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ABSTRACT

OBJECTIVE: Development of treatment resistance and adverse toxicity limits 
the gains made by irinotecan in patients with colorectal cancer. According to our 
previous studies, we found that curcumin could enhance the efficacy of irinotecan-
induced apoptosis of colorectal tumor cells in vitro. This study aims to examine the 
effectiveness of a combination treatment regimen of irinotecan and curcumin in the 
colorectal cancer xenograft model.

RESULTS: Curcumin or irinotecan alone reduced the tumor volume, and the 
combination had the strongest anticancer effects. Oxidative stress was induced in 
tumor (MDA: P < 0.01, GPx: P < 0.05, PRDX4: P < 0.01), while was reduced in 
intestinal tissue (MDA: P < 0.01, SOD: P < 0.05, GPx: P < 0.01). The apoptosis in 
tumor was accompanied by up-regulation of apoptotic proteins (caspase-3: P < 0.01, 
Bax: P < 0.01), but down-regulation of anti-apoptotic proteins (pro-caspase-3: P < 
0.01, Bcl-2: P < 0.01). Besides, the combination treatment alleviated diarrhea and 
intestine injury, and also restored the autophagy (PGC-1α: P < 0.05, Atg-7: P < 0.05, 
and LC3B: P < 0.05) and mitochondrial dynamics (Mfn-1: P < 0.01, Mfn-2: P < 0.01, 
Drp-1: P < 0.01, Fis-1: P < 0.05) in intestinal tissue.

MATERIALS AND METHODS: Nude mice were implanted with LoVo colorectal 
cancer cells before randomization into the following treatment groups: control; 
curcumin only; irinotecan only; curcumin + irinotecan. After a 9-day treatment, we 
compared the tumor weight, tumor volume, morphological change of intestine, and 
oxidative stress factors (LDH, MDA, SOD, GPx). In addition, we detected the oxidative 
stress (PRDX4, MnSOD, and p53), apoptosis (Bax, Bcl-2, pro-caspase-3, cleaved-
caspase-3) and autophagy (PGC-1α, Atg-7, and LC3B) signaling.

CONCLUSIONS: Curcumin could enhance the efficacy of irinotecan-induced 
apoptosis of colorectal cancer in vivo, while restore the irinotecan-induced autophagy 
of small intestinal epithelium.

INTRODUCTION

Colorectal cancer (CRC) is the second most prevalent 
cancer, with more than 1.2 million new cancer cases and 

over 600,000 deaths per year [1]. 8% of cancer related 
deaths in men and 9% in women are caused by colorectal 
cancer [2]. The current management of unresectable 
metastatic CRC consists of systemic chemotherapy 
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involving various agents. Irinotecan is extensively used 
in first and second line treatment for unresectable and 
metastatic disease of colorectal cancer [3]. Combined 
chemotherapies of irinotecan with other drugs improve the 
median survival of patients with metastatic CRC. However, 
chemoresistance and toxicity are two major issues that 
hamper the success of irinotecan-based chemotherapies, 
as well as other current standard tumor chemotherapies. 
Combined therapy of agents with different mechanisms of 
action is a feasible and effective means to minimize the side 
effects and avoid the resistance to chemotherapeutic drugs 
while improving the antitumor effects.

Irinotecan functions as a topoisomerase-I-inhibitor 
in cancer cells, which interrupts DNA replication and 
finally causes cell death. High exposure to irinotecan and 
its active metaboliteSN-38 could lead to adverse drug 
events, including severe diarrhea, deep myelosuppression, 
vomiting, fatigue and even death [4–6]. Pervious study 
reported that irinotecan generates high levels of oxidative 
stress in cells [7], which could cause cell dysfunction and 
unpredictable toxicities, including the apoptosis of small 
intestine epithelium.

Curcumin (diferuloylmethane, C21H20O6) is derived 
from the medical plant Curcuma longa, which has well-
known pharmacologic activities, especially anti-tumor, 
anti-oxidation, and anti-inflammatory properties [8–10]. 
Curcumin was reported to have anti-cancer effects in diverse 
cancers [11–16], including colorectal cancer [17, 18]. The 
related mechanisms involve apoptosis inducement, cell cycle 
arrest, and inhibition of cell proliferation and invasion. Also, 
curcumin was reported to have benefit effect on rapid and 
complete resolution of HIV related-diarrhea [19].

According to our previous study [20], we found that 
curcumin could enhance the efficacy of irinotecan-induced 
apoptosis of colorectal cancer LoVo cell. We also identifed 
the proteins associated with this property by MALDI-
TOF/TOF. The results indicated that the combination 
of curcumin and irinotecan mainly activate intracellular 
calcium pathways, cellular respiratory chain pathway and 
intracellular redox reaction pathways in vitro.

In the current study, we investigated the synergistic 
anti-tumor effect of combination of curcumin and 
irinotecan against colorectal cancer in vivo. During the 
study, we found that curcumin could inhibit cancer cell 
growth and notably remit the symptom of irinotecan-
related diarrhea. In this article, the possible mechanisms 
focusing on oxidative stress-mediated apoptosis in tumor 
and autophagy in intestine will be illustrated.

RESULTS

Combination of curcumin with irinotecan 
effectively suppress colorectal cancer in vivo

Throughout the experiment, the body weight of the 
animals was unaffected by any of the treatments (by curcumin 

and/or irinotecan) (Figure 1A). The average tumor volumes 
of CUR and IRI group animals were both significantly lower 
than the vehicle treated animals throughout the study (Figure 
1B), indicating that both curcumin and irinotecan treatments 
suppressed tumor growth compared with the control group. 
The combinatorial administration of with curcumin and 
irinotecan further attenuated tumor growth, indicating that 
combined treatment was significantly more effective than 
either agent alone. Meanwhile, significant decrease of tumor 
weight (Figure 1C) was observed in the treated groups, 
compared to the control group. Especially, average tumor 
weight of CUR+IRI group was significantly lower than the 
IRI or CUR groups.

Figure 2 showed plasma concentrations vs. time curves 
of irinotecan and SN-38 following the last administration, 
alone or with orally curcumin supplement. In plasma, Tmax 
of irinotecan were observed 2 h after last administration of 
irinotecan for both groups; curcumin does not affect the time 
required for the plasma concentration to reach its maximum 
value. There was no significantly difference of concentrations 
of irinotecan and SN-38 between the 2 groups at all the 4 time 
points (Figure 2A, 2B). In intestinal tissue, concentrations of 
irinotecan and SN-38 were not significantly different between 
both groups either (Figure 2C, P > 0.05).

Effect of curcumin on oxidative stress in tumor

As shown in Figure 3, exposure to the irinotecan led to 
an increase in LDH and MDA levels in serum in comparison 
with the control group (P < 0.05, and P < 0.05, respectively). 
The effects were partially blocked by curcumin supplement 
(P < 0.05, and P < 0.01, respectively) (Figure 3G, 3H). 
By contrast, exposure to the irinotecan led to a decrease 
in SOD and GPx levels in serum (P < 0.05, and P < 0.01, 
respectively). Notably, all these effects were blocked by 
curcumin supplement (P < 0.01 and P < 0.01, respectively) 
(Figure 3I, 3J). On the other hand, different results were 
shown in xenograft tissue. MDA level was increased in 
CUR+IRI group much more compared to IRI group (P < 
0.01, Figure 3A). Both SOD and GPx levels were decreased 
by irinotecan treatment (P < 0.01, and P < 0.01, respectively 
Figure 3B, 3C), and combinational treatment decreased GPx 
levels much more than irinotecan treatment (P < 0.05, Figure 
3C). Besides, we examined PRDX4 protein which indicatives 
of oxidative status. Western blot analysis (Figure 4D, 4E) and 
immunohistochemical (Figure 5) revealed that both IRI and 
CUR+IRI treatments could decrease the expression PRDX4. 
These results indicated that combinational management 
might accelerate oxidative stress in tumor.

Combination of curcumin with irinotecan 
suppresses tumor growth through inducing 
apoptosis

It was shown that both irinotecan and curcumin 
could increase the number of TUNEL-positive cells 
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Figure 1: Effects of irinotecan and/or curcumin treatment on general condition. 1 × 106 LoVo cells were subcutaneously 
injected into BALB/c-nude mice. After the tumor was established, the mice were treated with irinotecan and/or curcumin, tumor volume, 
body weight and severity of diarrhea were recorded, followed by measuring of tumor weight on the 10th day when mice were sacrificed. 
A. Changes of body weight during the whole period. B. Effects of irinotecan and curcumin treatments on tumor volume. C. Effects of 
irinotecan and curcumin treatments on tumor weight. D. Effects of irinotecan and/or curcumin treatments on stool. Data are represented as 
means ± SEM. **, P < 0.01 vs. CON group; ##, P < 0.01 vs. IRI group.

Figure 2: Irinotecan and SN-38 concentrations in plasma and intestinal tissue. Blood samples were withdrawn at 1, 2, 4 and 
8 h after the last irinotecan administration, and the intestinal tissues were collected 8 h after the last irinotecan administration. Irinotecan 
and SN-38 concentrations of samples were quantified using the HPLC with fluorescence detector. A. Irinotecan plasma concentrations after 
the last administration of irinotecan either given alone or with curcumin (n=3 mice for each time). B. SN-38 plasma concentrations after 
the last administration of irinotecan either given alone or with curcumin (n=3 mice for each time). C. Irinotecan and SN-38 concentrations 
in intestinal tissue 8 h after the last administration of irinotecan either given alone or with curcumin (n=3 per group). Data are represented 
as means ± SEM.
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Figure 3: Biochemical parameters of oxidative stress in tissues and serum. A. MDA level of tumor tissue. B. SOD level of 
tumor tissue. C. GPx level of tumor tissue. D. MDA level of intestinal tissue. E. SOD level of intestinal tissue. F. GPx level of intestinal 
tissue. G. Serum LDH level. H. Serum MDA level. I. Serum SOD level. J. Serum GPx level. Data are represented as means ± SEM. *, P 
< 0.05 vs. CON group; **, P < 0.01 vs. CON group; #, P < 0.05 vs. IRI group; ##, P < 0.01 vs. IRI group.

Figure 4: Effects of irinotecan and/or curcumin treatment on apoptosis and oxidative stress in tumor. Expression of 
apoptosis related proteins Bax, Bcl-2, pro-caspase-3 and cleaved-caspased-3, and oxidative stress related protein PRDX4 were determined 
by western blotting in tumor tissues. GAPDH was used as internal control. A, B, C. Protein levels of Bax, Bcl-2, pro-caspase-3 and cleaved-
caspased-3 (A, Western blot images; B, C, statistical results); D, E. Protein levels of PRDX4 (D, Western blot images; E, statistical results). 
Data are represented as means ± SEM. **, P < 0.01 vs. CON group; ##, P < 0.01 vs. IRI group.
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(P < 0.01, P < 0.01), and combinational management 
could increase much more (P < 0.01, P < 0.01) (Figure 6). 
As shown in Figure 4, compared with that in the control 
group, the proapoptotic protein Bax was markedly 
induced in all the treatment groups, whereas Bcl-2 was 
significantly inhibited, indicating that the apoptotic effects 
of curcumin may be partly mediated by upregulating the 
Bax/Bcl-2 protein ratio, a critical determinant of apoptosis. 
Additionally, the other two important signal molecules, 
caspase-3 and pro-caspase-3, were also assessed. 
Statistical analysis revealed that the expression levels of 
caspase-3 in treatment groups were significantly increased. 

And the expression of pro-caspase-3 was decreased in 
CUR and CUR+IRI groups compared with that in control 
group. Both the expression levels of caspase-3 and pro-
caspase-3 in CUR+IRI group were higher, compared with 
the IRI group (P < 0.01, P < 0.01) (Figure 4A, 4C).

Curcumin protects against the adverse side-
effects of irinotecan

Since day 2 after the first irinotecan injection, 62.5% 
(5 in 8 mice) of animals in IRI group and 50% (4 in 8 
mice) in CUR+IRI suffered from mild diarrhea. Both the 

Figure 5: Immunohistochemical staining for PRDX4 (magnification of 400 ×). A. CON group; B. CUR group; C. IRI group; 
D. CUR+IRI group; E. Quantification of PRDX4 staining as relative percentage to control. Data are represented as means ± SEM. **, P < 
0.01 vs. CON group; #, P < 0.05 vs. IRI group.

Figure 6: TUNEL staining in tumor tissue (magnification of 400 ×). Cells in brown were positive for TUNEL staining (arrows). 
A. CON group; B. CUR group; C. IRI group; D. CUR+IRI group. E. Quantification of the number of TUNEL positive apoptotic cells. Data 
are represented as means ± SEM. **, P < 0.01 vs. CON group; ##, P < 0.01 vs. IRI group.
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amount and the manifestation gradually increased in the 
next days and lasted to end point of observation. During 
the whole experiment, mice in CUR+IRI groups suffered 
less from diarrhea than the ones in IRI group (P < 0.001) 
(Figure 1D). The mice in CON and CUR groups showed 
no visible diarrhea.

Figure 7 showed the results of histological 
examinations. Mice treated with irinotecan suffered 
from a massive destruction of small intestinal mucosa 
at both the 2 different time points (8 hours and 10 days 
after the last irinotecan administration) (Figure 7A, 
7D). Pathological changes include villus shortening, 
massive destruction of epithelial layer, and cellular 
debris. Only minimal differences of visible signs of 
inflammation (such as an enhanced infiltration of 
neutrophils), could be detected between CON and CUR 
groups (Figure 7C, 7E). On the other hand, samples 

of mice treated with irinotecan and curcumin showed 
preservation of the crypts and villi and of the epithelial 
cell surface (Figure 7F).

Effect of curcumin on oxidative stress in intestine

MDA level was increased in IRI group (P < 0.01), 
which could be restored by curcumin supplement (P < 
0.01) (Figure 3D). SOD and GPx levels in intestinal tissue 
were decreased by irinotecan treatment (P < 0.01, and P < 
0.01, respectively), which could both restored by curcumin 
(P < 0.05, and P < 0.01, respectively) (Figure 3E, 3F). These 
results indicated that curcumin could increase antioxidant 
enzymes activity to ameliorate oxidative stress. Besides, we 
examined proteins which indicative of oxidative status. Both 
MnSOD and p53 were increased by irinotecan, which could 
be inhibited by curcumin supplement (Figure 8A, 8C).

Figure 7: Morphology of the intestines photographed after H&E staining (magnification of 400 ×). A. IRI group, 8 h 
after the last irinotecan administration (n=12); B. CUR+IRI group, 8 h after the last irinotecan administration (n=12); C. CON group, mice 
sacrificed on the 10th day (n=8); D. IRI group, mice sacrificed on the 10th day (n=8); E. CUR group, mice sacrificed on the 10th day (n=8); 
F. CUR+IRI group, mice sacrificed on the 10th day (n=8).
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Effect of curcumin on autophagy and 
mitochondrial dynamics in intestine

As shown in Figure 9, irinotecan-treatment 
increased the number of intracellular autophagosomes in 
intestinal mucous epithelial cells, accompanied by over-
expression of Atg7 and LC3B proteins (Atg7: P < 0.01, 
LC3B: P < 0.01) (Figure 5D, 5E), the well-known markers 
of autophagy. Compared with the IRI group, cells from 
CUR+IRI group exhibited an obvious decrease in the 
number of intracellular autophagosomes. This decrease 
was associated with decreased expression of Atg7 and 
LC3B proteins (Atg7: P < 0.05, LC3B: P < 0.05) (Figure 
5D, 5E).

According to the results of Western blotting, we 
found that irinotecan decreased PGC-1α (a kind of 
transcriptional co-activator essential to mitochondrial 

biosynthesis) expression level (P < 0.01), which could 
be restored by curcumin supplement (P < 0.05) (Figure 
5A, 5B). It was similar to results of diarrhea assessment 
of animals. As shown in Table 1, mitochondrial fusion-
related genes (Mnf1, Mnf2 and Opa1) presented lower 
expression in intestinal tissue samples of IRI group 
compared with CON group, while the mitochondrial 
fission-related genes (Drp-1 and Fis-1) presented 
higher. It revealed that mitochondrial fusion was 
inhibited while fission was stimulated in mice with 
irinotecan treatment. The changes of Mnf-1, Mnf-2, 
Drp-1 and Fis-1 could be restored if the IRI mice were 
treated with curcunmin supplementation. Together, 
these results suggest that curcumin may inhibit 
irinotecan-induced autophagy in intestinal mucous 
epithelial cells by restoring the mitochondrial 
dynamics.

Figure 8: Effects of irinotecan and/or curcumin treatment on mitochondrial biogenesis and autophagy activation. 
Expression of proteins PGC-1α, MnSOD, p53, Atg-7 and LC3B were determined by western blotting in intestinal tissues. GAPDH was 
used as internal control. A, B, C. Protein levels of PGC-1α, MnSOD and p53 (A, Western blot images; B, C, statistical results); D, E. 
Protein levels of Atg-7 and LC3B (D, Western blot images; E, statistical results). Data are represented as means ± SEM. *, P < 0.05 vs. 
CON group; **, P < 0.01 vs. CON group; #, P < 0.05 vs. IRI group; ##, P < 0.01 vs. IRI group.
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DISCUSSION

This study showed, for the first time, the synergetic 
effect of curcumin and irinotecan on colorectal cancer, 
and the amelioration effect of curcumin on irinotecan-
induced diarrhea in xenograft model. We demonstrated 
that curcumin supplementation potentiates the antitumor 
effects of irinotecan in treatment of colorectal cancer 
via apoptosis activation. The severity of irinotecan 
related-diarrhea might correlate with the accumulation of 
reactive oxygen species (ROS), and the curcumin restores 
intestinal epithelial cell (IEC) damage and mitochondria 
dysfunction.

It has been proved that curcumin could enhance the 
anti-tumor efficacy of the chemotherapeutic agents (such 
as celecoxib, phenethyl isothiocyanate, gemcitabine, 
dasatinib, 5-FU, oxaliplatin) on colorectal cancer cell 
[21]. The mechanisms involved down-regulation of the 
epidermal growth factor receptor (EGFR) and insulin-
like growth factor 1 receptor (IGF-1R), and miRNA-
induced suppression of epithelial-to-mesenchymal 
transition (EMT) as well [24–26]. Previously, we 
reported that curcumin could enhance the efficacy of 
irinotecan-induced apoptosis colorectal cancer LoVo 
cells in vitro [20]. We also performed preliminary 

experiment of curcumin dose in vivo, which showed 
that high dose (1,000mg/kg, daily, 15 days) curcumin 
oral administration remarkably inhibited growth of 
the xenograft tumors than low-dose (250mg/kg, daily, 
15 days) or medium-dose (500mg/kg, daily, 15 days), 
without adverse side-effects (Supplement 1). In this 
study, we demonstrated that the combination of curcumin 
with irinotecan markedly inhibited the growth in vivo, 
and investigated the possible underlying mechanism.

By determinating irinotecan and SN-38 
concentrations of plasma and intestinal tissue, we found 
no significant differences between animals in IRI group 
and CUR+IRI group, which indicated that the effects of 
irinotecan are unimpaired in curcumin-treated animals. 
Tumor volume and tumor weight revealed that curcumin 
and/or irinotecan treatments could strongly inhibit the 
growth of fully established LoVo tumor xenografts. 
Especially, the combinatorial treatment significantly 
suppressed the tumor growth without nonspecific toxicity, 
compared with the IRI and CUR groups.

PRDX4 contributes to cell survival by anti-
oxidant activity against ROS. Reducing PRDX4 
expression significantly decreased tumor cell growth 
due to the increased levels of ROS, DNA damage, and 
apoptosis [22]. In our study, results of biochemical 

Figure 9: Detection of autophagosome in intestinal tissue by transmission electron microscope (arrows). A. CON group; 
B. CUR group; C. IRI group; D. CUR+IRI group.
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parameters of enhanced oxidative stress revealed 
that combinational management of curcumin and 
irinotecan accelerated oxidative stress much more 
than irinotecan treatment. What’s more, PRDX4 levels 
were significantly decreased in IRI and CUR+IRI 
groups, which might be a potential mechanism for the 
suppression of tumor growth in mice with curcumin 
supplementation.

Apoptosis is a programmed cell death and is a 
key target in the development of anti-cancer therapies. 
Anticancer drugs can also block the cell cycle and 
inhibit cell growth, while activating caspase cascades 
and modulating telomerase expression and activity [23–
25]. In this study, both the curcumin and combinatorial 
treatment could provoke apoptosis in vivo. In addition, 
combinatorial treatment significantly increased 
expression of pro-apoptotic Bax protein in tumors 
rather than irinotecan treatment, while decreased the 
anti-apoptotic protein Bcl-2. The apoptosis induction 
of LoVo tumor xenografts also involved activation 
of caspase-3 and down-regulation of pro-caspase-3. 
Caspase-3 is pivotal in cell apoptosis. The expression 
of caspase-3 was enhanced with the combinatorial 
treatment, which proved that the combination stimulates 
the activation of the apoptotic machinery. Our findings 
are consistent with studies in small cell lung cancer 
[26, 27] and leukemia [28].

Patients treated with irinotecan suffer from 
severe late diarrhea, which prevents irinotecan dose 
intensification and compromises efficacy. The exact 
mechanism of irinotecan-induced late diarrhea is 
not totally clear. But it is suggested that exposure to 
high concentrations of SN-38 produces characteristic 
mucosal changes in the intestine by inducing apoptosis 
and cell differentiation [29, 30]. The underlying 
mechanism might be associated with high levels 
of oxidative stress and inflammation generated by 
irinotecan. In this study, we established a LoVo tumor 
xenografts model to learn more about mechanism of 
irinotecan-induced diarrhea. Results of H&E staining 
revealed that irinotecan resulted in severe small 
intestinal mucosa damage morphologically, which could 
be ameliorated by curcumin supplementation. The result 

of biochemical parameters in serum and in intestinal 
tissue showed that irinotecan could induce high ROS 
production, which is consistent with previous reports 
[7, 31]. The increase levels of MnSOD and p53 in 
intestinal tissues further determined. We hypothesized 
that oxidative stress causes by irinotecan could induce 
mucosal damage, and finally leads to late diarrhea.

Since mitochondria are a major source of ROS 
in cells, we focused on mitochondrial dynamics in our 
study. Mitochondrial quality control process included 
mitogenesis and mitophagy. Mitochondrial perturbations 
caused by oxidative stress have been intimately linked to 
autophagy/mitophagy. Removal of damaged mitochondria 
by mitophagy is critical for maintaining mitochondrial 
quality control [32] and cellular homeostasis [33]. 
Peroxisome proliferator-activated receptor gamma co-
activator 1 (PGC-1) is a superfamily of transcriptional co-
activators which are important precursors to mitochondrial 
biosynthesis. According to the result, irinotecan decreased 
PGC-1α level in intestinal tissue. Also, the autophagy 
markers Atg7 and LC3 were highly induced by irinotecan. 
Thus, we concluded that irinotecan treatment may inhibit 
PGC-1α expressin and trigger activation of mitophagy. 
In addition, mitochondrial dynamics are restored by 
coordinated fusion and fission processes [34], and 
derangements in fusion-fission could cause the formation 
of dysfunctional aberrant mitochondria [35]. The result of 
qRT-PCR showed that fusion-related genes (Mfn-1, Mfn-
2 and Opa-1) were decresed in the intestinal tissue, while 
fission-related genes (Drp-1 and Fis-1) were increased, 
which revealed derangements in mitochondrial fusion-
fission.

Curcumin has been applied to clinical therapy 
due to its effectiveness and few side effects. Curcumin 
could protect mitochondria by scavenging ROS, 
inhibiting mitochondrial swelling, increasing the 
activities of antioxidant enzymes, and ameliorating 
mitochondrial dysfunction ultimately by improving 
energy metabolism [36–38]. What’s more, it has 
been reported that curcumin could relieve HIV-
related diarrhea by decreasing mucosal permeability 
through mucosal inflammatory pathways [19]. In 
this study, we demonstrated that curcumin could 

Table 1: Fusion and fission-related genes mRNA expression

CON IRI CUR CUR+IRI

Mfn-1 1.000 0.596 ± 0.036** 1.156 ± 0.117** 0.962 ± 0.280## 

Mfn-2 1.000 0.691 ± 0.258** 1.045 ± 0.086 0.907 ± 0.067##

Opa-1 1.000 0.843 ± 0.151** 1.024 ± 0.115 0.748 ± 0.245

Drp-1 1.000 2.456 ± 0.264** 0.959 ± 0.286 1.724 ± 0.098##

Fis-1 1.000 1.514 ± 0.464** 1.001 ± 0.258 1.118 ± 0.218#

**, P < 0.01 vs. CON group; #, P < 0.05 vs. IRI group; ##, P < 0.01 vs. IRI group.
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ameliorate irinotecan-induced diarrhea by anti-
oxidation. Our findings suggested that oxidative stress 
caused by irinotecan could be restored by curcumin 
supplementation. The increase of PGC-1α level and 
the decrease of autophagy markers (Atg7 and LC3) 
revealed that curcumin could ameliorate mitogenesis 
and mitophagy in intestinal tissue. In addition, 
curcumin may promote mitochondrial fusion and inhibit 
fission, according to the qRT-PCR results. These results 
were consistent to previous studies which elaborated 
relationship between mitochondrial dynamics and 
mitochondria physiology [34, 39].

The findings presented here suggest for the first 
time that curcumin enhances the efficacy of irinotecan-
based chemotherapy in colorectal cancer and relieves 
the symptoms of irinotecan-related diarrhea in 
xenograft model. Our results reveal that curcumin 
could improve oxidative stress damage of intestinal 
epithelium by restoring mitochondrial dynamics. 
Besides, combination treatment enhances the efficacy 
of irinotecan in the LoVo xenograft model. Currently, 
safe agents which improve the efficacy without 
increasing side effects in combinatorial regimens are 
urgently needed in chemotherapy. These findings may 
demonstrate an accessible combinatorial strategy of 
colorectal cancer.

MATERIALS AND METHODS

Cell line and cell culture

Colorectal cancer LoVo cells (ATCC, USA) were 
purchased from the Type Culture Collection of the Chinese 
Academy of Sciences, Shanghai, China. The LoVo cells were 
cultured as monolayers in RPMI 1640 medium (Gibco, USA) 
supplemented with 10% fetal bovine serum (Gibco, Brazil) 
and 1% penicillin/streptomycin. Cells were grown at 37°C in 
a humidified atmosphere containing 5% CO2.

Animals

Specific pathogen-free BALB/c-nude female 
mice (6 weeks old, 20~22g) were obtained from the 
Experimental Animal Center of Southern Medical 
University, China (Approval No. SCXK (Yue) 2011-
0015). The mice were housed were housed 4 per cage at 
a room maintained of 23°C ± 2°C with a 12h-light and 
12h-dark cycle (lights on from 7: 00 am to 7: 00 pm) and 
had ad libitum access to food and water. The mice were 
conducted in accordance with the guidelines of Care and 
Use of Laboratory Animals formulated by the Ministry of 
Science and Technology of China, and all experimental 
procedures concerned were approved by the Animal 
Ethics Committee of Southern Medical University. All 
efforts were made to minimize the number of animals 
used and their suffering.

There was 1-week acclimatization for the mice 
before the experiments. Xenograft tumors were 
generated by subcutaneous injection of 1 × 106 LoVo 
cells (in 0.2 ml phosphate-buffered saline) into the 
right flank of the mice. Tumor volume was measured 
with the aid of a ruler and calculated according to 
the formula: (π/6) (length × width2). Treatment was 
delivered once the tumor size reached 80~100 mm3, 
from day 8 to 10 after cell inoculation. Animals with 
an accidental death or insufficient tumor development 
were screened out. Animals were randomly divided into 
four groups: (i) Control (vehicle, CON group, n=8), (ii) 
Irinotecan (100 mg/kg daily for 4 consecutive days, 
IRI group, n=20, 12 of which for irinotecan and SN-38 
assay), (iii) Curcumin (1,000 mg/kg daily, CUR group, 
n=8) or (iv) Curcumin and irinotecan (CUR+IRI group, 
n=20, 12 of which for irinotecan and SN-38 assay). The 
irinotecan treatments were injected intraperitoneally 
100 mg/kg daily for the first 4 consecutive days. 
Curcumin was emulsified in a 0.9% saline solution 
and Tween 20 at a dose of 1,000 mg/kg body weight. 
Curcumin or the vehicle was administered by oral 
gavage daily since the first day, for 9 consecutive days. 
All mice were sacrificed under ether anesthesia with 
intraperitoneal injection of ketamine (80 mg/kg) and 
xylazine (4 mg/kg) on the 10th day. Blood samples of 
the mice were respectively collected in tubes by heart 
puncture. Tumors and intestinal tissues were collected 
rapidly under standard conditions. Serum was separated 
by centrifugation at 3000 rpm at 4°C for 10 min. 
Tissues were isolated immediately, stored at -80°C until 
further use.

Animals have been monitored daily during the 
period. Tumor volume and body weight were measured 
(as described above) and recorded every day. Severity of 
diarrhea was scored independently by two experienced 
researchers according to the stool consistency score (0: 
normal, 1: loose stool, 2: loose/some diarrhea, 3: diarrhea, 
4: severe watery diarrhea) [40]. Before every stool 
consistency measurement clean white tissues were placed 
at the bottom of the cage to allow determination of the 
consistency of the stool. Results are expressed as mean 
± SEM.

For irinotecan and SN-38 assay, blood samples (0.5 
mL on average) were withdrawn by heart puncture of mice 
in IRI and CUR+IRI groups (3 mice in each group for each 
time), and collected in heparinized tubes at 1, 2, 4 and 
8 h after the last irinotecan administration. After the last 
blood sampling, the 24 mice were sacrificed. The intestinal 
tissues were isolated immediately for concentrations 
determination.

PRDX4 expression by immunohistochemistry

The tumor samples harvested for histological 
study were paraffin embedded and serially sectioned 
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(4μm). Then tissue sections were processed by 
de-paraffining, rehydrating through an alcohol 
gradient, peroxidase clearing, antigen retrieval and 
blocking, antibody binding, 3,3’-diaminobenzidine 
tetrahydrochloride (DAB) staining, washing with 
distilled water, hematoxylin staining, niacin alcohol 
differentiation, dilute ammonia bluing, incremental 
graded alcohol dehydration, xylene and conventional 
resin mounting. The primary antibody was rabbit-
anti-human PRDX4 monoclonal antibody (1:50, 
Santa Cruz Biotechnology), and the secondary biotin-
labeled antibody was used at 1:200. Streptavidin was 
labeled with horseradish peroxidase at 1:200 for color 
development. The Integral Optical Density (IOD) was 
quantified with Image Pro Plus (at least 3 random fields 
of each section, 20–30 randomly chosen fields for each 
group). The index of MOD (IOD /area) was used to 
reflect the expression of PRDX4.

TdT-mediated dUTP nick-end labeling (TUNEL) 
assay

Paraffin-embedded sections were stained using the 
in situ apoptosis detection TUNEL kit (Promega, USA) 
following manufacturer’s instructions. Sections were 
then counter stained with hematoxylin. The results were 
recorded under light microscope (magnification of 400 ×). 
The number of TUNEL positive cells in a given visual 
field was enumerated by manual counting (at least 3 
random fields of each section, 20 to 30 randomly chosen 
fields for each group).

Morphological assessment of intestinal tissues

Intestinal tissues of the 24 mice sacrificed 8h after 
the last irinotecan-treatment and the rest mice sacrificed 
on the last day were both performed histological 
examinations. The isolated intestinal tissues were 
flushed with PBS, and then were respectively fixed 
in 10% (v/v) neutral buffered formalin, and then 
were trimmed, embedded in paraffin, sectioned at 
4–6μm thickness using a Leica rotation microtome, 
finally stained with hematoxylin and eosin (H&E) for 
histopathological evaluation. Subsequent examination 
was processed by light microscopy (Nikon Mikrophot-
FXA).

The autophagy of intestinal tissues was evaluated 
by autophagosome screening under transmission electron 
microscope. The isolated intestinal tissues from the mice 
sacrificed on the last day were flushed with PBS and fixed 
in 2.5% glutaraldehyde. Then the specimens were rinsed 
in 0.1mol/L phosphate buffer. After hydration by graded 
ethanol, specimens were infiltrated and embedded with 
epoxy resin. Ultra-thin slices were cut with a diamond 
knife and then examined with a transmission electron 
microscope [41].

Determination of irinotecan and SN-38 
concentrations in plasma and intestinal tissues

Blood samples were centrifuged for 10 min at 6200 
g. Plasma were harvested into clean tubes and immediately 
analysed as described before [42]. Intestinal tissue were 
collected and stored at -80°C until analysis. Each weighted 
intestinal tissue was mixed first with 50μL of acetonitrile 
and 50μL of water.

Irinotecan and SN-38 plasma concentrations 
were quantified using a HPLC method coupled 
with fluorescence detector. Quantification followed 
solidphase extraction. For analysis, 100μL of plasma 
was mixed with 200μL of acetonitrile acidified (to 1 
mL acetonitrile add 50lL acetic acid). The mixture 
was vortexed for 10s and centrifuged for 10 min at 
5000 rpm. Supernatants were harvested into clean 
tubes and then evaporated under a gentle stream of 
nitrogen at 30°C. The residue was reconstituted in 
acetonitrile/acetic acid mixture (70/30) acidified with 
trifluoroacetic acid (to 10 mL of mixture add 30 lL 
trifluoroaceticacid) and vortexed for 20 s. An aliquot 
of 100μL was then injected into the chromatographic 
system.

Chromatographic analysis was accomplished 
using a Nucleosil C18 column (4.6*125mm, 3lm) 
(Interchim, Montlucon, France) with a mobile phase 
(acetonitrile/methanol/tetra butyl ammonium 0.0025M 
pH=3.2, 22/5/73, v/v/v) delivered at a flow rate of 1.2 
mL/min. The eluent was monitored at 260 nm. The 
irinotecan and SN-38 standard curves were correctly 
described by unweighted least-square linear regression. 
Over the irinotecan (or SN-38) plasma concentration 
range of 10~2500 ng/mL (5~1250 ng/mL), the 
determination coefficient (R2) of the calibration curves 
remained > 0.99. Based on quality control samples, 
the overall relative SD (an index of precision) was less 
than 12%. The irinotecan and SN-38 lower limits of 
quantification were 10 and 5 ng/mL. Three irinotecan 
and SN-38 quality controls were prepared: low (30 and 
15 ng/mL), medium (750 and 375 ng/mL) and high 
(2000 and 1000 ng/mL).

As for intestinal tissue, irinotecan and SN-38 were 
then extracted according to the extraction protocol as 
described above [42]. The extraction was repeated four 
times. Irinotecan and SN-38 tissue concentrations were 
quantified using the HPLC with fluorescence detector. 
Calibration standards of irinotecan and SN-38 were 
prepared in drug-free tissues by spiking with concentrated 
standards to obtain a concentration range of irinotecan (or 
SN-38) between 0.5 and 50 ng/g (0.25–25 ng/g). Three 
irinotecan and SN-38 quality controls were prepared in 
drug-free tissues by spiking concentrated standards: low 
(1.5 and 0.75 ng/g), medium (7.5 and 3.75 ng/g) and high 
(40 and 20 ng/g). Irinotecan and SN-38 lower limit of 
quantification were 0.5 and 0.25 ng/g.
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Biochemical analysis related to oxidative stress

Levels of blood superoxide dismutase (SOD), 
malondialdehyde (MDA), glutathione peroxidase (GPx) 
and lactate dehydrogenase (LDH) were determined 
using commercially available kits from the Jiancheng 
Bioengineering Institute (Nanjing, China).

Part of the tumor and intestinal tissue samples 
were homogenized in ice-cold buffer (0.25 M sucrose, 
10 mM Tris–HCl, and 0.25 Mm phenylmethylsulfonyl 
fluoride; pH 7.4), and a portion of the homogenate 
was measured immediately for malondialdehyde 
(MDA) levels. Another portion of the homogenate was 
centrifuged at 15,000g for 30 min at 4°C; the supernatant 
was decanted and assayed for SOD, GPx activities. The 
SOD, GPx activities and MDA levels were determined 
according to the recommended procedures provided by 
the commercial kits (Jiancheng Bioengineering Institute, 
Nanjing, China).

Western blotting analyses

Intestinal tissues were lysed with liquid nitrogen 
and RIPA lysis buffer (Beyotime, Jiangsu, China). The 
lysates were homogenized and the homogenates were 
centrifuged at 13,000g for 15 min at 4°C. Proteins were 
isolated from cultured cells using RIPA lysis buffer 
following the same protocol. The supernatants were 
collected and protein concentrations were determined 
with a BCA Protein Assay kit (Pierce, No. 23225). 
Equal aliquots (30μg) of protein samples were applied 
to 10% SDS–PAGE gels, transferred to polyvinylidene 
fluoride (PVDF) membranes, and blocked with 5% skim 
milk TBST (Tris-buffered Saline Tween-20) buffer. The 
membranes were incubated with primary antibodies 
including anti-PGC-1, anti-MnSOD, anti-p53, anti-
pro-caspase-3, anti-PRDX4, anti-GAPDH (1:1000; 
Santa Cruz Biotechnology); anti-Bax, anti-Bcl-2, anti-
caspase-3, anti-Atg7, anti-LC3B (1:1000; Cell Signaling) 
at 4°C overnight. Then the membranes were incubated 
with anti-rabbit or anti-mouse antibodies at room 

temperature for 1 h. The protein bands of LC3B were 
captured and documented through gel image analysis 
system (ChemiDox XRS, Bio-Rad, USA); others 
were exposed by film (Nikon, Japan) in darkroom. 
The intensities of the protein bands were analyzed by 
Molecular Imaging Software Version 4.0 which was 
provided by Kodak 2000 MM System. GADPH protein 
was used as the internal control.

Quantitative RT-PCR analyses

The total RNA was extracted from the intestinal 
tissue samples and the administrated cells using 
the RNAiso Plus reagent (Takara, No. 9108) based 
on the supplier’s protocol, and quantified using a 
spectrophotometer set at 260 nm. cDNA was synthesized 
by RT reagent Kit (TaKaRa, No. RR047A) at 37°C for 
15 min and at 85°C for 5 s. Quantitative RT-PCR was 
performed using SYBR PrimeScriot RT-PCR Kit (Takara, 
No. RR820A) on a Stratagene MX3005P QRT-PCR 
system (Agilent Technologies, Santa Clara, USA). The 
primers used in the qRT-PCR reactions were shown in 
Table 2 . The thermal cycles for PCR amplification were 
carried out with an initial denaturation at 95°C for 5 
min followed by 45 cycles of denaturation (10 s, 95°C), 
annealing (10 s, 60°C for Drp-1; 60.5°C for Mfn-1, Opa-1 
and GAPDH; 61°C for Mfn-2; and 62°C for Fis-1) and 
extension (12 s, 72°C).

Statistical analyses

Quantitative data are presented as means ± 
SEM. The data were analyzed by homogeneity test for 
variance firstly. If the data were homoscedasticity, the 
significance of the mean difference was determined 
by one-way ANOVA, followed by a LSD-t test for 
multigroup comparisons. Otherwise, it was determined 
by Tamhane’s T2 test. All the statistical analyses were 
performed using SPSS 13.0 statistical software (SPSS, 
Chicago, IL, USA). A P value < 0.05 was considered 
statistically significant.

Table 2: Primers and conditions used for RT-PCR

Gene Forward primer (5'-3'),  
reverse primer (5'-3')

T-An.(°C) Gene Forward primer (5'-3'),  
reverse primer (5'-3')

T-An.
(°C)

Mfn-1 ATGGCAGAAACGGTATCTCCA
CTCGGATGCTATTCGATCAAGTT 60.5 Drp-1 CAGGAATTGTTACGGTTCCCTAA

CCTGAATTAACTTGTCCCGTGA 60

Mfn-2 CTGGGGACCGGATCTTCTTC
CTGCCTCTCGAAATTCTGAAACT 61 Fis-1 TGTCCAAGAGCACGCAATTTG

CCTCGCACATACTTTAGAGCCTT 62

Opa-1 TGGAAAATGGTTCGAGAGTCAG
CATTCCGTCTCTAGGTTAAAGCG 60.5 GAPDH TGGATTTGGACGCATTGGTC

TTTGCACTGGTACGTGTTGAT 60.5

T-An.: annealing temperature; Mfn-1: mitofusin 1; Mfn-2: mitofusin 2; Opa-1: optic atrophy 1; Drp-1: dynamin-related 
protein q; Fis-1: mitochondrial fission 1 protein.
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