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potential pathogenic species, such as Alistipes, Allobacullum, 
Dorea, Odoribacter, Parabacteroides and Ruminococcus,35–37 
were significantly depleted in mice treated with L. gallinarum, 
L. reuteri is known to suppress inflammation- associated colon 
carcinogenesis by producing histamine.38 Thus, L. gallinarum 
suppresses CRC at least in part through enriching abundances of 
probiotics and depleting potential CRC pathogens. Gut micro-
biota plays a critical role in CRC tumourigenesis. Our previous 
study showed that transplantation of faeces from patients with 
CRC can promote tumourigenesis in germ- free mice and AOM- 
treated mice.39 Another study demonstrated that transplanta-
tion of faecal samples from AOM/DSS mice to germ- free mice 
led to increased tumour development compared with those 
harbouring faecal samples from naïve healthy mice.40 These 
studies suggest that gut dysbiosis contributes to tumour suscepti-
bility and alteration of the intestinal microbiota is an important 
determinant of colon tumourigenesis. Meanwhile, some studies 
found that probiotics can alter the composition of microbiota 
to alleviate cancer progression. For example, Lactobacillus sali-
varius Ren could suppress CRC tumourigenesis via modulating 
intestinal microbiota.41 42 These findings collectively inferred 

that probiotics like L. gallinarum suppress CRC development 
through modulating gut microbial composition.

We also demonstrated that metabolites produced by L. galli-
narum could suppress CRC cell viability through inducing apop-
tosis. Using metabolomic analysis, we found that L. gallinarum 
could produce L- tryptophan and convert L- tryptophan to its 
catabolites. We further identified that ILA, one of the L- trypto-
phan catabolites, was significantly increased in both LGCS and 
faecal samples of L. gallinarum- treated ApcMin/+ mice. ILA inhib-
ited CRC cell viability in vitro and suppressed intestinal tumour 
development in vivo. A recent report suggested that L- trypto-
phan catabolites generated by the gut microbiota are important 
contributors in maintaining intestinal homeostasis.21 ILA was 
identified as a metabolite of breastmilk tryptophan, secreted 
by the probiotic Bifidobacterium longum to prevent inflamma-
tion.23 Production of ILA from gut microbes was reported to 
alleviate colitis in mice through inhibiting epithelial autophagy.43 
ILA was also found to have regulatory effect on intestinal innate 
immunity, which plays a specific role in host- microbe crosstalk. 
CRC is influenced by the balance between microbial production 
of health- promoting metabolites (eg, short- chain fatty acids) and 

Figure 7 L. gallinarum produces and catabolises L- tryptophan to release ILA to protect against CRC. Targeted metabonomics on L- tryphtophan 
were performed on different culture supernatants and faecal samples from ApcMin/+ mice under different treatments. (A)�Score plots of PCA revealed 
clear separations among culture supernatant of L. gallinarum, E. coli MG1655 and BHI groups. (B)�Score plots of PCA revealed clear separations 
among faecal samples from L. gallinarum- treated, E. coli MG1655- treated and PBS ApcMin/+ mice. (C)�Heatmap analysis revealed the abundance of 
different metabolites in LGCS, ECCS and BHI groups. (D)�Heatmap analysis revealed the abundance of different metabolites in the gut of ApcMin/+ mice 
under different treatments. (E)�The cell growth of CRC cells was signi�cantly suppressed by ILA. (F)�The cell apoptosis of CRC cells was signi�cantly 
increased by ILA. (G)�Schematic diagram showing the experimental design, timeline and representative macroscopic images of colons from of ILA- 
treated ApcMin/+ mouse model. (H)�Colon, small intestinal and total tumour number (colon+small intestinal) in ApcMin/+ mice with or without ILA 
treatment. (I)�Colon, small intestinal with or without ILA treatment. (J)�TUNEL- positive staining cells in colon tissues of ApcMin/+ mice with or without 
ILA treatment. Each black triangle indicates one tumour location. P values are calculated by two- way analysis of variance or Student’s t- test as 
appropriate. *P<0.05, **p<0.01, ****p<0.0001. BHI, brain heart infusion; CRC, colorectal cancer; ECCS, Escherichia coli culture supernatant; ILA, 
indole- 3- lactic acid; LGCS, Lactobacillus gallinarum culture supernatant; PBS, phosphate- buffered saline; PCA, principal component analysis.
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potentially carcinogenic metabolites (eg, secondary bile acids).44 
Previous studies demonstrated the anticarcinogenic attributes 
of probiotic metabolites, especially for those produced by 
LAB.45 46 For example, metabolites produced by Lactobacillus 
plantarum exhibited selective cytotoxicity via provoking anti-
proliferative activity and inducing apoptosis against malignant 
cancer cells.47 Ferrichrome derived from L. casei has a strong 
tumour- suppressive effect on CRC cells by inhibiting the JNK 
signalling pathway.20 Interestingly, we also observed stronger 
tumor- suppressive effect of LGCS as compared with LCCS 
(online supplemental figure 5). Thus, the anti- CRC feature of L. 
gallinarum could be also at least in part attributed to its released 
protective metabolites. However, whether ILA secreted from L. 
gallinarum is the main metabolite for CRC suppression requires 
further investigation.

In conclusion, to our understanding, this is the first study to 
demonstrate the anti- CRC effect of L. gallinarum. L. gallinarum 
protects against intestinal tumourigenesis. Such action is associated 
with modulation of the gut microbial composition and secretion of 
protective metabolites including ILA to promote apoptosis of cancer 
cells. These findings may facilitate the development of therapeutic 
strategy using probiotics for prevention of CRC.

Author affiliations
1Institute of Digestive Disease and Department of Medicine and Therapeutics, State 
Key Laboratory of Digestive Disease, Li Ka Shing Institute of Health Sciences, CUHK- 
Shenzhen Research Institute, The Chinese University of Hong Kong, Hong Kong, 
China
2Department of Gastroenterology, Osaka City University Graduate School of 
Medicine, Osaka, Japan
3Department of Anaesthesia and Intensive Care and Peter Hung Pain Research 
Institute, The Chinese University of Hong Kong, Hong Kong, China
4Institute of Precision Medicine, the First Affiliated Hospital, Sun Yat- sen University, 
Guangzhou, China
5Department of Immunology and Infectious Diseases/Genetics and Complex Disease, 
Harvard T. H. Chan School of Public Health, Boston, Massachusetts, USA

Contributors NS and QL were involved in study design, conducted the experiments 
and drafted the paper; ESHC, HCHL, WF, CL and ACYS performed the experiments; 
WXL, GN and OOC performed bioinformatics analyses; WKKW commented and 
revised the manuscript; FKLC supervised NS and commented on the study; JY 
designed, supervised the study and revised the manuscript.

Funding This study was supported by National Key R&D Programme of China (No. 
2020YFA0509200/2020YFA0509203), RGC Theme- based Res Scheme Hong Kong 
(T21- 705/20- N), Lim Peng Suan Charitable Trust Research Grant Hong Kong, RGC- 
CRF Hong Kong (C4039- 19GF, C7065- 18GF), RGC- GRF Hong Kong (14163817), 
Research Impact Fund Hong Kong (R4017- 18F), Vice- Chancellor’s Discretionary Fund 
Chinese University of Hong Kong.

Competing interests None declared.

Patient consent for publication Not applicable.

Ethics approval This study does not involve human participants. All animal 
studies were performed in accordance with guidelines approved by the Animal 
Experimentation Ethics Committee of The Chinese University of Hong Kong.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the 
article or uploaded as supplementary information.

Supplemental material This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 

properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

ORCID iDs
Harry Cheuk Hay Lau http:// orcid. org/ 0000- 0003- 3581- 2909
William Ka Kei Wu http:// orcid. org/ 0000- 0002- 5662- 5240
Francis Ka Leung Chan http:// orcid. org/ 0000- 0001- 7388- 2436
Jun Yu http:// orcid. org/ 0000- 0001- 5008- 2153

REFERENCES
 1 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin 2019;69:7–34.
 2 Rawla P, Sunkara T, Barsouk A. Epidemiology of colorectal cancer: incidence, mortality, 

survival, and risk factors. Prz Gastroenterol 2019;14:89–103.
 3 Li Q, Hu W, Liu W- X, et al. Streptococcus thermophilus inhibits colorectal 

tumorigenesis through secreting β-galactosidase. Gastroenterology 
2021;160:1179–93.

 4 Mao J, Qi S, Cui Y, et al. Lactobacillus rhamnosus GG attenuates lipopolysaccharide- 
induced inflammation and barrier dysfunction by regulating MAPK/NF-κB signaling 
and modulating metabolome in the piglet intestine. J Nutr 2020;150:1313–23.

 5 Lin R, Sun Y, Mu P, et al. Lactobacillus rhamnosus GG supplementation modulates the 
gut microbiota to promote butyrate production, protecting against deoxynivalenol 
exposure in nude mice. Biochem Pharmacol 2020;175:113868.

 6 Soltan Dallal MM, Mojarrad M, Baghbani F, et al. Effects of probiotic Lactobacillus 
acidophilus and Lactobacillus casei on colorectal tumor cells activity (Caco- 2). Arch 
Iran Med 2015;18:167–72.

 7 Zhuo Q, Yu B, Zhou J, et al. Lysates of Lactobacillus acidophilus combined with CTLA- 
4- blocking antibodies enhance antitumor immunity in a mouse colon cancer model. 
Sci Rep 2019;9:20128.

 8 Salva S, Marranzino G, Villena J, et al. Probiotic Lactobacillus strains protect against 
myelosuppression and immunosuppression in cyclophosphamide- treated mice. Int 
Immunopharmacol 2014;22:209–21.

 9 Shin R, Itoh Y, Kataoka M, et al. Anti- Tumor activity of heat- killed Lactobacillus 
plantarum BF- LP284 on Meth- A tumor cells in BALB/c mice. Int J Food Sci Nutr 
2016;67:641–9.

 10 Dai Z, Coker OO, Nakatsu G, et al. Multi- Cohort analysis of colorectal cancer 
metagenome identified altered bacteria across populations and universal bacterial 
markers. Microbiome 2018;6:70.

 11 Moser AR, Pitot HC, Dove WF. A dominant mutation that predisposes to multiple 
intestinal neoplasia in the mouse. Science 1990;247:322–4.

 12 Sápi J, Kovács L, Drexler DA, et al. Tumor volume estimation and quasi- continuous 
administration for most effective bevacizumab therapy. PLoS One 2015;10:e0142190.

 13 Schloss PD, Westcott SL, Ryabin T, et al. Introducing mothur: open- source, platform- 
independent, community- supported software for describing and comparing microbial 
communities. Appl Environ Microbiol 2009;75:7537–41.

 14 Needleman SB, Wunsch CD. A general method applicable to the search for similarities 
in the amino acid sequence of two proteins. J Mol Biol 1970;48:443–53.

 15 Quast C, Pruesse E, Yilmaz P, et al. The Silva ribosomal RNA gene database project: 
improved data processing and web- based tools. Nucleic Acids Res 2013;41:D590–6.

 16 DeSantis TZ, Hugenholtz P, Keller K, et al. NAST: a multiple sequence alignment server 
for comparative analysis of 16S rRNA genes. Nucleic Acids Res 2006;34:W394–9.

 17 Edgar RC, Haas BJ, Clemente JC, et al. UCHIME improves sensitivity and speed of 
chimera detection. Bioinformatics 2011;27:2194–200.

 18 Dembélé D, Kastner P. Fold change RANK ordering statistics: a new method for 
detecting differentially expressed genes. BMC Bioinformatics 2014;15:14.

 19 Jin Y, Tang S, Li W, et al. Hemolytic E. coli promotes colonic tumorigenesis in females. 
Cancer Res 2016;76:2891–900.

 20 Konishi H, Fujiya M, Tanaka H, et al. Probiotic- derived ferrichrome inhibits colon 
cancer progression via JNK- mediated apoptosis. Nat Commun 2016;7:12365.

 21 Roager HM, Licht TR. Microbial tryptophan catabolites in health and disease. Nat 
Commun 2018;9:3294.

 22 Wong CB, Tanaka A, Kuhara T, et al. Potential effects of Indole- 3- Lactic acid, a 
metabolite of human bifidobacteria, on NGF- induced neurite outgrowth in PC12 cells. 
Microorganisms 2020;8. doi:10.3390/microorganisms8030398. [Epub ahead of print: 
12 03 2020].

 23 Meng D, Sommella E, Salviati E, et al. Indole- 3- lactic acid, a metabolite of tryptophan, 
secreted by Bifidobacterium longum subspecies infantis is anti- inflammatory in the 
immature intestine. Pediatr Res 2020;88:209–17.

 24 Jan G, Belzacq A- S, Haouzi D, et al. Propionibacteria induce apoptosis of colorectal 
carcinoma cells via short- chain fatty acids acting on mitochondria. Cell Death Differ 
2002;9:179–88.

 25 Tiptiri- Kourpeti A, Spyridopoulou K, Santarmaki V, et al. Lactobacillus casei exerts anti- 
proliferative effects accompanied by apoptotic cell death and up- regulation of TRAIL 
in colon carcinoma cells. PLoS One 2016;11:e0147960.

 26 Saxami G, Karapetsas A, Chondrou P, et al. Potentially probiotic Lactobacillus strains 
with anti- proliferative activity induce cytokine/chemokine production and neutrophil 
recruitment in mice. Benef Microbes 2017;8:615–23.

 on D
ecem

ber 28, 2021 at E
-Library Insel. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2020-323951 on 22 D

ecem
ber 2021. D

ow
nloaded from

 

https://dx.doi.org/10.1136/gutjnl-2020-323951
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-3581-2909
http://orcid.org/0000-0002-5662-5240
http://orcid.org/0000-0001-7388-2436
http://orcid.org/0000-0001-5008-2153
http://dx.doi.org/10.3322/caac.21551
http://dx.doi.org/10.5114/pg.2018.81072
http://dx.doi.org/10.1053/j.gastro.2020.09.003
http://dx.doi.org/10.1093/jn/nxaa009
http://dx.doi.org/10.1016/j.bcp.2020.113868
http://dx.doi.org/0151803/AIM.006
http://dx.doi.org/0151803/AIM.006
http://dx.doi.org/10.1038/s41598-019-56661-y
http://dx.doi.org/10.1016/j.intimp.2014.06.017
http://dx.doi.org/10.1016/j.intimp.2014.06.017
http://dx.doi.org/10.1080/09637486.2016.1185771
http://dx.doi.org/10.1186/s40168-018-0451-2
http://dx.doi.org/10.1126/science.2296722
http://dx.doi.org/10.1371/journal.pone.0142190
http://dx.doi.org/10.1128/AEM.01541-09
http://dx.doi.org/10.1016/0022-2836(70)90057-4
http://dx.doi.org/10.1093/nar/gks1219
http://dx.doi.org/10.1093/nar/gkl244
http://dx.doi.org/10.1093/bioinformatics/btr381
http://dx.doi.org/10.1186/1471-2105-15-14
http://dx.doi.org/10.1158/0008-5472.CAN-15-2083
http://dx.doi.org/10.1038/ncomms12365
http://dx.doi.org/10.1038/s41467-018-05470-4
http://dx.doi.org/10.1038/s41467-018-05470-4
http://dx.doi.org/10.3390/microorganisms8030398
http://dx.doi.org/10.1038/s41390-019-0740-x
http://dx.doi.org/10.1038/sj.cdd.4400935
http://dx.doi.org/10.1371/journal.pone.0147960
http://dx.doi.org/10.3920/BM2016.0202
http://gut.bmj.com/


11Sugimura N, et al. Gut 2021;0:1–11. doi:10.1136/gutjnl-2020-323951

Gut microbiota

 27 Elfahri KR, Vasiljevic T, Yeager T, et al. Anti- colon cancer and antioxidant activities of 
bovine skim milk fermented by selected Lactobacillus helveticus strains. J Dairy Sci 
2016;99:31–40.

 28 El- Deeb NM, Yassin AM, Al- Madboly LA, et al. A novel purified Lactobacillus 
acidophilus 20079 exopolysaccharide, LA- EPS- 20079, molecularly regulates both 
apoptotic and NF-κB inflammatory pathways in human colon cancer. Microb Cell Fact 
2018;17:29.

 29 Agah S, Alizadeh AM, Mosavi M, et al. More protection of Lactobacillus acidophilus 
than Bifidobacterium bifidum probiotics on azoxymethane- induced mouse colon 
cancer. Probiotics Antimicrob Proteins 2019;11:857–64.

 30 Orlando A, Refolo MG, Messa C, et al. Antiproliferative and proapoptotic effects of 
viable or heat- killed Lactobacillus paracasei IMPC2.1 and Lactobacillus rhamnosus 
GG in HGC- 27 gastric and DLD- 1 colon cell lines. Nutr Cancer 2012;64:1103–11.

 31 Gamallat Y, Meyiah A, Kuugbee ED, et al. Lactobacillus rhamnosus induced epithelial 
cell apoptosis, ameliorates inflammation and prevents colon cancer development in 
an animal model. Biomed Pharmacother 2016;83:536–41.

 32 Hatakka K, Holma R, El- Nezami H, et al. The influence of Lactobacillus rhamnosus 
LC705 together with Propionibacterium freudenreichii ssp. shermanii JS on 
potentially carcinogenic bacterial activity in human colon. Int J Food Microbiol 
2008;128:406–10.

 33 Ohara T, Yoshino K, Kitajima M. Possibility of preventing colorectal carcinogenesis with 
probiotics. Hepatogastroenterology 2010;57:1411–5.

 34 Liu Z, Qin H, Yang Z, et al. Randomised clinical trial: the effects of perioperative 
probiotic treatment on barrier function and post- operative infectious complications 
in colorectal cancer surgery - a double- blind study. Aliment Pharmacol Ther 
2011;33:50–63.

 35 Jeon H- J, Yeom Y, Kim Y- S, et al. Effect of vitamin C on azoxymethane (AOM)/dextran 
sulfate sodium (DSS)- induced colitis- associated early colon cancer in mice. Nutr Res 
Pract 2018;12:101–9.

 36 Koh GY, Kane AV, Wu X, et al. Parabacteroides distasonis attenuates tumorigenesis, 
modulates inflammatory markers and promotes intestinal barrier integrity in 
azoxymethane- treated A/J mice. Carcinogenesis 2020;41:909–17.

 37 Song H, Wang W, Shen B, et al. Pretreatment with probiotic Bifico ameliorates 
colitis- associated cancer in mice: transcriptome and gut flora profiling. Cancer Sci 
2018;109:666–77.

 38 Gao C, Ganesh BP, Shi Z, et al. Gut Microbe- Mediated suppression of inflammation- 
associated colon carcinogenesis by luminal histamine production. Am J Pathol 
2017;187:2323–36.

 39 Wong SH, Zhao L, Zhang X, et al. Gavage of Fecal Samples From Patients With 
Colorectal Cancer Promotes Intestinal Carcinogenesis in Germ- Free and Conventional 
Mice. Gastroenterology 2017;153:1621–33.

 40 Zackular JP, Baxter NT, Iverson KD, et al. The gut microbiome modulates colon 
tumorigenesis. mBio 2013;4:e00692–13.

 41 Zhang M, Fan X, Fang B, et al. Effects of Lactobacillus salivarius ren on cancer 
prevention and intestinal microbiota in 1, 2- dimethylhydrazine- induced rat model. J 
Microbiol 2015;53:398–405.

 42 Zhu J, Zhu C, Ge S, et al. Lactobacillus salivarius ren prevent the early colorectal 
carcinogenesis in 1, 2- dimethylhydrazine- induced rat model. J Appl Microbiol 
2014;117:208–16.

 43 Fan Q, Guan X, Hou Y, et al. Paeoniflorin modulates gut microbial production of 
indole- 3- lactate and epithelial autophagy to alleviate colitis in mice. Phytomedicine 
2020;79:153345.

 44 Ou J, Carbonero F, Zoetendal EG, et al. Diet, microbiota, and microbial metabolites 
in colon cancer risk in rural Africans and African Americans. Am J Clin Nutr 
2013;98:111–20.

 45 Lupton JR. Microbial degradation products influence colon cancer risk: the butyrate 
controversy. J Nutr 2004;134:479–82.

 46 Putaala H, Mäkivuokko H, Tiihonen K, et al. Simulated colon fiber metabolome 
regulates genes involved in cell cycle, apoptosis, and energy metabolism in human 
colon cancer cells. Mol Cell Biochem 2011;357:235–45.

 47 Chuah L- O, Foo HL, Loh TC, et al. Postbiotic metabolites produced by Lactobacillus 
plantarum strains exert selective cytotoxicity effects on cancer cells. BMC Complement 
Altern Med 2019;19:114.

 on D
ecem

ber 28, 2021 at E
-Library Insel. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2020-323951 on 22 D

ecem
ber 2021. D

ow
nloaded from

 

http://dx.doi.org/10.3168/jds.2015-10160
http://dx.doi.org/10.1186/s12934-018-0877-z
http://dx.doi.org/10.1007/s12602-018-9425-8
http://dx.doi.org/10.1080/01635581.2012.717676
http://dx.doi.org/10.1016/j.biopha.2016.07.001
http://dx.doi.org/10.1016/j.ijfoodmicro.2008.09.010
http://www.ncbi.nlm.nih.gov/pubmed/21443095
http://dx.doi.org/10.1111/j.1365-2036.2010.04492.x
http://dx.doi.org/10.4162/nrp.2018.12.2.101
http://dx.doi.org/10.4162/nrp.2018.12.2.101
http://dx.doi.org/10.1093/carcin/bgaa018
http://dx.doi.org/10.1111/cas.13497
http://dx.doi.org/10.1016/j.ajpath.2017.06.011
http://dx.doi.org/10.1053/j.gastro.2017.08.022
http://dx.doi.org/10.1128/mBio.00692-13
http://dx.doi.org/10.1007/s12275-015-5046-z
http://dx.doi.org/10.1007/s12275-015-5046-z
http://dx.doi.org/10.1111/jam.12499
http://dx.doi.org/10.1016/j.phymed.2020.153345
http://dx.doi.org/10.3945/ajcn.112.056689
http://dx.doi.org/10.1093/jn/134.2.479
http://dx.doi.org/10.1007/s11010-011-0894-2
http://dx.doi.org/10.1186/s12906-019-2528-2
http://dx.doi.org/10.1186/s12906-019-2528-2
http://gut.bmj.com/

