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Abstract. Sorafenib is a targeted drug for hepatocellular carci‑
noma (HCC), however, its efficacy is limited. Nuclear factor 
erythroid 2‑related factor 2 (Nrf2) contributes to sorafenib 
resistance. The present study investigated camptothecin (CPT) 
as a Nrf2 inhibitor to sensitize HCC to sorafenib. The effect of 
CPT on sorafenib sensitivity in HCC was assessed in vivo using 
H22 mice model (n=32) and VX2 rabbit models (n=32), which 
were sorted into four treatment groups. The expression levels 
of Nrf2, its downstream genes, including heme oxygenases‑1 
(HO‑1) and NAD(P)H quinone oxidoreductase 1 (NQO1), 
and the epithelial‑mesenchymal transition markers Snail and 
N‑cadherin in tumors were determined using immunohisto‑
chemical staining and western blotting. Magnetic resonance 
imaging was used to monitor changes in tumor microcirculation 
and activity before and after treatment. Mouse body weights, 
liver and kidney function were monitored to evaluate the safety 
of combined therapy. The results revealed that the mean tumor 
size of the combined group was significantly smaller than that 
of sorafenib group for both models. The expression levels of 
Nrf2, heme oxygenase‑1, NAD(P)H quinone oxidoreductase 1, 
Snail, and N‑cadherin in the sorafenib group were significantly 
higher than control group (P<0.05). However, the expression 

levels of these genes were decreased in the combined group 
(P<0.05). Microcirculation perfusion and tumor activity in the 
combined group were also lower than sorafenib group. There 
were no significant differences in mouse body weight or liver 
and kidney function among the four groups. In summary, CPT 
is a Nrf2 inhibitor that could enhance the efficacy of sorafenib 
against HCC.

Introduction

Primary liver cancer is the sixth most common cancer (4.7%) 
and the third most common cause of cancer‑related death 
(8.3%) in 2020 and hepatocellular carcinoma (HCC) comprises 
75‑85% of cases (1). Due to the occult onset and rapid progres‑
sion of HCC, patients are often diagnosed at an advanced 
stage, which severely limits treatment options (2). Potentially 
curative therapies (e.g. transplantation, resection, or ablation) 
are only suitable for less than 30% of patients (3). Sorafenib 
was the only approved tyrosine kinase inhibitor for patients 
with unresectable HCC from 2007 to 2018. This drug blocks 
the proliferation of tumor cells and inhibits angiogenesis by 
suppressing the RAF/MEK/ERK pathway and inhibiting 
vascular endothelial growth factor receptor 2/3 (VEGFR‑2/3) 
and platelet‑derived growth factor receptor (2‑4). Sorafenib 
can prolong survival by three to five months according to the 
SHARP phase III clinical trial (2,5,6,7). Nevertheless, this 
effect is limited due to acquired drug resistance (5,8).

A hypoxic tumor microenvironment, the epithelial‑mesen‑
chymal transition (EMT), epigenetic regulation, and ferroptosis 
are mechanisms of sorafenib resistance in HCC inextricably 
linked to nuclear factor erythroid 2‑related factor 2 (Nrf2) (5). 
According to a recent study, sorafenib significantly induced 
Nrf2 protein expression, but not its mRNA expression (6). 
At present, the most studied mechanism is ferroptosis. 
Ferroptosis involves generation of iron‑dependent accumu‑
lation of lipid reactive oxygen species (ROS), which can be 
regulated by cystine glutamate reverse transporter (systemxc‑) 
and glutathione peroxidase 4 (GPX4) (6). Systemxc‑ trans‑
ports the extracellular cystine to the inside of the cell, and 
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then converts it into cysteine to synthesize the antioxidant 
glutathione (GSH). Under normal conditions, GPX4 prevents 
ferroptosis by inhibiting the accumulation of lipid peroxides in 
cells. When GPX4 is inhibited, it can lead to the accumulation 
of ROS in cells, thus inducing ferroptosis. GSH is an indis‑
pensable cofactor in its activation process. Sorafenib inhibits 
systemxc‑, which leads to the accumulation of ROS in the cell, 
thus triggering ferroptosis (9). In previous studies, the expres‑
sion of Nrf2 increased in response to cell oxidative stress and 
the accumulation of ROS (10), which reduced tumor cells 
ferroptosis and caused sorafenib resistance. As certain ABC 
transporters are downstream proteins, the absence of Nrf2 also 
increases sorafenib sensitivity (8,10‑13). Cancer stem cells, 
which mediate the formation and growth of tumor tissue and 
the intrinsic resistance to chemotherapy drugs, highly express 
Nrf2 (8,10,14‑16). Nrf2 also upregulates the expression of Bcl‑2 
and Bcl‑Xl, which encode two antiapoptotic factors (11‑13,17). 
These studies also highlight the importance of Nrf2 in 
sorafenib resistance.

Nrf2 is encoded by the erythroid 2‑like 2 (NFE2L2) 
gene  (18‑23). Under normal circumstances, Kelch‑like 
ECH‑associated protein (Keap1) binds Nrf2, leading to its 
proteasomal degradation in the cytoplasm (6,18‑22,24). During 
oxidative stress, electrophiles and ROS react with Keap1, 
dissociating it from Nrf2, which translocates to the nucleus and 
activates antioxidant response elements (ARE). ARE‑mediated 
cytoprotective proteins include antioxidant enzymes, stress 
response proteins, metal‑binding proteins, drug‑metabolizing 
enzymes and drug transporters (22). Carcinogenesis is also a 
newly defined function of Nrf2 (18,19,22). Nrf2 activation can 
protect cells against chemicals that cause cancer for a limited 
period; however, constant hyperactivation of Nrf2 is frequently 
observed in HCC and is related to poor outcome (25‑27).

Camptothecin (CPT) is a natural alkaloid that is an 
effective antitumor agent. It binds to DNA topoisomerase 
I to suppress DNA replication (10,26,28). Previous studies 
by the authors confirmed that CPT is an Nrf2 inhibitor that 
is effective at lower concentrations, which reduces drug 
toxicity (10,26). CPT can be combined with anticancer drugs 
that increase the level of Nrf2 to treat HCC (10). Based on the 
aforementioned studies, it was hypothesized that CPT could 
improve the sensitivity of HCC to sorafenib by inhibiting the 
NRF2‑ARE pathway. In the present study, two liver tumor 
models (H22 and VX2) were generated to test this hypothesis 
by comparing the tumor response and Nrf2 protein levels of 
sorafenib monotherapy and the combined treatment of CPT 
and sorafenib. 

Materials and methods

H22 HCC model. All animal experiments were performed 
according to the ARRIVE guidelines approved (approval 
no. S0007) by the Animal Care and Use Committee of the First 
Hospital of Shandong First Medical University (Jinan, China). 
Male BALB/c mice (4‑6 weeks old, 20‑23 g) were divided into 
two batches (n=20/batch), maintained under standard animal 
housing conditions with room temperature, adequate air, a 
12/12‑h light/dark cycle and were allowed access ad libitum 
to sterilized water and chow diet. H22 cells (1x106/200 µl 
normal saline.) were inoculated subcutaneously into the mice. 

When the tumors reached the size of a soybean grain, the mice 
underwent magnetic resonance imaging (MRI) to measure the 
maximum cross sections, activity, and microcirculation perfu‑
sion of the tumors. A total of 16 mice with similar tumor sizes 
were selected from each batch and divided into four treatment 
groups: control (CTR) group (normal saline), CPT group 
(1 mg/kg CPT), sorafenib (SOR) group (50 mg/kg sorafenib), 
and combined (COM) group (1  mg/kg CPT + 50  mg/kg 
sorafenib). CPT was administered by intraperitoneal injec‑
tion every three days, and sorafenib was administered daily 
by gavage. The first administration of drugs was conducted 
on the second day after MRI. A second MRI was performed 
18 days later. A total of 40 mice model were established in 
the experiment, of which 32 were qualified for inclusion, 8 
were not included in the group and euthanized by injection of 
pentobarbital sodium. A total of 32 mice survived to the end 
of the experiment in a favorable state and were euthanized by 
injection of pentobarbital sodium. The method of euthanasia 
of mice was 2% pentobarbital sodium slowly intraperitoneally 
injected to death. Finally, the tumors were isolated after eutha‑
nasia of mice, and the mice were weighed following tumor 
removal. The tumor volume, MRI data and body weights were 
analyzed to determine the tumor response and detect drug 
toxicity. The analysis was performed using GraphPad Prism 
software (version 8; GraphPad Software, Inc.).

VX2 liver tumor model. To generate tumor pieces for 
implantation into experimental rabbits, VX2 tumor pieces 
were implanted intramuscularly into the hind limbs of young 
rabbits. After two weeks, the tumors were resected and milled. 
Using ultrasound guidance, 1 mm3 VX2 tumor tissue was 
implanted in the left lobe of the livers of forty male New 
Zealand white rabbits (3.0‑3.5 kg) at a depth of 1.5 cm. After 
14 days, MRI was performed to measure tumor activity and 
to select 32 rabbits with similar tumor sizes. The rabbits were 
randomly divided into four groups (n=8): CTR group (normal 
saline), CPT group (3 mg/kg CPT), SOR group [transcatheter 
arterial embolization (TAE), 3 mg/kg sorafenib], and COM 
groups (1 mg/kg CPT + 3 mg/kg sorafenib, TAE). TAE was 
performed under digital subtraction angiography guidance. 
Lipiodol (0.1‑0.5 ml) and sorafenib were injected into the 
tumor‑feeding arteries. CPT was administered by intraperi‑
toneal injection every three days. MRI was performed again 
nine days after the first treatment. A total of 36 rabbit models 
were established in the experiment, of which 32 were qualified 
for inclusion, 4 were not included in the group and euthanized 
by injection of pentobarbital sodium. A total of 36 rabbits 
survived to the end of the experiment in a favorable state and 
were euthanized by injection of pentobarbital sodium. The 
method of euthanasia of rabbits was 3% pentobarbital sodium 
slowly intraperitoneally injected to death. Next, the tumors 
were resected after euthanasia of rabbits, and tumor‑free rabbits 
were weighed. The MRI data, and the weight of tumor‑free 
rabbits were analyzed by GraphPad Prism software and used 
to represent the tumor response and detect the drug toxicity. 

Rabbits and mice were provided by Beijing Weitong 
Lihua Company. HCC and VX2 tumors are provided by the 
laboratory of Qianfo Mountain Hospital. All animal welfare 
was taken into consideration, including efforts to minimize 
suffering and distress, use of analgesics or anesthetics, or 
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special housing conditions. The duration of the experiment of 
the H22 mice model was 32 days. The duration of the experi‑
ment of the VX2 rabbit models was 37 days. When the goal 
of the experiment was completed, the animals were treated 
in a scientific and humane way so as to minimize the panic 
and pain of the animals and being subjected to euthanasia 
gently and quickly. Through the observation of respiratory and 
heartbeat cessation, pupil, nerve reflex and other indicators, a 
comprehensive judgment on death was determined, confirming 
that the experimental animal had succumbed.

Magnetic resonance imaging
Mice. MRI included T2‑weighted imaging (T2WI), and 

intravoxel incoherent motion (IVIM) (GE, 3.0T MR scanner, 
mouse coil). The T2WI sequence was performed using a 
repetition time (TR) of 2,200 ms, echo time (TE) of 102.0 ms, 
slice thickness of 1.5  mm, and a NEX of 2.0. The IVIM 
sequence was performed using a TR of 2,000 ms, a minimum 
TE, a slice thickness of 1.0 mm, and b=0, 50, 100, 150, 200, 
400, 600, 800, 1,000 and 1,200 s/mm2. All images were sent 
to a workstation for post‑processing. The largest cross‑sections 
of the tumors were marked and used to assess tumor growth, 
and the Standard apparent diffusion coefficient (Standard 
ADC, representing an average diffusion value), diffusion coef‑
ficient (D, reflecting the diffusion of pure water molecules), 
pseudo‑diffusion coefficient (D*, reflecting the microcircula‑
tion perfusion), and perfusion fraction (f, defined as the ratio 
between the perfusion of local microcirculation and diffusion 
in overall) in these areas were also determined. Changes in the 
ADC (∆ADC), D (∆D), D* (∆D*), and f (∆f) were calculated 
by subtracting the preoperative values from the postoperative 
values and used to assess the changes of tumor activity and 
microcirculation perfusion after treatment.

Rabbits. MRI included T2WI and diffusion‑weighted 
imaging (DWI) scans (GE, 3.0T MR scanner, Knee coil). The 
T2 sequence consisted of a TR of 5,200 ms, TE of 88.7 ms, 
slice thickness of 2 mm and a NEX of 2.0. The DWI sequence 
was performed using a TR of 4,500 ms, a TE of 81.6 ms, a 
slice thickness of 2 mm, a NEX of 2.0, and b=0, 800 s/mm2. 
Post‑processing was performed after the images were trans‑
mitted to the workstation. The largest cross‑sections of the 
tumors were marked, and the ADC values (representing an 
average diffusion value) within the areas were measured. The 
changes in ADC (∆ADC, postoperative ADC‑preoperative 
ADC) were calculated to assess the changes of tumor activity 
after treatment.

Haematoxylin and eosin (H&E) staining. The lungs, livers 
and kidneys from H22 and VX2 tumor‑bearing animals were 
fixed in polyformaldehyde (4%) and embedded in paraffin 
wax at room temperature. Sections of 4‑µm thickness were 
cut, mounted on charged glass slides and then stained with 
haematoxylin and eosin at room temperature. Briefly, hema‑
toxylin was added to the sections for 10 min. Then, 1% acid 
ethanol reagent was used to differentiate for 1 min. Then, 
the blue returning liquid promoted the nucleus to return blue, 
and then the eosin solution was incubated with sections for 
3 min. Finally, the sections were dehydrated and fixed with 
neutral balsam. The image was collected under the optical 
microscope. 

Immunohistochemical (IHC) staining. The reagents and 
steps for tissue fixation, paraffin embedding and sectioning 
were as H&E staining. Paraffin sections (4‑µm) of H22 and 
VX2 tumors were deparaffinized with xylene and rehydrated 
with descending ethanol series. Sections were blocked 
with BSA at 37˚C for 30  min and covered with antibody 
against Nrf2 (1:2,000; cat. no. GB113808), VEGFA (1:500; 
cat.  no.  GB14165), hypoxia‑inducible factor‑1α (HIF‑1α) 
(1:1,000; cat.  no.  APR07746G), N‑cadherin (1:1,500; 
cat. no. GB111273) and Snail (1:800; cat. no. GB11260) at 4˚C, 
overnight. Antibodies against Nrf2, VEGFA, N‑cadherin, 
Snail were obtained from Wuhan Servicebio Technology 
Co., Ltd. Antibodies against HIF‑1α were obtained from 
Santa Cruz Biotechnology, Inc. Then, the sections were 
incubated with HRP‑labeled Goat Anti‑Rabbit IgG solution 
(cat. no. G1213‑100UL) and HRP‑labeled Goat Anti‑Mouse 
IgG solution (cat.  no.  G1214‑100UL; both from Wuhan 
Servicebio Technology Co., Ltd.) at dilutions of 1:200 at 37˚C 
for 30 min, and then were added with DAB substrate. Nuclei 
were counterstained with haematoxylin. The image was 
collected under the optical microscope. Staining was visual‑
ized using Image‑Pro Plus 6 software (Media Cybernetics, 
Inc.), and the integrated optical density/Area values were used 
to determine protein expression levels in the tumors.

Western blotting (WB). The H22 and VX2 tumors were smashed 
in the RIPA (Wuhan Servicebio Technology Co., Ltd.) buffer 
with 1 mM PMSF on ice and then centrifuged as previously 
described (26). Bicinchoninic acid (BCA) was used to determi‑
nate protein concentration. Protein samples (15 µg samples per 
lane) were loaded into 30% SDS‑PAGE gels and transferred 
to PVDF membranes. The membranes were blocked with 3% 
BSA at room temperature for 1 h and incubated at 4˚C over‑
night with the following primary antibodies (obtained from 
Wuhan Servicebio Technology Co., Ltd.): Nrf2 (1:1,000), heme 
oxygenase‑1 (HO‑1) (1:1,000; cat. no. GB12104), NAD(P)H 
quinone oxidoreductase 1 (NQO1) (1:500; cat. no. GB11282), 
N‑cadherin (1:500) and Snail (1:800). Then, the membranes 
were incubated with HRP‑labeled Goat Anti‑Rabbit IgG 
solution and HRP‑labeled Goat Anti‑Mouse IgG solution 
at dilutions of 1:5,000 at room temperature for 1 h. Finally, 
membranes were covered with enhanced chemiluminescent 
(ECL) substrate and scanned. ECL substrate was obtained 
from Merck Millipore. Quantification of the results normal‑
ized to β‑actin was conducted using Image J software 
(version 1.8.0.345; National Institutes of Health).

Serum biochemistry. The health and behavior of H22 mice 
model were monitored every day after H22 cells were inocu‑
lated subcutaneously into the mice. The health and behavior 
of VX2 rabbit models were monitored in three days before 
operation and in day 1, 4, 7, 10, 13, 14 after operation. Blood 
was collected via the retro‑orbital sinus and was centrifuged at 
4˚C, 1,000 x g for 5 min. Aspartate aminotransferase, alanine 
aminotransferase, blood urea nitrogen, creatinine and total 
bilirubin levels were measured using an automatic biochemical 
analyzer.

Statistical analysis. GraphPad Prism software was used to 
analyze all experiments. Data are presented as the mean ± SD. 
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Comparisons between groups were performed using one‑way 
ANOVA with Tukey's multiple comparison test as post hoc. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

CPT reverses sorafenib resistance by inhibiting Nrf2‑ARE 
activation. The effects of sorafenib alone or in combination with 
CPT are presented in Fig. 1. According to the T2WI images, the 
mean maximum H22 tumor cross sections in the CTR, CPT, 
SOR, and COM groups before treatment were 52.88±26.45, 
58.13±25.13, 39.50±11.8 and 53.75±32.60 mm2, respectively 
(P≥0.05) (Fig.  1A). After treatment, the maximum cross 
sections were 308.5±43.98 mm2 (CTR), 294±41.64 mm2 (CPT), 
187.75±73.03 (SOR) and 63.75±31.18 mm2 (COM). There was 
no significant difference between the mean maximum cross 
sections of the CTR and CPT groups (P≥0.05). By contrast, 
the differences between the CTR and SOR groups and the 
SOR and COM groups were statistically significant (P<0.05) 
(Fig. 1B). For the VX2 liver tumor model, the mean maximum 
tumor cross sections before treatment were 352.38±75.67 mm2 
(CTR), 401.88±117.80 mm2 (CPT), 372.88±69.39 mm2 (SOR) 
and 352.75±104.81 mm2 (COM) (P≥0.05) (Fig. 1C). After 
treatment, the mean maximum VX2 cross sections were 
1,112.13±145.35 mm2 (CTR), 1,022.38±82.03 mm2 (CPT), 
524.13±56.55 mm2 (SOR) and 438.50±72.97 mm2 (COM). The 
differences of the mean maximum cross sections of the VX2 
tumors in the CTR and SOR groups and the SOR and COM 
groups reached statistical significance (P<0.05) (Fig. 1D). The 
size of tumors of H22 models is presented in Fig. 1E.

There was no significant difference in the Nrf2 levels in 
H22 tumors from mice treated with CTR or CPT (P≥0.05). 

IHC staining showed that the Nrf2 protein was slightly 
reduced in the CPT group (Fig. 2A and B), but WB showed an 
increase (Fig. 2C and D). However, sorafenib treatment signifi‑
cantly increased Nrf2 levels compared with the CTR group. 
This effect was significantly reduced by CPT (COM group) 
(P<0.05). IHC and WB generated similar results (Fig. 2A‑D). 
In the VX2 liver model, CPT monotherapy caused a slight 
reduction in the Nrf2 levels in the tumors compared with the 
CTR group (P<0.05). Similar to the H22 model, sorafenib 
alone induced Nrf2 protein expression, which was abrogated 
by combining with CPT (Fig.  2E‑H). Furthermore, WB 
revealed that proteins downstream of Nrf2 (HO‑1 and NQO1) 
changed in a similar manner (Fig. 3).

CPT reverses sorafenib resistance by inhibiting EMT. H&E 
staining of mouse tissues confirmed there were no obvious 
metastatic lesions in the lung, liver, or kidney. By contrast, 
there were obvious metastatic lesions in the lungs of VX2 
tumor‑bearing animals. The most metastatic lesions were 
observed in the SOR group, followed by the CTR and CPT 
groups. The least number of metastases were found in the lungs 
collected from rabbits in the COM group (Fig. 4A). Therefore, 
the EMT indexes of the VX2 tumors were examined. Based on 
IHC and WB, the EMT indexes (Snail and N‑cadherin) were 
lower in the COM group than in the SOR group; these indexes 
in the SOR group were significantly higher than in the CTR 
group (P<0.05) (Fig. 4B‑I).

CPT combined with sorafenib inhibits angiogenesis. For the 
VX2 model, the expression levels of HIF‑1α and VEGFA 
in the SOR group were higher than in the CTR and COM 
groups (P<0.05) (Fig. 5A‑D). Moreover, the VEGFA levels 
in the H22 tumors harvested from mice in the COM group 

Figure 1. CPT combined with sorafenib therapy inhibits tumor growth in H22 and VX2 models. (A and B) The maximum cross sections measured by MRI of 
H22 models (A) before and (B) after treatment in CTR, CPT, SOR and COM groups, 8 samples per group. (C and D) The maximum cross sections measured by 
MRI of VX2 models (C) before and after (D) treatment in the four groups, 8 samples per group. (E) Tumor volume of H22 models. *P<0.05 and #P<0.05. CPT, 
camptothecin; MRI, magnetic resonance imaging; CTR, control; SOR, sorafenib; COM combined; ns, no statistical significance.
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were significantly lower than in the SOR group (P<0.05) 
(Fig. 5E and F). MRI analysis of H22 tumors before and after 

treatment revealed ΔD* values of ‑86.25±334.41 (x10‑5 mm2/s) 
for the CTR group, ‑272.5±218.29 (x10‑5 mm2/s) for the CPT 

Figure 2. CPT reverses sorafenib resistance by inhibiting Nrf2 activation. (A‑D) The Nrf2 expression was determined by (A and B) IHC staining and 
(C and D) WB in H22 models. The Nrf2 expression was determined by (E and F) IHC and (G and H) WB in VX2 models. Magnification, x400; scale bars, 
20 µm. β‑actin was the internal control of WB. Panels A, C, E and G demonstrate the statistical analysis for IHC staining and WB (8 samples in each group). 
*P<0.05 and #P<0.05. CPT, camptothecin; Nrf2, nuclear factor erythroid 2‑related factor 2; IHC, immunohistochemical; WB, western blotting; ns, no statistical 
significance.

Figure 3. Expression of HO‑1 and NQO1 is inhibited after the combined therapy of sorafenib and CPT in H22 and VX2 models. (A‑C) The expression of HO‑1 
and NQO1 was determined by WB in H22 models. (D‑F) The expression of HO‑1 and NQO1 was determined by WB in VX2 models. β‑actin was the internal 
control of WB. Panels A, B, D and E demonstrate the statistical analysis for WB (8 samples in each group). *P<0.05 and #P<0.05. HO‑1, heme oxygenase‑1; 
NQO1, NAD(P)H quinone oxidoreductase 1; CPT, camptothecin; WB, western blotting; ns, no statistical significance.
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group, ‑240.25±274.89 (x10‑5 mm2/s) for the SOR group, and 
‑381.25±206.22 (x10‑5 mm2/s) for the COM group. The ΔD* 
of the SOR group was slightly lower than that of the CTR 

group (P≥0.05) and slightly higher than that of the COM 
group (P≥0.05) (Fig. 6A and B). The Δf values were 0.07±0.26 
(CTR), 0.14±0.09 (CPT), ‑0.01±0.18 (SOR) and ‑0.18±0.14 

Figure 5. CPT combined with sorafenib inhibits angiogenesis. (A‑D) The expression of (A and B) HIF‑1α and (C and D) VEGFA was determined by IHC 
staining in VX2 models. (E and F) The expression of VEGFA was determined by IHC staining in H22 models. Magnification, x400; scale bars, 20 µm. Panels 
A, C and E demonstrate the statistical analysis for IHC staining (8 samples in each group). *P<0.05 and #P<0.05. CPT, camptothecin; HIF‑1α, hypoxia inducible 
factor‑1α; VEGFA, vascular endothelial growth factor receptor A; IHC immunohistochemical; ns, no statistical significance.

Figure 4. CPT reverses sorafenib resistance by inhibiting the process of EMT. (A) Pulmonary metastases observed by H&E staining in VX2 models. 
Magnification, x40; scale bars, 2 µm. (B‑E) The expression of EMT indexes including N‑cad and Snail was determined by IHC staining in VX2 models. 
Magnification, x400; scale bars, 20 µm. (F‑I) The expression of N‑cad and Snail determined by WB in VX2 models; β‑actin was the internal control. Panels 
B, C, F and G demonstrate the statistical analysis for IHC staining and WB (8 samples in each group). *P<0.05 and #P<0.05. CPT, camptothecin; EMT, 
epithelial‑mesenchymal transition; H&E, haematoxylin and eosin; N‑cad, N‑cadherin; IHC, immunohistochemical; WB, western blotting; ns, no statistical 
significance.
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(COM). The Δf of the SOR group was slightly lower than that 
of the CTR group (P≥0.05) and slightly higher than that of the 
COM group (P≥0.05) (Fig. 6C and D).

CPT combined with sorafenib reduces tumor activity. 
The ΔStandard ADC for H22 tumors was ‑17.45±36.38 
(x10‑5 mm2/s) for the CTR group, ‑29.87±31.05 (x10‑5 mm2/s) 
for the CPT group, 5.76±52.38 (x10‑5 mm2/s) for the SOR group 
and 76.51±98.96 (x10‑5 mm2/s) for the COM group. Moreover, 
the Δ Standard ADC for the SOR group was slightly higher 
than that of the CTR group (P≥0.05) and slightly lower than 
that of the COM group (P≥0.05) (Fig. 7A and B). The ΔD was 
‑55.75±42.34 (x10‑5 mm2/s) for the CTR group, ‑39.62±46.48 
(x10‑5 mm2/s) for the CPT group, ‑55.75±73.43 (x10‑5 mm2/s) 
for the SOR group and 47.25±36.41 (x10‑5 mm2/s) for the COM 
group. The ΔD of the SOR group was slightly lower than 
that of the COM group (P≥0.05) (Fig. 7C and D). In the VX2 
model, ΔADC showed statistically significant differences 
between the SOR and CTR groups and the COM and SOR 
groups (P<0.05) (Fig. 7E and F).

The safety and tolerability of the CPT and sorafenib combi‑
nation. After treatment and tumor resection, there were no 
differences in the weights of the mice and rabbits among 
the four treatment groups. The mouse body weights were 
20.25±1.79 g (CTR), 18.75±0.83 g (CPT), 18.88±1.05 g (SOR) 
and 19.25±1.30 g (COM) (P≥0.05) (Fig. S1A), and the rabbit 
body weights of the four groups were 3.33±0.09 kg (CTR), 
3.29±0.13 kg (CPT), 3.36±0.11 kg (SOR) and 3.33±0.12 kg 
(COM) (P≥0.05) (Fig.  S1B). Serum analysis for the mice 
revealed that none of the treatments affected liver or kidney 

function (Fig. S1C‑G). There was also no obvious damage in 
the liver or kidney tissue by H&E staining.

Discussion

Sorafenib improves the survival of patients with advanced 
HCC. Nevertheless, only ~30% of patients with HCC benefit 
from sorafenib and usually acquire drug resistance within six 
months (29). Sorafenib resistance contributes to proliferation, 
migration and invasion (8). A previous study confirmed that 
sorafenib‑resistant cells had lower proliferation, migration and 
invasion rates after Nrf2 knockdown (8). Keap1, a redox sensor 
protein negatively regulating Nrf2, also enhances sorafenib 
sensitivity in HCC (30). Therefore, the inhibition of Nrf2 in 
tumors is vital to reversing sorafenib resistance. Brusatol, 
retinoic acid receptor α agonists, luteolin, and trigonelline 
are known Nrf2 inhibitors (31‑34). In a previous study by the 
authors (10), CPT was also identified as an effective Nrf2 
inhibitor among thousands of clinical drugs. 

As an Nrf2 inhibitor, it was hypothesized that CPT could 
enhance the efficacy of sorafenib. Thus, this hypothesis was 
examined using two liver cancer models: the H22 murine 
HCC model and the VX2 orthotopic rabbit liver tumor 
model. The results of the present study indicated that the 
CPT‑sorafenib combination therapy inhibited tumor growth 
in the two models. Indeed, the tumors in the COM group were 
significantly smaller than that in the SOR group. Although 
the size of the tumors was decreased in the CPT group of the 
H22‑bearing mice compared with the CTR group, the changes 
were not statistically significant. These data indicated that in 
this model, CPT was acting as a sensitizer of sorafenib rather 

Figure 6. CPT combined with sorafenib decreases microcirculation perfusion. (A) D* values of CTR, CPT, SOR and COM groups in H22 models before and 
after treatment. (B) ΔD* value was calculated in four groups. (C) f values of four groups in H22 models before and after treatment. (D) Δf value was calculated 
in four groups. The MRI images in panels A and C were enlarged according to the same scale. *P<0.05. CPT, camptothecin; D*, pseudo‑diffusion coefficient; 
CTR, control; SOR, sorafenib; COM, combined; ΔD*, postoperative D* ‑ preoperative D*; f, perfusion fraction; ∆f, postoperative f ‑ preoperative f; ns, no 
statistical significance.
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than a chemotherapeutic agent. With the VX2 model, there 
was statistical significance between the CPT and CTR groups. 
The possible reason for the differences observed between the 
two models is that a higher CPT dose was used with the VX2 
model. The expression of Nrf2 was increased in the SOR 
group and was inhibited in the COM group in both models, 
suggesting that CPT could modulate the effects of SOR on 
Nrf2 levels in tumor tissue. Thus, a low CPT dose could down‑
regulate Nrf2 levels induced by sorafenib, and its combination 
with sorafenib could control the growth of liver tumors. In the 
present study, Nrf2 and its downstream proteins, HO‑1 and 
NQO1, were slightly higher in the CPT group than in the CTR 
group in the H22 model; however, these changes did not reach 
statistical significance. A previous study by the author showed 
that Nrf2 levels were low in tumor tissue without treatment, 
suggesting that CPT alone would not significantly inhibit or 
even increase Nrf2 (10). By contrast, sorafenib significantly 
increased Nrf2 protein in the current study. These effects were 
abrogated when sorafenib was combined with CPT, consistent 
with CPT being a modulator of Nrf2 activity.

The safety of CPT has been established, and it is used 
clinically as a chemotherapeutic agent  (35,36). The CPT 
doses used in the present study (1 and 3 mg/kg) were lower 
than the dose used in the clinic (8 mg/kg) (10). No significant 
changes in weight were observed among the four treatment 
groups with either model and no obvious damage to the liver 

and kidney, indicating that the drug toxicity was within 
an acceptable range. 

HO catalyze the decomposition of heme into carbon 
monoxide (CO), free iron, and biliverdin (37). HO‑1 is over‑
expressed in HCC. CO mediates the antiapoptotic effects of 
HO‑1, promoting tumor growth (37). Furthermore, HO‑1 can 
regulate Nrf2‑targeted ABC efflux transporters (8). NQO1 
is an antioxidant related to the detoxification of quinones 
and the reduction of iron‑mediated ROS that is upregulated 
by Nrf2 in response to sorafenib (6,18,20,38). NQO1 reduces 
sorafenib‑induced ferroptosis of HCC (39). In addition, NQO1 
overexpression could detoxify antitumor drugs, favoring 
multidrug resistance (11). The present study demonstrated that 
sorafenib significantly increased HO‑1 and NQO1 proteins and 
these effects were abrogated when sorafenib was combined 
with CPT, consistent with Nrf2 nuclear translocation and 
Nrf2‑ARE activation.

EMT is the biological process for tumor cell migration and 
invasion (26,40,41). Changing a cell phenotype from epithelial 
to mesenchymal is the main characteristic of EMT (40‑42). 
The core regulators of EMT, including N‑cadherin and 
Snail, are regulated by Nrf2  (26,40,41,43‑45). N‑cadherin 
promotes neovascularization and adhesion between tumor 
cells and mesenchymal cells (43). Snail regulates E‑cadherin 
expression during EMT (43) and can also promote chemore‑
sistance by upregulating the ABC transporter ABCB1 in HCC 

Figure 7. CPT combined with sorafenib reduces tumor activity. (A) Standard ADC values of CTR, CPT, SOR and COM groups in H22 models before and 
after treatment. (B) Δ standard ADC value was calculated in four groups. (C) D values of four groups in H22 models before and after treatment. (D) ΔD 
value was calculated in four groups. D and D* images were captured from the same samples and they differed only in the settings of the imaging parameters. 
(E) ADC values of four groups in VX2 models before and after treatment. (F) ΔADC value was calculated in four groups. The MRI images in panels A, C 
and E were enlarged according to the same scale. *P<0.05 and #P<0.05. CPT, camptothecin; Standard ADC/ADC, apparent diffusion coefficient; CTR, control; 
SOR, sorafenib; COM, combined; Δ Standard ADC/ADC, postoperative Standard ADC/ADC ‑ preoperative Standard ADC/ADC; D, diffusion coefficient; 
ΔD, postoperative D ‑ preoperative D; ns, no statistical significance.
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cells  (46). Previous studies identified EMT characteristics 
in sorafenib‑resistant HCC cells, including the activation of 
the mesenchymal markers N‑cadherin and Snail (46‑51). A 
previous study revealed that EMT was inhibited after Nrf2 
downregulation by CPT (26). In the current study, sorafenib 
+ TAE treatment significantly increased N‑cadherin and Snail 
levels in the VX2 tumors, which promotes EMT and drug 
resistance. The addition of CPT to the treatment decreased 
the EMT markers, which may be one of the reasons why CPT 
enhanced HCC sorafenib sensitivity  (52). Moreover, fewer 
metastases were observed in the rabbits in COM group than 
in SOR group. These results are consistent with CPT‑mediated 
Nrf2 downregulation and inhibition of EMT.

High metabolism during tumor growth leads to a hypoxic 
microenvironment and HIF‑1α activation in tumors, which 
activates growth factors (e.g., VEGFA) and induces vascu‑
lature generation. Sorafenib activates HIF‑1α and induces 
VEGFA expression, which mediates sorafenib resistance (46). 
Previous studies demonstrated that downregulating Nrf2 could 
reduce vasculature formation (53,54). In a previous study by 
the authors, CPT could also suppress the HIF‑1α/VEGFA 
signaling pathway in tumors and decrease vascular quan‑
tity (26). In the current study, the levels of HIF‑1α and VEGFA 
in the VX2 tumors from the CPT group were lower than in 
the CTR group, confirming that CPT could inhibit the HIF‑1 
α/VEGFA signaling pathway. The perfusion of tumor‑feeding 
arteries with sorafenib and lipiodol significantly increased 
HIF‑1α and VEGFA proteins, whereas these levels signifi‑
cantly decreased in the COM group. CPT also reduced VEGFA 
expression‑induced by sorafenib in H22 model. 

DWI models presume that the displacement of water 
molecules follows a Gaussian distribution  (55). The ADC 
provided by these models represents an average diffusion 
value  (55,56). However, water diffusion in  vivo is more 
complex and includes water molecule diffusion and micro‑
circulation perfusion  (31,57,58). IVIM is one of the most 
common non‑Gaussian DWI models  (55). The parameters 
for IVIM include the Standard ADC value, representing an 
average diffusion value; D value that reflects the diffusion of 
pure water molecules, the D* value that reflects the microcir‑
culation perfusion, and the f value that is defined as the ratio 
between the perfusion of local microcirculation and diffusion 
overall (55). Although the differences in Δ Standard ADC and 
ΔD values for SOR and COM groups for the H22 model were 
not statistically significant, they showed an upward trend in 
the COM group compared with SOR group, indicating that 
the tumor activity of the COM group was lower than that of 
the SOR group. The differences between ΔD* and Δf in SOR 
and COM groups were not statistically significant, either. They 
demonstrated a downward trend in the COM group than SOR 
group, reflecting that the microcirculation perfusion in the 
COM group was lower than in the SOR group. Similar results 
for ΔADC were obtained with the VX2 model. Namely, VX2 
tumor activity decreased in the COM group.

In conclusion, the present study confirmed that sorafenib 
increased Nrf2 protein levels and promoted HCC invasion 
and metastasis, which may be the mechanism of sorafenib 
resistance. As a novel Nrf2 inhibitor, CPT combined with 
sorafenib significantly inhibited tumor growth and reduced 
tumor microcirculation perfusion and activity. 
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