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ABSTRACT

Background. Inflammation has been demonstrated to

promote cancer metastasis. Due to the well-known sys-

temic inflammatory responses (SIR) after major surgery, it

is critical to investigate and attenuate SIR-induced tumor

metastasis of cancer patients suffering surgical procedures.

Methods. C57BL/6 mice were intravenously injected with

Lewis lung cancer cells at 6, 24, and 72 h after the

induction of intestinal ischemia/reperfusion (I/R) injury.

We found that the number of tumor nodules significantly

increased in lungs of mice injected with cancer cells at 6 h

but not at 24 and 72 h after I/R injury. The administration

of nicaraven 30 min before and 24 h after I/R injury

effectively attenuated the enhanced tumor metastasis to

lungs. Protein array showed the increase of various

cytokines in plasma of mice at 6 h after I/R injury, but

many of them were attenuated by the administration of

nicaraven. Immunostaining indicated the increase of

Ly6g-, CD206-, and CD11c-positive inflammatory cells in

the lungs, but it was also attenuated by nicaraven

administration.

Conclusions. Postoperative SIR-induced tumor metastasis

have been clearly evidenced in our experimental model,

and the administration of nicaraven may ameliorate the

SIR-induced tumor metastasis by suppressing inflamma-

tory responses.

Metastatic development is the most common causes of

death for cancer patients.1,2 It has recently been demon-

strated that excessive production of cytokines/chemokines

and the increased infiltration of inflammatory cells promote

cancer metastasis to the lungs.3

Beyond bacterial/viral infections, systemic inflamma-

tory responses (SIR) can be widely caused by various

pathological conditions, such as major surgery and other

noninfectious severe damages/injuries of tissues/organs.

Because surgical resection is one of the most effective

treatments for cancer and some cancer patients also may

suffer to surgical procedures due to other severe diseases, it

is critical to investigate whether extensive surgical proce-

dures promote cancer metastasis. If so, it also is highly

required to find potential intervention treatment.

Nicaraven, a powerful free radical scavenger, has been

demonstrated to effectively protect against ischemia–

reperfusion (I/R) injury of various tissues/organs.4–6 We

have recently further demonstrated that nicaraven attenu-

ates the enhanced tumor metastasis to lungs after thoracic

radiation exposure, which likely associates with the

decreased cytokines/chemokines in plasma and the infil-

tration of inflammatory cells in lungs.3 Taking the anti-

inflammatory role of nicaraven into consideration, it is

quite possible that nicaraven also inhibits the SIR-induced

cancer metastasis after major surgery.

Using an intestinal I/R injury model in mice, we

investigated the postoperative SIR-induced tumor metas-

tasis. Our data have confirmed the postoperative SIR-

induced lung metastasis, which effectively ameliorated by

temporarily administration with nicaraven.� The Author(s) 2019
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MATERIALS AND METHODS

Cell Culture

Mouse Lewis lung carcinoma (LLC) cells used for the

experiments were maintained in Dulbecco’s modified

Eagle’s medium (DMEM) (Wako, Japan) supplemented

with 10% fetal bovine serum and 1% penicillin/strepto-

mycin (Gibco, USA) at 37 �C in a humidified incubator

under 5% CO2 and 95% air.

Experimental Animals

C57BL/6 male mice (CLEA, Japan), 9 to 12 weeks old,

were used in this study. The animals were bred in specific,

pathogen-free conditions and were allowed free access to

food and water in a temperature-controlled environment

with a 12:12-h light–dark cycle. All experiments were

approved by the Institutional Animal Care and Use Com-

mittee of Nagasaki University (No. 1608251335-9), and

animal procedures were performed in accordance with

institutional and national guidelines. At the end of the

experiments, mice were administered general anesthesia by

an intraperitoneal injection of mixed anesthetic (0.75 mg/

kg medetomidine, 4 mg/kg midazolam, 5 mg/kg butor-

phanol) and euthanized by severing the aorta.

Intestinal I/R Injury and Experimental Lung Cancer

Metastasis Models

Intestinal I/R injury model was established as previously

described.7,8 Briefly, the mice were deprived of food and

water for 8 h before experimental procedures in which

mice were implemented under a heating lamp to preserve

the body temperature. Mice were received laparotomy, a

1.5-cm medial abdomen incision, under general anesthesia.

The terminal collateral branches of superior mesenteric

artery were ligated for 45 min using several non-traumatic

microvascular clamps and then followed by reperfusion

(n = 12, IR group). Healthy mice received laparotomy only

were used as the control (n = 12, LP group).

Experimental lung cancer metastasis were induced to

mice by intravenous injection with LLC cells (5 9 105

cells in 0.5 ml of saline) at 6, 24, and 72 h after surgical

procedures. Animals were sacrificed 5 weeks later, and

lung tissues were excised and weighed. We also counted

tumor nodules on the surface of lungs.

Nicaraven Administration

To investigate whether nicaraven attenuates intestinal

I/R injury-induced cancer metastasis, mice were intra-

venously injected with LLC cells at 6 h after intestinal I/R

injury, and then randomly received intraperitoneal injec-

tion with 100 mg/kg of nicaraven (n = 6, IR ? N group) or

saline (n = 6, IR group) 30 min before and 24 h after

surgical procedures. For another control, mice were injec-

ted with LLC cells at 6 h after laparotomy and then given

saline injections (n = 6, LP group). All animals were sac-

rificed 5 weeks later, and lung tissues were excised and

weighed. We counted tumor nodules on the surface of

lungs.

Proteome ProfilerTM Array

To explore the mechanism, mice were randomly

received intraperitoneal injection with 100 mg/kg of

nicaraven (n = 3, IR ? N group) or saline (n = 3, IR

group) 30 min before and immediately after intestinal I/R

injury. Mice received laparotomy and saline injection were

also used for control (n = 3, LP group). We killed the mice

and collected the plasma and lung tissues (for

immunofluorescence stainings) at 6 h after treatments. We

mixed the plasma from three mice of each group, and the

average levels of cytokines in plasma were compared

among groups using mouse cytokine Proteome ProfilerTM

array (ARY006, R&D Systems) per manufacturer’s

instructions. Briefly, premixed plasma/antibody cocktails

were incubated with blocked membranes overnight at 4 �C
on a rocking platform shaker. After three washes, mem-

branes were incubated with diluted streptavidin-HRP for

30 min and washed three times. Images of the blots were

acquired, and semiquantitative analyses of cytokine or

chemokine spots were performed using an ImagequantTM

LAS-4000 mini biomolecular imager (GE Healthcare Bio-

Sciences).

Immunofluorescence Stainings

To detect the infiltration of inflammatory cells, lung

tissues embedded in Tissue-Tek� O.C.T. compound were

cut into 8-lm-thick sections for immunofluorescence

staining. Briefly, frozen sections were fixed with 4% for-

malin (Wako) for 10 min at 4 �C. After blocking, tissue

sections were incubated with rat anti-mouse Ly6 g anti-

body (1:100 dilution, Abcam), goat anti-mouse CD206

antibody (1:100 dilution, R&D Systems), and mouse anti-

mouse CD11c antibody (1:150 dilution, Abcam) overnight

at 4 �C. After washing, tissue sections were incubated with

Alexa Fluorescent 594-conjugated anti-rat Ig (1:400 dilu-

tion), Alexa Fluorescent 488-conjugated anti-goat Ig

(1:200 dilution), and Alexa Fluorescent 546 anti-mouse Ig

(1:400 dilution) secondary antibodies, respectively, at

room temperature for 1 h in the dark. The immunofluo-

rescence was examined under microscope (Olympus).
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Statistical Analysis

All the values were presented as the mean ± SD. Sta-

tistical significance was determined by one-way analysis of

variance (ANOVA) followed by Tukey’s test (Dr. SPSS II,

Chicago, IL). A p value\ 0.05 was accepted as significant.

RESULTS

Intestinal I/R Injury Significantly Promoted Tumor

Metastasis to Lungs

As shown in the schematic timeline of Fig. 1a about the

experimental protocol, we intravenously injected with LLC

cells to mice at 6, 24, and 72 h after intestinal I/R injury or

sham laparotomy and examined tumor metastasis in lungs

5 weeks later. Compared with sham laparotomy, our data

showed that the number of tumor nodules on the surfaces

of lungs was significantly higher in mice only when we

injected the LLC cells at 6 h but not at 24 and 72 h after

intestinal I/R injury (Fig. 1b, c).

Nicaraven Administration Attenuated Lung Metastasis

Induced by Intestinal I/R Injury

To investigate whether nicaraven effectively attenuates

the intestinal I/R injury-induced lung metastasis, we

intraperitoneally injected nicaraven to mice 30 min before

and 24 h after intestinal I/R injury (Fig. 2a). As expected,

the number of tumor nodules in lungs were significantly

increased if we injected the LLC cells to mice at 6 h after

intestinal I/R injury, but the enhanced tumor metastasis was

almost attenuated by nicaraven administration (Fig. 2b–d).

Nicaraven Administration Inhibited the Systemic

Inflammatory Cytokines in Mice After Intestinal I/R

Injury

To explore the mechanism, we given nicaraven to mice

30 min before and soon after I/R injury and evaluated the

average levels of inflammatory cytokines in plasma of

three mice from each group by proteome ProfilerTM array

at 6 h after treatments (Fig. 3a). Compared with the mice

received laparotomy, the average levels of various

inflammatory cytokines in plasma, such as CXCL13,

G-CSF, M-CSF, IL-16, TIMP-1, and TNF-a, were detected
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FIG. 1 Lung metastasis in mice received intravenous injection with

Lewis lung cancer cells at 6, 24 and 72 h after intestinal I/R injury

(IR) or laparotomy (LP). a Schematic diagram about the timeline of

the experimental protocol. b Representative images show the tumor

nodules in lungs. Quantitative data on the weight of whole lung

tissues (c) and the numbers of tumor nodules in lungs (d). Data are

presented as the mean ± SD, n = 4 in each group
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higher in the mice suffered to intestinal I/R injury (Fig. 3b,

c), suggesting the systemic inflammatory responses after

intestinal I/R injury. However, nicaraven administration

almost inhibited the release of these inflammatory cytoki-

nes induced by intestinal I/R injury (Fig. 3b, c).

Nicaraven Administration Reduced the Inflammatory

Cells in Lung Tissues of Mice aFter Intestinal I/R Injury

Immunofluorescence staining was performed to detect

the infiltration of inflammatory cells in lung tissues at 6 h

after treatments. As shown in the representative images

(Fig. 4), the Ly6g-, CD206-, and CD11c-positive inflam-

matory cells were highlighted within lung tissues of mice

suffered to intestinal I/R injury in comparison with mice

received laparotomy only. However, the infiltration of

Ly6g-, CD206-, and CD11c-positive inflammatory cells

was obviously reduced by nicaraven administration.

DISCUSSION

Extensive surgical procedures are generally known to

cause SIR with an increased systemic inflammatory cyto-

kines.9 As a hyperinflammatory microenvironment has

been demonstrated to promote tumor metastasis, we

investigated whether major surgical procedures also pro-

moted tumor metastasis.10–13 Recently, we have found that

nicaraven, a hydroxyl radical-specific scavenger, effec-

tively protects normal tissue cells against radiation-induced

injuries by suppressing the expression of inflammatory

Ly6g

LP IR IR+N

CD206

CD11c

FIG. 4 The infiltration of inflammatory cells in lung tissues.

Representative images of immunofluorescence staining show the

Ly6g-, CD206-, and CD11c-positive inflammatory cells within lung

tissues. Nuclei were counterstained with 40,6-diamidino-2-

phenylindole (DAPI, blue). LP laparotomy; IR ischemia

reperfusion; IR ? N IR with nicaraven administration
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cytokines/chemokines.3,14 Therefore, we also tested whe-

ther nicaraven could attenuate postoperative SIR-induced

tumor metastasis.

As expected, many cytokines/chemokines were obvi-

ously increased in plasma of mice at 6 h after intestinal I/R

injury, suggesting systemic inflammatory responses. Using

an experimental metastasis model, the number of tumor

nodules were increased in lungs when the cancer cells were

injected into the mice at 6 h but not at 24 and 72 h after

intestinal I/R injury. Although we did not investigate the

kinetics of cytokines/chemokines at systemic and regional

levels, a particular time window on postoperative SIR-in-

duced tumor metastasis might be associated with the

dynamic changes of inflammatory responses following

intestinal I/R injury.

Agreed well with the results of our previous studies,3,15

the administration of nicaraven to mice 30 min before and

immediately after intestinal I/R injury decreased the levels

of some cytokines/chemokines, such as TNF-a and CXCL1

in plasma and reduced the infiltration of Ly6 g? neu-

trophils and CD206?/CD11c? macrophages in lungs.

Moreover, the enhanced tumor metastasis in lungs of mice

suffered to intestinal I/R injury was almost completely

attenuated by nicaraven administration. The timing and

dosage of nicaraven administration were based on our past

studies, but it was required to be further validated by

additional experiments.3,10,15

Increasing evidences have shown the relationship

between inflammatory cytokines/cells and tumor metastasis

in recent years. It has been reported that TNF-a enhances

tumor invasiveness and alters the tumor microenvironment

to promote metastasis.16 CXCL1/CXCR2 signaling path-

way is also known to regulate tumor growth and promote

tumor metastasis.17,18 Recent study has further demon-

strated that Ly6g? neutrophils specifically support

metastatic initiation in premetastatic site.12 The CD206?/

CD11c? macrophages have been classified as protumoral

and proinflammatory macrophages.19,20 Although the lack

of direct evidence about the causal relationship between

tumor metastasis and inflammatory responses following I/R

injury in the present study, it is reasonable to speculate that

nicaraven effectively attenuates postoperative SIR-induced

tumor metastasis through the inhibition of inflammatory

responses.

This study had some limitations. First, we did not

measure the circulating neutrophils/lymphocytes and the

levels of cytokines/chemokines in lung tissues. Therefore,

it is unclear about the detailed mechanism on the increased

infiltration of inflammatory cells in lungs of mice suffered

to intestinal I/R injury. Second, we did not verify our

finding by further interventional experiments, such as the

blockade of specific cytokines/chemokines and signaling

pathways, which will help us to identify the key cytokines/

chemokines and inflammatory cells in promoting tumor

metastasis. Otherwise, we did not evaluate the morpho-

logical and functional changes in endothelial cells, which is

known to also play critical role in experimental tumor

metastasis.

CONCLUSIONS

Our experimental data in an intestinal I/R injury model

confirmed postoperative SIR-induced tumor metastasis at

an acute phase. Temporary administration of nicaraven

effectively inhibited inflammatory responses and attenu-

ated postoperative SIR-induced tumor metastasis.

Considering the well-documented safety profile and anti-

inflammatory effect, nicaraven may be a potentially

effective agent for cancer patients who suffered to surgical

procedures.4

ACKNOWLEDGMENT This study was mainly supported by

Japan Agency for Medical Research and Development, a Grant-in-

Aid from the Ministry of Education, Science, Sports, Culture and

Technology, Japan, and partially by the Jiangxi Province Program of

the Preponderant Team Building in Science and Technology Inno-

vation (No. 20161BCB24011), China. The funders had no role in

study design, data collection and analysis, decision to publish, or

preparation of the manuscript.

DISCLOSURE The authors declare no competing financial

interests.

OPEN ACCESS This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate

if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

REFERENCES

1. Eccles SA, Welch DR. Metastasis: recent discoveries and novel

treatment strategies. Lancet. 2007;369(9574):1742–1757.

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next gen-

eration. Cell. 2011;144(5):646–674.

3. Yan C, Luo L, Urata Y, Goto S, Li TS. Nicaraven reduces cancer

metastasis to irradiated lungs by decreasing CCL8 and macro-

phage recruitment. Cancer Lett. 2018;418:204–210.

4. Asano T, Takakura K, Sano K, et al. Effects of a hydroxyl radical

scavenger on delayed ischemic neurological deficits following

aneurysmal subarachnoid hemorrhage: results of a multicenter,

placebo-controlled double-blind trial. J Neurosurg.

1996;84(5):792–803.

Nicaraven Attenuates Postoperative Systemic Inflammatory Responses-Induced Tumor Metastasis 1073

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


5. Alam MS, Ku K, Yamauchi M, et al. Protective effects of

nicaraven, a new hydroxyl radical scavenger, on the endothelial

dysfunction after exposure of pig coronary artery to hydroxyl

radicals. Mol Cell Biochem. 1998;178(1–2):237–243.

6. Yokota R, Fukai M, Shimamura T, et al. A novel hydroxyl radical

scavenger, nicaraven, protects the liver from warm ischemia and

reperfusion injury. Surgery. 2000;127(6):661–669.

7. Gubernatorova EO, Perez-Chanona E, Koroleva EP, Jobin C,

Tumanov AV. Murine model of intestinal ischemia-reperfusion

injury. J Vis Exp. 2016;111:53881.

8. Shafik AN. Febuxostat improves the local and remote organ

changes induced by intestinal ischemia/reperfusion in rats. Dig

Dis Sci. 2013;58(3):650–659.

9. Lin E, Calvano SE, Lowry SF. Inflammatory cytokines and cell

response in surgery. Surgery. 2000;127(2):117–126.

10. Brochner AC, Toft P. Pathophysiology of the systemic inflam-

matory response after major accidental trauma. Scand J Trauma

Resusc Emerg Med. 2009;17:43.

11. Coffelt SB, Kersten K, Doornebal CW, et al. IL-17-producing

gammadelta T cells and neutrophils conspire to promote breast

cancer metastasis. Nature. 2015;522(7556):345–348.

12. Wculek SK, Malanchi I. Neutrophils support lung colonization of

metastasis-initiating breast cancer cells. Nature.

2015;528(7582):413–417.

13. Quail DF, Joyce JA. Microenvironmental regulation of tumor

progression and metastasis. Nat Med. 2013;19(11):1423–1437.

14. Ali H, Galal O, Urata Y, et al. The potential benefits of nicaraven

to protect against radiation-induced injury in hematopoietic stem/

progenitor cells with relative low dose exposures. Biochem Bio-

phys Res Commun. 2014;452(3):548–553.

15. Kawakatsu M, Urata Y, Imai R, et al. Nicaraven attenuates

radiation-induced injury in hematopoietic stem/progenitor cells in

mice. Plos One. 2013;8(3):e60023.

16. Ham B, Fernandez MC, D’Costa Z, Brodt P. The diverse roles of

the TNF axis in cancer progression and metastasis. Trends

Cancer Res. 2016;11(1):1–27.

17. Kim MY, Oskarsson T, Acharyya S, et al. Tumor self-seeding by

circulating cancer cells. Cell. 2009;139(7):1315–1326.

18. Acharyya S, Oskarsson T, Vanharanta S, et al. A CXCL1 para-

crine network links cancer chemoresistance and metastasis. Cell.

2012;150(1):165–178.

19. Biswas SK, Mantovani A. Macrophage plasticity and interaction

with lymphocyte subsets: cancer as a paradigm. Nat Immunol.

2010;11(10):889–896.

20. Fink LN, Costford SR, Lee YS, et al. Pro-inflammatory macro-

phages increase in skeletal muscle of high fat-fed mice and

correlate with metabolic risk markers in humans. Obesity (Silver

Spring). 2014;22(3):747–757.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

1074 X. Zhang et al.


	Nicaraven Attenuates Postoperative Systemic Inflammatory Responses-Induced Tumor Metastasis
	Abstract
	Background
	Methods
	Conclusions

	Materials and Methods
	Cell Culture
	Experimental Animals
	Intestinal I/R Injury and Experimental Lung Cancer Metastasis Models
	Nicaraven Administration
	Proteome Profilertrade Array
	Immunofluorescence Stainings
	Statistical Analysis

	Results
	Intestinal I/R Injury Significantly Promoted Tumor Metastasis to Lungs
	Nicaraven Administration Attenuated Lung Metastasis Induced by Intestinal I/R Injury
	Nicaraven Administration Inhibited the Systemic Inflammatory Cytokines in Mice After Intestinal I/R Injury
	Nicaraven Administration Reduced the Inflammatory Cells in Lung Tissues of Mice aFter Intestinal I/R Injury

	Discussion
	Conclusions
	Acknowledgment
	References




