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Purpose: Oxaliplatin (OXA)-induced liver injury is one of the main limiting factors
affecting the efﬁcacy of OXA-based chemotherapy in patients with colorectal liver metastases. In addition, oxidative stress is an important pathophysiological mechanism of OXAinduced liver injury. Therefore, dietary antioxidants may decrease or prevent hepatic toxicity
in vivo and be beneﬁcial to OXA-based chemotherapy.
Methods: An experimental OXA-induced liver injury animal model was established, and
the protective effects of curcumin (CUR) against OXA-induced liver injury were investigated. ELISA was used to determine the levels of MDA, SOD, CAT, and GSH in liver tissue.
The effect of CUR treatment on the expression of cytokines and the Nrf2 pathway was
determined by real-time PCR and Western blotting.
Results: CUR treatment alleviated OXA-induced hepatic pathological damage and splenomegaly. The protective effect of CUR was demonstrated to be correlated with inhibition of
oxidative stress, inﬂammation, and the coagulation system. Furthermore, Western blotting
revealed that CUR treatment reverses the suppression of Nrf2 nuclear translocation and
increases the expression of HO-1 and NOQ1 in mice with OXA-induced liver injury.
Moreover, the Nrf2 activation and hepatoprotective effect of CUR were abolished by
brusatol.
Conclusion: Curcumin attenuates oxaliplatin-induced liver injury and oxidative stress by
activating the Nrf2 pathway, which suggests that CUR may be potentially used in the
prevention and treatment of OXA-induced liver injury.
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The majority of chemotherapeutic drugs are not target-speciﬁc and cannot distinguish between tumor cells and normal non-cancerous cells, resulting in toxicity and
limiting their clinical use.1 Therefore, the identiﬁcation of effective adjuvant drugs
to reduce the toxicity of existing chemotherapeutic drugs and to achieve better antitumor treatment effects is warranted.
Oxaliplatin (OXA), a third-generation platinum chemotherapeutic agent, is widely
used in the treatment of several cancers such as colorectal cancer and gastric cancer.2
OXA-based chemotherapy for colorectal liver metastases (cRLM) has increased resection rates and improved outcomes, and is therefore recommended as the ﬁrst-line basic
chemotherapeutic drug.2,3 However, OXA-induced liver injury is a primary limiting
factor of OXA-based chemotherapy in patients with cRLM.4 Studies have revealed
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OXA-induced liver injury in patients who underwent preoperative OXA-based chemotherapy, with an incidence rate of
19–78%.5,6 Other reports have shown that OXA-induced
sinusoidal injury, one of the distinct drug-speciﬁc sideeffects of OXA, is associated with intraoperative bleeding
and postoperative morbidity, as well as early recurrence and
decreased overall survival.7,8 The pathological features of
OXA-induced liver injury include hepatic sinusoidal
dilatation, intrahepatic sinus platelet aggregation, hepatic
steatosis, and clinically important adverse effects characterized by a bluish hue in the liver, splenomegaly, and
thrombocytopenia.4,9 To overcome these side effects, an
effective adjuvant drug that protects the liver against damage
caused by OXA is imperative.
Previous studies have demonstrated that oxidative stress
is one of the major mechanisms implicated in OXA-induced
liver injury.10 OXA has been shown to generate oxidative
damage, and is therefore responsible not only for an
increase in lipid peroxidation, but also for reduction in
antioxidant glutathione (GSH) levels and inhibition of the
activity of various antioxidant enzymes, leading to an
imbalance between the oxidative and antioxidative systems,
and ultimately liver injury.11 In addition, the pathogenesis
of OXA-induced liver injury has been associated with the
downregulation of genes related to oxidative stress, including metallothionein 1 (Mt1), heme oxygenase 1 (HO1),
superoxide dismutase 3 (SOD3), and nuclear factor erythroid 2-related factor 2 (Nrf2).10 Accordingly, natural products with potent liver protective effects, such as curcumin
and dioscin, have been shown to be effective in the treatment of OXA-induced liver injury. Indeed, several antioxidative compounds can ameliorate OXA-induced liver
injury by reducing oxidative stress in a murine
model.10,12,13 Schwingel et al reported that the antioxidative
compounds resveratrol, quercetin, and quercetin nanoemulsion can effectively alleviate OXA-induced liver toxicity in
a murine model.14 Dietary supplementation with the antioxidant butylated hydroxyanisole (BHA) has been shown to
prevent the development of OXA-induced Sinusoidal
obstruction syndrome (SOS) in a murine model.10
Curcumin (CUR), a hydrophobic polyphenol present in
turmeric, has been unequivocally recognized for its
hepatoprotective, antioxidant, anti-inﬂammatory, and anticarcinogenic functions.1,15,16 Especially in terms of its hepatoprotective effects, increasing evidence demonstrates that
CUR exerts protective effects against toxins such as carbon
tetrachloride,17 alcohol,18 N-nitrosodiethylamine,19 and
arsenic,20 and these effects are related to its antioxidant
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activity.21 Several studies have suggested that CUR possibly acts through activating the Nrf2 signaling pathway,
effectively protecting the liver from oxidative damage
induced by toxicants.20,22 Additionally, increasing data
shows that CUR activates Nrf2, which further initiates the
expression of a variety of antioxidant enzymes and Phase II
drug-metabolizing enzymes, including HO-1 and NAD(P)
H:quinine oxidoreductase 1 (NQO1), and ﬁnally protects
various tissues and cells against oxidative stress.16,20
However, very little is known about the protective effects
of CUR against OXA-induced liver injury in vivo. It is still
uncertain whether CUR can reverse the typical histopathological alterations induced by OXA and whether the Nrf2
signaling pathway is involved in this process.
In this study, we investigated the protective effects of
CUR against OXA-induced liver injury in vivo. To better
simulate the pathogenic process of OXA-induced liver
injury, an animal model was established, where the drug
was administered to animals based on a treatment schedule
similar to patients. We also investigated histopathological
changes and mechanisms underlying the hepatoprotective
effects of CUR against OXA-induced liver injury, including oxidative stress, inﬂammatory responses, and Nrf2
signaling pathway activation.

Materials and Methods
Reagents
OXA was obtained from Hengrui Medicine Co., Ltd.
(Jiangsu, China). CUR (C21H20O6, MW = 368.39, analytical
reagent) was purchased from Sinopharm Chemical Reagent
Co. (Beijing, China) and dissolved in 1% sodium carboxymethylcellulose Solutions were freshly prepared on each
experimental day. Alanine aminotransferase (ALT), aspartate
aminotransferase (AST), reduced glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), malondialdehyde
(MDA), and total protein quantiﬁcation (BCA method) kits
were obtained from the Nanjing Jiancheng Bioengineering
Institute (Nanjing, China).

In vivo Chemotherapy Model
To determine the direct toxicity of OXA, BALB/cJ mice
(age: 6–8 weeks) purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China)
were used. All mice were housed under standardized conditions with ﬁve mice in each cage. The mice had ad libitum
access to standard chow and water and one week to adapt to
the laboratory environment prior to manipulation. The
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cages were placed in a room with a temperature of 22–25°C,
45–55% humidity, and a 12-h light-dark diurnal cycle
(lights on between 7:00 AM and 7:00 PM).
To establish the in vivo chemotherapy model, the
BALB/cJ mice were randomly divided into two groups
(n = 18 per group), (1) control group: The mice were
treated with a vehicle (5% glucose 0.5 mL) on a weekly
basis for eight weeks; (2) OXA group: The mice were
treated with 8 mg/kg OXA (0.5 mL), which was administered via intraperitoneal injection (i.p.) on a weekly basis
for a total of eight weeks. The drug dosing schedule was
based on previously published studies and our preliminary
experiments.10,12 To investigate whether OXA induced
liver injury and splenomegaly in mice, mice (n = 6 per
group) were euthanized one week after the fourth, sixth
and eighth administration of OXA under isoﬂurane
anesthesia by cardiac puncture, and then blood, liver tissues and spleens were collected for further analysis.
To investigate the protective effect of CUR, the BALB/cJ
mice were randomly divided into ﬁve groups (n = 5 per
group): (1) control group: mice were treated with 5% glucose
(0.5 mL) on a weekly basis for eight weeks; (2) CUR group:
mice were treated with 100 mg/kg CUR via gavage for eight
weeks; (3) OXA group: mice were treated with 8 mg/kg
OXA (i.p.) on a weekly basis for eight weeks; (4) OXA
+50 mg/kg CUR group: mice were treated with 8 mg/kg
OXA (i.p.) on a weekly basis plus CUR (50 mg/kg via
gavage 30 min before and three days after each OXA injection) for eight weeks; and (5) OXA+100 mg/kg CUR group:
mice were treated with 8 mg/kg OXA (i.p.) on a weekly basis
plus CUR (100 mg/kg via gavage 30 min before and three
days after each OXA injection) for eight weeks. The doses
for CUR were selected on the basis of previously published
studies.19,20,23 The mice were euthanized one week after the
ﬁnal dose of OXA under isoﬂurane anesthesia by cardiac
puncture, and then blood and liver tissues were collected for
further analysis.
To investigate the mechanism of CUR, 25 BALB/cJ mice
were randomly divided into ﬁve groups (n = 5 per group), (1)
control group: mice were treated with vehicle; (2) Brusatol
group: brusatol (2 μmol·kg−1) was administered via i.p. on
a weekly basis for eight weeks; (3) OXA group: mice were
treated with 8 mg/kg OXA (i.p.) on a weekly basis for eight
weeks; (4) OXA+ CUR group: mice were treated with 8 mg/
kg OXA (i.p.) on a weekly basis plus CUR (100 mg/kg via
gavage 30 min before and three days after OXA injection) for
eight weeks; and (5) OXA+ CUR+ Bru group: mice were
treated with 8 mg/kg OXA (i.p.) on a weekly basis plus CUR
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(100 mg/kg, gavage, respectively for 30 min before and three
days after each OXA injection) for eight weeks, and brusatol
(2 μmol·kg−1, i.p.) was administered 2 h before each CUR
gavage. Brusatol (purity 98%, molecular weight: 520.5) purchased from Adamas Reagent Co., Ltd. (Shanghai, China)
was dissolved in normal saline. The mice were euthanized
one week after the ﬁnal dose of OXA, and liver tissues were
collected for Western blot analysis.

Determination of MDA, SOD, CAT, and
GSH Levels
The livers from each mouse were homogenized on ice
with 5 mL of 5% trichloroacetic acid (TCA) per gram of
tissue weight. The homogenates were centrifuged at 1000g
for 15 min at 4°C and the supernatant was collected for
further biochemical analysis. The levels of MDA, SOD,
CAT, and GSH were determined using commercial reagent
kits based on the manufacturers’ recommendations.

Real-Time Quantitative PCR
Total RNA was extracted from liver tissue using TRIzol
(Thermo Fisher Scientiﬁc, Inc.) and reverse transcription
(RT) was performed with the PrimeScript RT reagent kit,
according to the manufacturer’s instructions (Cat. No.
RR036A; Takara Bio, Inc., Otsu, Japan). QPCR was run on
a Bio-Rad iQ5 optical module (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Speciﬁc primer pairs for different genes
were designed as follows: chemokine (C-X-C motif) ligand 1
(CXCL1), forward 5ʹ-GGCTGGGATTCACCTCAAG-3ʹ and
reverse 5ʹ-GCGACCATTCTTGAGTGTG-3ʹ; chemokine (CX-C motif) ligand 2 (CXCL2), forward 5ʹ-CCAACCAC
CAGGCTACAGG-3ʹ and reverse 5ʹ-GCGTCACACTCA
AGCTCTG-3ʹ; monocyte chemotactic protein-1 (MCP-1),
forward 5ʹ-AGGTCCCTGTCATGCTTCTG-3ʹ and reverse
5ʹ-TCTGGACCCATTCCTTCTTG-3ʹ; plasminogen activator
inhibitor 1 (PAI-1), forward 5ʹ-GATGCTATGGGATTCAAA
GTCA-3ʹ and reverse 5ʹ-TCCACCTGTTTCACCATAGTCT
-3ʹ; and von Willebrand factor (vWF), forward 5ʹ-CGGGAA
GAGTGTGATGGTTGAC-3ʹ and reverse 5ʹ-AGCATCTCCC
ACAGCATTCACC-3ʹ.10

Western Blotting Analysis
For Western blotting, liver proteins were extracted. Brieﬂy,
total proteins were isolated from the liver tissues using
a protein extraction kit (Beyotime Biotechnology, Shanghai,
China), and nuclear proteins were isolated using a nuclear and
cytoplasmic protein extraction kit (Beyotime Biotechnology,
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Shanghai, China) according to manufacturer’s recommendations. Protein concentrations were determined using the BCA
protein assay kit (Beyotime Biotechnology, Shanghai, China).
Equal amounts of proteins were loaded onto an SDSpolyacrylamide gel for electrophoresis and then transferred
onto a polyvinylidene-diﬂuoride (PVDF) membrane using
a transblotting apparatus. The blots were immersed in blocking solutions (PBS containing 80 mmol/L Na2HPO4, 25
mmol/L NaH2PO4·2H2O, 100 mmol/L NaCl, 0.1% Tween20, and 5% skim milk) for 1 h at room temperature. The blots
were then incubated with the primary antibodies of anti-Nrf2
(1:500), anti-HO-1 (1:1000), anti-NQO1 (1:1000), anti-lamin
B2, and anti-β-actin (1:1000) (Santa Cruz Biotechnology, CA,
USA) at 4°C overnight. The next day, the membranes were
washed and incubated with the corresponding secondary antibodies (1:1000–5000 dilution) for 2 h at room temperature.
Protein bands were detected using an enhanced chemiluminescence Western blot detection kit. The intensity of each
band was quantiﬁed using Image Pro Plus 6.0.

Statistical Analysis
All data were expressed as the mean ± standard deviation.
The data were analyzed using SPSS 19.0 by one-way
ANOVA followed by Tukey’s post-hoc test or unpaired
Student’s t-test. Differences with P<0.05 were considered
statistically signiﬁcant.

Results
Development of a Reproducible in vivo
Mouse Model for OXA-Induced Liver
Injury and Splenomegaly
To establish a mouse model for OXA-induced liver injury,
BALB/cJ mice were treated with OXA (i.p.) for eight weeks.
The mice exhibited reduced appetite and mild diarrhea after
OXA treatment. Body weight gain increased over time in the
control group, whereas those of the OXA group were signiﬁcantly lower, starting two weeks after the ﬁrst OXA
injection and continuing to decrease with further injections
(P<0.05) (Figure 1A). No animal died during the experiment.
The presence of hepatotoxicity was associated with evidence
of hepatocellular injury, as demonstrated by elevated AST
levels (P<0.05), but not ALT levels (P>0.05) in the OXA
treatment group (Figure 1B). A blinded review of H&E
stained sections of the liver demonstrated evidence of sinusoidal dilatation and hepatocyte injury in the OXA-treated
mice but not in the control arm (Figure 1C). Besides sinusoidal dilatation and hepatocyte injury, other histological
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changes, such as steatosis, and inﬂammatory cell inﬁltration,
were also observed in the OXA group (Figure 1D). The edge
of the spleen had a saw-tooth proﬁle after treatment with
OXA for four weeks, mild splenomegaly and the saw-tooth
edge were observed at six weeks, and splenomegaly was
detected after eight weeks of OXA treatment (P<0.01)
(Figure 1E and F). This experiment was repeated on 3 separate occasions, and the histological changes of liver and
splenomegaly were found to be entirely reproducible with
minimal variation in the severity of injury between repeats.

CUR Attenuates OXA-Induced Liver
Injury and Splenomegaly
The administration of CUR (50 mg/kg and 100 mg/kg, via
gavage) commenced 30 min before and three days after each
OXA injection. H&E-stained liver sections were blindly
reviewed by a pathologist and graded according to the degree
of histological damage. Obvious sinus dilatation, steatosis,
and inﬂammatory cell inﬁltration were observed in the OXA
group (Figure 2A). Both 50 and 100 mg/kg CUR treatment
signiﬁcantly attenuated the pathological sinusoidal injury
damage in the liver of the experimental animals. Serum
AST activity in the OXA group signiﬁcantly increased after
OXA administration compared to the normal group, while
CUR treatment could reverse that increase effectively, as
evidenced by AST activity that was markedly increased
with 50 mg/kg and 100 mg/kg CUR treatment (P<0.01)
(Figure 2B). Moreover, CUR administration (50 mg/kg and
100 mg/kg) attenuated the OXA-induced splenomegaly in
mice (P<0.01) (Figure 2C and D). These results indicated
that CUR attenuates OXA-induced liver injury and splenomegaly in mice.

CUR Attenuates OXA-Induced Oxidative
Stress
Treatment with OXA was associated with oxidative stress
in the liver, as indicated by an increase in MDA levels
(P<0.05) (Figure 3A). Administration of CUR (50 mg/kg
and 100 mg/kg) signiﬁcantly decreased the MDA levels
compared to the OXA group (P<0.05) (Figure 3A). We
also detected the activities of SOD, CAT, and GSH after
treatment with CUR. Figure 3B–D show that CUR treatment (50 mg/kg and 100 mg/kg) effectively reversed the
decrease of SOD, CAT, and GSH activity induced by OXA
administration (P<0.05). These results indicate that CUR
exerts antioxidant effects on mice with OXA-induced liver
injury.
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Figure 1 OXA-induced liver injury and splenomegaly in mice. (A) Time course study of body weight after treatment with i.p. oxaliplatin (OXA). (B) Serum ALT and AST
levels one week after the ﬁnal OXA dose. (C) Histological examination of liver tissues after treatment with OXA for eight weeks (H&E staining, original magniﬁcation: 100×).
(D) Sinusoidal dilation (a, b), steatosis (c, d), and inﬂammatory cell inﬁltration (e, f) were detected in the liver sections of the OXA-treated group (H&E staining, original
magniﬁcation: 200×). (E and F) Images of the spleen (E) and average spleen weights (F) of wild-type mice or those treated with OXA for four, six, and eight weeks. The edge
of the spleen had a saw-tooth proﬁle after treatment with OXA for four weeks, splenomegaly and the saw-tooth edge were observed at six weeks, and splenomegaly was
detected after eight weeks. The results are shown as the mean ± SD for each group. *P<0.05 vs control group.

CUR Inhibits OXA-Induced Cytokine
Response
OXA-induced liver injury is associated with an increase in
the expression of a variety of chemokines/pro-inﬂammatory
cytokines.10 In our study, RT-qPCR conﬁrmed the upregulation of chemokines/pro-inﬂammatory mediators, including CXCL1, CXCL2, and MCP-1 (P<0.01) in liver after
OXA exposure, which was reversed by CUR treatment
(50 mg/kg and 100 mg/kg) (Figure 4A–C). These results
indicated that CUR inhibits the OXA-induced cytokine
response in mice with OXA-induced liver injury.

Drug Design, Development and Therapy 2020:14

CUR Reverses the Pro-Thrombotic
Environment Within OXA-Injured Hepatic
Sinusoids
Previous studies have demonstrated that OXA-induced
liver sinusoids injury is correlated with over activation
of the coagulation cascade.10 In the present study, RTqPCR analysis revealed that the mRNA levels of vWF,
a key component in platelet adhesion,24 signiﬁcantly
increased in the livers of the OXA-treated group
(P<0.01) (Figure 4D). CUR treatment (100 mg/kg) signiﬁcantly inhibited this increase (P<0.01) (Figure 4D).
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Figure 2 CUR attenuates OXA-induced liver injury and splenomegaly. Mice were randomly classiﬁed into ﬁve groups: (1) Control group: administered with 5% glucose; (2)
CUR group: treated orally with CUR via gavage; (3) OXA group: treated with OXA on a weekly basis; (4) OXA+CUR 50 mg/kg group: treated with OXA (as OXA group)
plus CUR (50 mg/kg, 30 min before and three consecutive days after every OXA injection); and (5) OXA+CUR 100 mg/kg group: treated with OXA (as OXA group) plus
CUR (100 mg/kg, 30 min before and three consecutive days after every OXA injection). After treatment for eight weeks, the mice were euthanized one week following the
ﬁnal dose of OXA. (A) Liver histopathology was examined in each group three days after the ﬁnal OXA dose (H&E staining, original magniﬁcation: 100×). (B) The serum ALT
and AST levels of each group were evaluated three days after the ﬁnal OXA dose. (C) Representative images of the spleens of each group. (D) The spleen weight of each
group. The results are presented as the mean ± standard deviation of ﬁve mice from each group. *P<0.05 vs control group, #P<0.01 vs OXA group.

Furthermore, OXA was also associated with an increase
the hepatic expression of PAI-1, which was notably
inhibited by CUR treatment (50 mg/kg and 100 mg/kg)
(P<0.01) (Figure 4E).

CUR Activates the Nrf2 Pathway in
OXA-Induced Liver Injury
Phase II antioxidant enzymes including HO-1 and NQO1
contribute to the detoxifying step in drug metabolism. To
address whether these enzymes are involved in mediating
the beneﬁcial effect of CUR, we investigated their expression in the liver. Figure 5A show that HO-1 and NQO1
were downregulated in the OXA treatment group (P<0.01
and P<0.01), whereas CUR treatment (50 and 100 mg/kg)
reversed the decreased expression of HO-1 and NQO1
(P<0.01 and P<0.01). Nrf2, an important transcription
factor, has been reported as an upstream regulator of
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HO-1 and NQO1. To conﬁrm whether CUR exerts its
protective effect through the Nrf2 pathway, we measured
the Nrf2 protein expression in the nuclear fraction of liver
tissue. Figure 5B shows that Nrf2 protein expression
increased in the liver tissues after CUR treatment
(50 mg/kg and 100 mg/kg) (P<0.01). Finally, CUR alone
signiﬁcantly increased the expression of HO-1, NQO1,
and Nrf2 compared with the control group (P<0.01)
(Figure 5A-B).

The CUR-Induced Nrf2 Activation and
the Hepatoprotective Effect of CUR
Were Abolished by Brusatol
The Nrf2 inhibitor brusatol was administrated to further
conﬁrm CUR-induced Nrf2 activation in mice with OXAinduced liver injury. Figure 6A shows that the 100 mg/kg
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Figure 3 Effects of CUR on OXA-induced oxidative stress. (A) MDA levels and activities of (B) SOD, (C) CAT, and (D) GSH in each group were measured. The results are
presented as the mean ± standard deviation of ﬁve mice from each group. *P<0.01 vs control group, #P<0.01 vs OXA group.

CUR treatment signiﬁcantly increased the expression level
of Nrf2 (P<0.05) in mice with OXA-induced liver injury,
whereas brusatol attenuated this increase. Further,
H&E-stained liver sections revealed more severe pathological sinusoidal injury in the OXA+CUR+Bru group compared to the OXA+CUR group, and the pathology was
similar between the OXA+CUR+Bru group and the OXA
group (Figure 6B). Moreover, the splenomegaly was more
severe in the OXA+CUR+Bru group than in the OXA
+CUR group (Figure 6C and D). These results indicated
that the Nrf2 activation and the hepatoprotective effect in

Drug Design, Development and Therapy 2020:14

OXA-treated mice by CUR treatment were abolished by
brusatol.

The Increased Expression of HO-1 and
NQO1 Induced by CUR Was Abolished
by Brusatol
Western blot analysis showed that consistent with the
decreased activity of Nrf2 after treatment with brusatol,
HO-1 (P<0.05; Figure 7A and B) and NQO1 (P<0.05;
Figure 7A and C) expression in liver tissue was signiﬁcantly
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Figure 4 Effects of CUR on OXA-induced cytokine responses and the coagulation cascade. mRNA expression levels of CXCL1 (A), CXCL2 (B), MCP-1 (C), vWF (D), and
PAI-1 (E) of each group were measured. The results are presented as the mean ± standard deviation of ﬁve mice from each group. *P<0.01 vs control group, #P<0.01 vs
OXA group.

decreased in the OXA+CUR+Bru group compared to the
OXA+CUR group.

Discussion
Early studies have shown that OXA hepatotoxicity mainly
manifests as hepatic steatosis and sinus injury.4 Further
research has shown that OXA hepatotoxicity is most likely
accompanied by splenomegaly.25–28 In addition, the increase
in the splenic volume is signiﬁcantly higher in patients with
SOS than in those without SOS.27 Prior to this report, animal
models have been used to study the hepatotoxic effects of
OXA, which were mainly characterized by hepatic injury. In
the current study, the histological changes in sinusoidal dilatation, steatosis, and inﬂammatory cell inﬁltration were
observed in the liver of OXA-treated mice. OXA also
induced oxidative stress in the liver of mice, as conﬁrmed
by a signiﬁcant increase in the levels of MDA, as well as
a signiﬁcant decrease in the activity of the antioxidant
enzymes CAT, SOD, and GSH. Moreover, the edge of the
spleen had a saw-tooth proﬁle that appears during the early
stages of OXA treatment. As the number of experiments
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increased, splenic volume signiﬁcantly increased, and splenomegaly was observed. To the best of our knowledge, this is
the ﬁrst report of a reproducible experimental chronic model
of OXA-induced liver injury with splenomegaly, which can
be used to investigate the molecular pathogenesis of this
condition.
CUR, a nontoxic component of the turmeric plant
Curcuma longa, is a popular phytochemical for the prevention of toxicity in various tissues and cells.1,15,16 In this
study, we observed that CUR could relieve the OXAinduced liver injury and splenomegaly and additionally
attenuate oxidative stress in mice. Our results showed
that OXA-induced liver injury, characterized by the pathological sinusoidal injury and serum AST activity, was
signiﬁcantly attenuated by CUR treatment. These results
strongly suggest that CUR effectively attenuates OXAinduced liver injury.
There is evidence that oxidative stress is responsible
for the hepatotoxicity of OXA.10 In this study, the levels of
the oxidative indicator MDA increased, whereas the levels
of antioxidant enzymes SOD, CAT, and GSH signiﬁcantly
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Figure 5 Effects of CUR on the Nrf2 pathway in the liver of mice with OXA-induced liver injury. The protein expression levels of HO-1 (A), NQO1(A), and Nrf2 (B) in the
liver tissues of each group were measured by Western blotting, and the data are expressed as the fold change vs the control group. The results are presented as the mean ±
standard deviation of ﬁve mice from each group. *P<0.01 vs control group, #P<0.01 vs OXA group.

decreased after OXA exposure. After CUR treatment, the
level of MDA decreased and that of SOD, CAT, and GSH
increased. These results suggest that CUR can effectively
ameliorate OXA-induced hepatic oxidative stress.
Further investigation suggested that the antioxidant properties of CUR in OXA-induced liver injury is associated with
the activation of Nrf2, which induces phase II detoxifying
and antioxidant enzymes. Nrf2, a member of the leucine
zipper transcription factor family, is regarded as one of the
pivotal regulators of cytoprotective and detoxiﬁcation genes
that prevent oxidative stress.15,29 Under normal physiological conditions, Nrf2 binds to a Kelch-like ECH-associated
protein (Keap1).29 After exposure to oxidative stress, Nrf2
dissociates from Keap1 and further upregulates the transcription of multiple antioxidant response element (ARE)controlled genes, ultimately inducing the expression of
a variety of antioxidant enzymes and phase II drugmetabolizing enzymes, including HO-1 and NQO1, which
suppress oxidative stress.29 Activation of the Nrf2 signaling
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pathway mitigates oxidative stress and the generation of proinﬂammatory cytokines.15 The results of this study showed
that hepatic NRF2 protein expression decreased in mice
treated with OXA. CUR treatment signiﬁcantly increased
the expression of both hepatic Nrf2 protein and two typically
recognized Nrf2 downstream target genes, HO-1 and NQO1.
However, when the Nrf2 inhibitor brusatol was added, the
effects of CUR on the expression of Nrf2 and its downstream
target genes HO-1 and NQO1 were abolished. Meanwhile,
more severe pathological sinusoidal injury and splenomegaly
were observed in the OXA+ CUR+ brusatol treated mice
than in the OXA+ CUR treatment mice. These ﬁndings
indicate that CUR, through activation of the Nrf2-ARE pathway, reduces OXA-induced hepatotoxicity and oxidative
injuries in vivo.
One of the mechanisms for cellular excretion of OXA
is via conjugation of the active drug to GSH, which can
then lead to intracellular depletion of this antioxidant.30
GSH can resist oxidative stress by serving as a substrate
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Figure 6 Effects of CUR and brusatol on the Nrf2 in the liver of mice with OXA-induced liver injury. Mice were randomly allocated into ﬁve groups: (1) Control group:
administered with 5% glucose; (2) Bru group: administered with brusatol; (3) OXA group: treated with OXA on a weekly basis; (4) OXA+CUR: treated with OXA (as OXA
group) plus CUR (100 mg/kg, 30 min before, and three consecutive days after, every OXA injection); (5) OXA+ CUR+ Bru: treated with OXA and CUR (as OXA+CUR
group) plus brusatol (2 μmol·kg−1, 2 h before each CUR gavage). (A) The protein expression levels of Nrf2 in liver tissues of each group were measured by Western
blotting. The results are presented as the mean ± standard deviation of ﬁve mice from each group. (B) Liver histopathology was examined in each group three days after the
ﬁnal OXA dose (H&E staining, original magniﬁcation: 100×). (C) Representative images of the spleens of each group. (D) The spleen weight of each group. The results are
presented as the mean ± standard deviation of ﬁve mice from each group. *P<0.05 vs control group, #P<0.01 vs OXA+CUR group.

Figure 7 Effects of CUR and brusatol on the expression of HO-1 and NQO1 in the liver of OXA-treated mice. (A) The protein expression levels of HO-1 and NQO1 in
the liver tissue of each group were measured by Western blotting. HO-1(B) and NQO1(C) bands of each group were scanned, and the data are expressed as the fold
change vs the control group. The results are presented as the mean ± standard deviation of ﬁve mice from each group. *P<0.01 vs control group, #P<0.01 vs OXA+CUR
group.
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for antioxidative enzymes, including GSH-Px, which converts hydroperoxide into less harmful fatty acids, water,
and GSH disulﬁde.31 Our results indicated that the disturbance of GSH balance, i.e., the reduction hepatic GSH
levels by OXA exposure, was reversed by CUR treatment.
CUR treatment increased levels of GSH, which further
inhibit the oxidative stress response induced by OXA. In
addition, activation of Nrf2 could enhance antioxidant
GSH synthesis.29,32 GSH, attaining concentrations in the
high millimolar range in the liver, can resist oxidative
stress by serving as a substrate for antioxidative enzymes,
converting hydroperoxide into less harmful fatty acids,
water, and GSH disulﬁde.33 Nrf2 could elevate the expression of the gene coding for the rate-limiting enzyme in
glutathione synthesis and glutamate cysteine ligase
(GCL).34 Through the PI3K/Akt-dependent pathway,
Nrf2 could increase GSH synthesis.32 OXA treatment
can lead to intracellular depletion of GSH.30 Our previous
research has shown that GSH supplementation effectively
alleviates OXA-induced hepatic oxidative stress in mice.12
The results of this study revealed that CUR treatment,
possibly through the Nrf2 pathway, signiﬁcantly increases
GSH levels, thus further inhibiting the oxidative stress
response induced by OXA.
CUR has established anti-inﬂammatory properties, and
is known to protect cells against hyperactivated immune
system via diverse pathways.21 CUR is a known inhibitor
of NF-κB, a key regulator of inﬂammation, which inhibits
the expression of interleukins, including IL-1, IL-2, and
IL-6, as well as TNF-α, CXCL1, and CXCL8.15,21 Our
results indicated that CUR treatment mitigated OXAinduced hepatocellular injury by inhibiting the production
of the pro-inﬂammatory cytokines CXCL1, CXCL2, and
MCP-1. Therefore, in addition to the inhibition of oxidative stress, the protective effect of CUR also correlated
with the inhibition of hepatic inﬂammatory.
Splenomegaly is one of the clinically important OXA
adverse effects that has been characterized.25–27 OXA has
been found to induce disruption of the sinusoidal endothelium and collagen deposition in the perisinusoidal space,
which result in portal hypertension, splenomegaly, and,
ﬁnally, thrombocytopenia.9 Meanwhile, splenomegaly and
thrombocytopenia were useful indicators of the presence of
OXA-based chemotherapy-associated liver injury.28
A previous study has also shown that an increase in spleen
volume possibly precedes a signiﬁcant peripheral neuropathy
that could be a potential marker for OXA-induced toxicity.25
In this study, we found that CUR treatment not only relieved
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OXA-induced liver injury, but also attenuated OXA-induced
splenomegaly. This result further proves that CUR can alleviate the OXA-induced hepatic toxicity in vivo. To the best
of our knowledge, this study is the ﬁrst report of a medication
to treat or prevent OXA-induced splenomegaly in an animal
model.
Our study also observed the effects of CUR on the coagulation cascade. More platelets were observed in contact
with hepatocytes and with hepatocyte destruction in patients
with severe hepatic sinusoidal injury (HSI) after OXA chemotherapy than in those with mild HIS.9 The disruption of
sinusoidal endothelial cells by OXA allows activated platelets to migrate into the space of Disse and aggregate.9 These
activated platelets secrete various growth factors, including
PAI-1, platelet-activating factor (PAF), thromboxane (TX)
A2, thrombospondin, and vascular endothelial growth factor
(VEGF)-A, which may cause liver injury.35 Indeed, hepatic
levels of vWF, PAI-1, PAR1, PAR2, TXA2, and VEGF-A are
known to be upregulated after OXA treatment.9,10,13 The
present results demonstrated that CUR treatment reverses
the pro-thrombotic environment within OXA-injured hepatic
sinusoids, which was conﬁrmed by the results that increased
levels of vWF and PAI-1 induced by OXA were inhibited
after CUR treatment. OXA treatment also caused an increase
in hepatic expression of the PAI-1, which was inhibited
notably by CUR treatment.
Despite its beneﬁcial effects, the limited bioavailability
of curcumin is highlighted as a major concern and restricts
its application in the body.36 Yet, numerous approaches
have been undertaken to improve the bioavailability of
curcumin, including nanoparticles, liposomes, and deﬁned
phospholipid complexes. There is increasing evidence that
enhanced bioavailability of curcumin through these new
approaches exert better effects on inﬂammation and oxidative stress compared to conventional curcumin.37,38
Therefore, using new novel formulations of curcumin,
such as nanoparticles37 and liposomes,38 may more effectively attenuate OXA-induced liver injury and oxidative
stress compared to the conventional curcumin which we
used in these study. This warrants further investigation.
Extensive research within the last decade involving cell
cultures and in rodents has revealed the anti-tumor effect of
CUR, both as a single compound and in combination with
chemotherapeutic agents.15,16 CUR can sensitize tumor cells
to different chemotherapeutic agents, including OXA.15
A recent trial showed that CUR is a safe and tolerable adjunct
to FOLFOX (5-ﬂuorouracil, folinic acid, and oxaliplatin) chemotherapy in patient-derived colorectal liver metastases.39
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The addition of CUR as an adjunct to oxaliplatin enhances
OXA toxicity in malignant cells, which potentially allows an
OXA dose reduction and decrease of its adverse effects.15
Whether the hepatoprotective effect of CUR observed in the
current study may contribute to the anticancer effects of OXAbased chemotherapy needs further study.

Conclusions
We described a novel, reproducible model of liver injury
and splenomegaly following OXA chemotherapy. We
used this to elucidate the protective effects of CUR
against OXA-induced hepatotoxicity. We demonstrated
that CUR effectively attenuated OXA-induced liver
injury and splenomegaly in vivo. The protective effect
of CUR on hepatotoxicity injuries was correlated with
the attenuation of oxidative stress, inﬂammation, and the
coagulation pathway. Additionally, this study provided
mechanistic insights into the protective roles of CUR, in
which it could effectively upregulate the expression of
transcription factor Nrf2, as well as Nrf2 downstream
targets, thus mitigating OXA-induced oxidative stress.
Our study may therefore suggest the use of a potential
chemopreventive dietary component to counteract the
toxicant-induced liver injury in clinical practice.
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