA was dissolved in 0.5% CMC-Na and prepared
as a suspension at final concentrations of 2.5, 5, and
10 mg/mL. During the first two days, the mice were
i.p. injected with CDDP at a final dose of 20 mg/
kg per day (i.e., the cumulative dose was 40 mg/kg).
After 2 h, the mice were intragastrically adminis-
tered EA at final doses of 25, 50, or 100 mg/kg per
day (0.1 mL/10 g body weight). On the third day, the
mice were continually administered EA intragastri-
cally at final doses of 25, 50, or 100 mg/kg per day for
an additional five days.

At 12 h after the last dose of EA, the mice were sac-
rificed with a higher dose of pentobarbital sodium by
intraperitoneal injection at a dose of 80 mg/kg body
weight. Blood was collected from each mouse for bio-
chemical analysis, and liver tissue was collected for
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histopathological examination and measurement of pro-
tein and gene expression.

Liver index

After the mice were anesthetized and euthanized, the
liver tisues were quickly isolated and their weight was
recorded. The liver index was calculated. As followes:
liver index = (liver weight/body weight) x 100%.

Measurement of serum biochemistry

The blood sample of each mouse was collected, then, they
were centrifuged at 3000 g for 15 min at room temper-
ature. The obtained serum was used to determinate the
levels of serum aspartate aminotransferase (AST) and
alanine aminotransferase (ALT). An automatic analyzer
(Hitachi 7080, Tokyo, Japan) coupled with standard AST
and ALT diagnostic kits (Kehua Biological Engineering
Company, Shanghai, China) was used, according to our
previous study [55].

Histopathological analysis

Four livers from each treatment group were selected for
histopathological examination, and the detailed pro-
tocols used were described in a previous study [39]. In
brief, the isolated liver tissues were fixed in 10% neutral
formalin solution. After 48 h, the samples were dehy-
drated, cleared, paraffin embedded, and sectioned. Then,
a hematoxylin—eosin (H&E) staining was carried out.
The histological parameters of hepatocyte necrosis and
inflammation were scored according to Taghizadeh et al.
study [36]. As follows: 0, normal (there was no observed
pathological damage); 1, mild (minor damage with a few
hepatocyte necroses and inflammatory cell infiltration);
2, moderate (pathological damage degree between scores
1 and 3); or 3, severe (numerous liver cell necrosis and
inflammatory cell infiltration). In each slice, 15 images
were analyzed, and the average value was calculated.

Measurements of MDA, CAT, and SOD levels

Commercial MDA (catalog number: A003-1-2), CAT
(catalog number: A007-1-1), and SOD (catalog number:
A001-3-2) kits (Nanjing Jiancheng, Nanjing, China) were
used to measure the MDA levels and the CAT and SOD
activities in the livers of the mice, respectively, according
to the manufacturer’s instructions. The protein concen-
tration of each sample was measured by a BCA™ protein
assay kit (Beyotime, Haimen, China).

Measurements of inflammatory markers

The levels of TNF-a, IL-1B, and IL-6 in the liver tis-
sues were measured by using commercial TNF-a, IL-1f,
and IL-6 ELISA kits (R&D Systems, Minneapolis, MN,
United States). The protein concentration of each sample
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was measured by a BCA™ protein assay kit (Beyotime,
Haimen, China).

Measurements of caspase-9 and caspase-3 activities

The relative activities of caspase-9 and caspase-3 in the
liver were determined using commercial caspase-9 and
caspase-3 kits (Beyotime, Haimen, China), respectively.
The detail protocol was shown in Suppl. Material and
Methods.

Quantitative RT-PCR

Total RNA was isolated using a Total RNA Isolation Kit
(Vazyme Biotech Co., Ltd., Nanjing, China) according
to the manufacturer’s instructions. The detailed pro-
tocols for cDNA synthesis and quantitative RT-PCR
are described in the Suppl. Material and Methods. The
primer information is presented in Table S1.

Western blotting

To analyze the expression of the target proteins, West-
ern blotting was carried out according to the protocols
described in our previous study [56]. In brief, 20 mg of
liver tissue from each sample was crushed and lysed in
ice-cold RIPA buffer supplemented with various protein
inhibitors (i.e., 0.5 mM Naz;VO,, 50 mM NaF, and 1 pg/
mL PMSF). An automatic low-temperature crusher
(Seville Company, Wuhan, China) was used under 30
W working conditions (each cycle: 5 s of ultrasonication
and 3 s of pause; 6 cycles per sample). After ultrasonica-
tion, the samples were centrifuged using a refrigerated
centrifuge (12,000 rpm for 15 min; 4 °C), the superna-
tants of each sample were isolated, and the correspond-
ing protein concentrations were quantified via a BCA™
protein assay kit. Twenty micrograms of protein from
each sample were loaded and separated using a commer-
cial SDS-PAGE Precast Gel (Beyotime, Haimen, China).
Primary antibodies, including rabbit antibodies against
Nrf2, HO-1 (1:1000 dilution; Proteintech, Chicago,
United States), and p65NF-kB (1:1000 dilution; Santa
Cruz, CA, United States) and mouse antibodies against
B-actin (1:1000 dilution; Santa Cruz, CA, United States),
were used. The relative protein expression in each gel was
analyzed using Image ] software (V1.8.0.112, NIH, MD,
USA).

Molecular docking analysis

The binding affinities and modes of interaction between
EA and the Nrf2, Keapl, and NF-kB proteins were ana-
lyzed using an AutodockVina 1.2.2 software. The 2D coor-
dinates of mouse Nrf2 (UniProt: Q60795), Keap1 (UniProt:
Q972X8), and p65NF-kB (UniProt: P25799) proteins
were downloaded via the PDB website, and the molecular
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docking studies were conducted using an AutoDock Vina
1.2.2 software (NIH, MD, USA).

Statistical analysis

All data in the current study were analyzed using Graph-
Pad 9.0 software (Dotmatics Company, Boston, MA, USA).
The results are presented as the mean + standard deviation
(S.D.). The statistical analysis between any two groups was
carried out using one-way analysis of variance (ANOVA)
with Tukey’s multiple comparisons post hoc test. A p value
less than 0.05 indicated a significant difference.
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