
Oxidative Medicine and Cellular Longevity

Lipid Metabolism and Oxidative
Stress: Crosstalk Between the
Intestine and Other Metabolic
Organs

Lead Guest Editor: Tongxing Song
Guest Editors: Demin Cai, Hao Wu, Yingping Xiao, and Zhihao Jia

 



Lipid Metabolism and Oxidative Stress:
Crosstalk Between the Intestine and Other
Metabolic Organs



Oxidative Medicine and Cellular Longevity

Lipid Metabolism and Oxidative Stress:
Crosstalk Between the Intestine and
Other Metabolic Organs

Lead Guest Editor: Tongxing Song
Guest Editors: Demin Cai, Hao Wu, Yingping Xiao,
and Zhihao Jia



Copyright © 2024 Hindawi Limited. All rights reserved.

is is a special issue published in “Oxidative Medicine and Cellular Longevity.” All articles are open access articles distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.



Chief Editor
Jeannette Vasquez-Vivar, USA

Associate Editors
Amjad Islam Aqib, Pakistan
Angel Catalá  , Argentina
Cinzia Domenicotti  , Italy
Janusz Gebicki  , Australia
Aldrin V. Gomes  , USA
Vladimir Jakovljevic  , Serbia
omas Kietzmann  , Finland
Juan C. Mayo  , Spain
Ryuichi Morishita  , Japan
Claudia Penna  , Italy
Sachchida Nand Rai  , India
Paola Rizzo  , Italy
Mithun Sinha  , USA
Daniele Vergara  , Italy
Victor M. Victor  , Spain

Academic Editors
Ammar AL-Farga  , Saudi Arabia
Mohd Adnan  , Saudi Arabia
Ivanov Alexander  , Russia
Fabio Altieri  , Italy
Daniel Dias Rufino Arcanjo  , Brazil
Peter Backx, Canada
Amira Badr  , Egypt
Damian Bailey, United Kingdom
Rengasamy Balakrishnan  , Republic of
Korea
Jiaolin Bao, China
Ji C. Bihl  , USA
Hareram Birla, India
Abdelhakim Bouyahya, Morocco
Ralf Braun  , Austria
Laura Bravo  , Spain
Matt Brody  , USA
Amadou Camara  , USA
Marcio Carocho  , Portugal
Peter Celec  , Slovakia
Giselle Cerchiaro  , Brazil
Arpita Chatterjee  , USA
Shao-Yu Chen  , USA
Yujie Chen, China
Deepak Chhangani  , USA
Ferdinando Chiaradonna  , Italy

Zhao Zhong Chong, USA
Fabio Ciccarone, Italy
Alin Ciobica  , Romania
Ana Cipak Gasparovic  , Croatia
Giuseppe Cirillo  , Italy
Maria R. Ciriolo  , Italy
Massimo Collino  , Italy
Manuela Corte-Real  , Portugal
Manuela Curcio, Italy
Domenico D'Arca  , Italy
Francesca Danesi  , Italy
Claudio De Lucia  , USA
Damião De Sousa  , Brazil
Enrico Desideri , Italy
Francesca Diomede  , Italy
Raul Dominguez-Perles, Spain
Joël R. Drevet  , France
Grégory Durand  , France
Alessandra Durazzo  , Italy
Javier Egea  , Spain
Pablo A. Evelson  , Argentina
Mohd Farhan, USA
Ioannis G. Fatouros  , Greece
Gianna Ferretti  , Italy
Swaran J. S. Flora  , India
Maurizio Forte  , Italy
Teresa I. Fortoul, Mexico
Anna Fracassi   , USA
Rodrigo Franco  , USA
Juan Gambini  , Spain
Gerardo García-Rivas  , Mexico
Husam Ghanim, USA
Jayeeta Ghose  , USA
Rajeshwary Ghosh  , USA
Lucia Gimeno-Mallench , Spain
Anna M. Giudetti  , Italy
Daniela Giustarini  , Italy
José Rodrigo Godoy, USA
Saeid Golbidi  , Canada
Guohua Gong  , China
Tilman Grune, Germany
Solomon Habtemariam  , United Kingdom
Eva-Maria Hanschmann  , Germany
Md Saquib Hasnain  , India
Md Hassan  , India

https://orcid.org/0000-0003-1843-8265
https://orcid.org/0000-0002-5003-7333
https://orcid.org/0000-0002-1619-1716
https://orcid.org/0000-0002-9819-3036
https://orcid.org/0000-0002-0071-8376
https://orcid.org/0000-0003-0242-8636
https://orcid.org/0000-0002-0882-2047
https://orcid.org/0000-0002-8855-0730
https://orcid.org/0000-0002-9696-0449
https://orcid.org/0000-0001-8418-9549
https://orcid.org/0000-0001-7174-9674
https://orcid.org/0000-0002-9222-1921
https://orcid.org/0000-0002-2396-7674
https://orcid.org/0000-0002-3027-3945
https://orcid.org/%200000-0002-0233-5539
https://orcid.org/0000-0002-7080-6822
https://orcid.org/0000-0002-5659-9679
https://orcid.org/0000-0002-6546-2738
https://orcid.org/0000-0001-7021-2744
https://orcid.org/0000-0003-3983-868X
https://orcid.org/0000-0001-8135-8183
https://orcid.org/0000-0003-2404-1782
https://orcid.org/0000-0003-4234-8163
https://orcid.org/0000-0002-7312-8641
https://orcid.org/0000-0003-4904-7670
https://orcid.org/0000-0002-7652-1414
https://orcid.org/0000-0002-8978-4547
https://orcid.org/0000-0001-5883-3580
https://orcid.org/0000-0001-8606-5400
https://orcid.org/0000-0001-8959-2353
https://orcid.org/0000-0003-2599-2862
https://orcid.org/0000-0003-3971-7589
https://orcid.org/0000-0001-8529-2732
https://orcid.org/0000-0002-1750-6011
https://orcid.org/0000-0003-2000-8950
https://orcid.org/0000-0002-9592-1333
https://orcid.org/0000-0002-7863-9029
https://orcid.org/0000-0001-8782-3496
https://orcid.org/0000-0002-1423-1331
https://orcid.org/0000-0002-7240-6005
https://orcid.org/0000-0002-4134-0066
https://orcid.org/0000-0002-4346-111X
https://orcid.org/0000-0002-7180-4896
https://orcid.org/0000-0002-0384-6509
https://orcid.org/0000-0003-3077-6558
https://orcid.org/0000-0001-6680-2821
https://orcid.org/0000-0002-7747-9107
https://orcid.org/0000-0002-4894-7880
https://orcid.org/0000-0001-7920-7968
https://orcid.org/0000-0002-8475-8411
https://orcid.org/0000-0001-7879-7935
https://orcid.org/0000-0002-5700-8236
https://orcid.org/0000-0003-0739-0534
https://orcid.org/0000-0001-9310-8982
https://orcid.org/0000-0003-3241-8615
https://orcid.org/0000-0001-8979-2865
https://orcid.org/0000-0003-4731-3293
https://orcid.org/0000-0001-5754-1770
https://orcid.org/0000-0002-6576-4242
https://orcid.org/0000-0002-9204-040X
https://orcid.org/0000-0003-4929-5316
https://orcid.org/0000-0001-9166-2023
https://orcid.org/0000-0002-9652-1040
https://orcid.org/0000-0001-6743-2244
https://orcid.org/0000-0003-1114-7262
https://orcid.org/0000-0002-1902-8500
https://orcid.org/0000-0002-3663-4940


Tim Hofer  , Norway
John D. Horowitz, Australia
Silvana Hrelia  , Italy
Dragan Hrncic, Serbia
Zebo Huang  , China
Zhao Huang  , China
Tarique Hussain  , Pakistan
Stephan Immenschuh  , Germany
Norsharina Ismail, Malaysia
Franco J. L  , Brazil
Sedat Kacar  , USA
Andleeb Khan  , Saudi Arabia
Kum Kum Khanna, Australia
Neelam Khaper  , Canada
Ramoji Kosuru  , USA
Demetrios Kouretas  , Greece
Andrey V. Kozlov  , Austria
Chan-Yen Kuo, Taiwan
Gaocai Li  , China
Guoping Li  , USA
Jin-Long Li  , China
Qiangqiang Li  , China
Xin-Feng Li  , China
Jialiang Liang  , China
Adam Lightfoot, United Kingdom
Christopher Horst Lillig  , Germany
Paloma B. Liton  , USA
Ana Lloret  , Spain
Lorenzo Loffredo  , Italy
Camilo López-Alarcón  , Chile
Daniel Lopez-Malo  , Spain
Massimo Lucarini  , Italy
Hai-Chun Ma, China
Nageswara Madamanchi  , USA
Kenneth Maiese  , USA
Marco Malaguti  , Italy
Steven McAnulty, USA
Antonio Desmond McCarthy  , Argentina
Sonia Medina-Escudero   , Spain
Pedro Mena  , Italy
Víctor M. Mendoza-Núñez  , Mexico
Lidija Milkovic  , Croatia
Alexandra Miller, USA
Sara Missaglia  , Italy

Premysl Mladenka  , Czech Republic
Sandra Moreno  , Italy
Trevor A. Mori  , Australia
Fabiana Morroni  , Italy
Ange Mouithys-Mickalad, Belgium
Iordanis Mourouzis  , Greece
Ryoji Nagai  , Japan
Amit Kumar Nayak  , India
Abderrahim Nemmar  , United Arab
Emirates
Xing Niu  , China
Cristina Nocella, Italy
Susana Novella  , Spain
Hassan Obied  , Australia
Pál Pacher, USA
Pasquale Pagliaro  , Italy
Dilipkumar Pal  , India
Valentina Pallottini  , Italy
Swapnil Pandey  , USA
Mayur Parmar  , USA
Vassilis Paschalis  , Greece
Keshav Raj Paudel, Australia
Ilaria Peluso  , Italy
Tiziana Persichini  , Italy
Shazib Pervaiz  , Singapore
Abdul Rehman Phull, Republic of Korea
Vincent Pialoux  , France
Alessandro Poggi  , Italy
Zsolt Radak  , Hungary
Dario C. Ramirez  , Argentina
Erika Ramos-Tovar  , Mexico
Sid D. Ray  , USA
Muneeb Rehman  , Saudi Arabia
Hamid Reza Rezvani  , France
Alessandra Ricelli, Italy
Francisco J. Romero  , Spain
Joan Roselló-Catafau, Spain
Subhadeep Roy  , India
Josep V. Rubert  , e Netherlands
Sumbal Saba  , Brazil
Kunihiro Sakuma, Japan
Gabriele Saretzki  , United Kingdom
Luciano Saso  , Italy
Nadja Schroder  , Brazil

https://orcid.org/0000-0003-4757-2033
https://orcid.org/0000-0001-7857-4512
https://orcid.org/0000-0003-2431-3741
https://orcid.org/0000-0002-1151-4942
https://orcid.org/0000-0001-5729-7683
https://orcid.org/0000-0003-3722-5791
https://orcid.org/0000-0002-3874-8618
https://orcid.org/0000-0002-0671-8529
https://orcid.org/0000-0001-6125-3309
https://orcid.org/0000-0002-2467-3766
https://orcid.org/0000-0002-7394-7217
https://orcid.org/0000-0002-7469-6640
https://orcid.org/0000-0002-0834-4997
https://orcid.org/0000-0003-2664-0957
https://orcid.org/0000-0003-3874-0744
https://orcid.org/0000-0002-5133-9165
https://orcid.org/0000-0001-5590-1744
https://orcid.org/0000-0003-0095-3138
https://orcid.org/0000-0002-1556-7195
https://orcid.org/0000-0003-2509-5117
https://orcid.org/0000-0002-1440-3762
https://orcid.org/0000-0003-0266-0304
https://orcid.org/0000-0002-6542-6235
https://orcid.org/0000-0002-0174-8972
https://orcid.org/0000-0003-2661-7570
https://orcid.org/0000-0001-6178-9779
https://orcid.org/0000-0003-0590-0908
https://orcid.org/0000-0002-5049-9116
https://orcid.org/0000-0003-0349-7772
https://orcid.org/0000-0002-9175-6596
https://orcid.org/0000-0002-7231-6480
https://orcid.org/0000-0003-2150-2977
https://orcid.org/0000-0002-9137-3405
https://orcid.org/0000-0002-4484-039X
https://orcid.org/0000-0001-6551-6698
https://orcid.org/0000-0002-6076-6900
https://orcid.org/0000-0002-1079-3222
https://orcid.org/0000-0002-5264-9229
https://orcid.org/0000-0001-6494-5968
https://orcid.org/0000-0002-9670-5886
https://orcid.org/0000-0003-0763-0067
https://orcid.org/0000-0002-3704-4619
https://orcid.org/0000-0002-0699-1015
https://orcid.org/0000-0001-8834-792X
https://orcid.org/0000-0001-8303-7252
https://orcid.org/0000-0002-3710-9830
https://orcid.org/0000-0002-4386-1383
https://orcid.org/0000-0002-9623-1617
https://orcid.org/0000-0003-2511-6168
https://orcid.org/0000-0001-5086-709X
https://orcid.org/0000-0003-4970-9857
https://orcid.org/0000-0002-9469-0457
https://orcid.org/0000-0002-6210-5241
https://orcid.org/0000-0001-8291-6706
https://orcid.org/0000-0002-4738-019X
https://orcid.org/0000-0003-2057-061X
https://orcid.org/0000-0002-1860-430X
https://orcid.org/0000-0003-1297-6804
https://orcid.org/0000-0001-6725-3326
https://orcid.org/0000-0002-6616-9760
https://orcid.org/0000-0001-8776-5513
https://orcid.org/0000-0002-9995-6576
https://orcid.org/0000-0001-8067-1338
https://orcid.org/0000-0001-8701-5907
https://orcid.org/0000-0002-0805-2505
https://orcid.org/0000-0002-1634-2334
https://orcid.org/0000-0002-6134-7249
https://orcid.org/0000-0003-2100-8223
https://orcid.org/0000-0003-4530-8706
https://orcid.org/0000-0002-4227-5702


Anwen Shao  , China
Iman Sherif, Egypt
Salah A Sheweita, Saudi Arabia
Xiaolei Shi, China
Manjari Singh, India
Giulia Sita  , Italy
Ramachandran Srinivasan  , India
Adrian Sturza  , Romania
Kuo-hui Su  , United Kingdom
Eisa Tahmasbpour Marzouni  , Iran
Hailiang Tang, China
Carla Tatone  , Italy
Shane omas  , Australia
Carlo Gabriele Tocchetti  , Italy
Angela Trovato Salinaro, Italy
Rosa Tundis  , Italy
Kai Wang  , China
Min-qi Wang  , China
Natalie Ward  , Australia
Grzegorz Wegrzyn, Poland
Philip Wenzel  , Germany
Guangzhen Wu  , China
Jianbo Xiao  , Spain
Qiongming Xu  , China
Liang-Jun Yan  , USA
Guillermo Zalba  , Spain
Jia Zhang  , China
Junmin Zhang  , China
Junli Zhao  , USA
Chen-he Zhou  , China
Yong Zhou  , China
Mario Zoratti  , Italy

https://orcid.org/0000-0003-3122-5889
https://orcid.org/0000-0001-6627-7078
https://orcid.org/0000-0001-7248-142X
https://orcid.org/0000-0003-2496-5416
https://orcid.org/0000-0002-0834-8568
https://orcid.org/0000-0002-7213-1494
https://orcid.org/0000-0002-4978-2571
https://orcid.org/0000-0003-1080-8954
https://orcid.org/0000-0001-5983-688X
https://orcid.org/0000-0002-3713-4403
https://orcid.org/0000-0003-0553-5293
https://orcid.org/0000-0001-5658-2896
https://orcid.org/0000-0002-6042-437X
https://orcid.org/0000-0002-5397-2781
https://orcid.org/0000-0002-2300-8465
https://orcid.org/0000-0003-3311-770X
https://orcid.org/0000-0001-6145-5509
https://orcid.org/0000-0002-5815-5430
https://orcid.org/0000-0003-4616-1523
https://orcid.org/0000-0001-7306-3350
https://orcid.org/0000-0001-5036-5559
https://orcid.org/0000-0003-4751-3172
https://orcid.org/0000-0002-5471-1022
https://orcid.org/0000-0002-7348-2376
https://orcid.org/0000-0001-8284-2524


Contents

Retracted: Dietary Quercetin Supplementation Attenuates Diarrhea and Intestinal Damage by
Regulating Gut Microbiota in Weanling Piglets
Oxidative Medicine and Cellular Longevity
Retraction (1 page), Article ID 9869280, Volume 2024 (2024)

Retracted: Rocaglamide Prolonged Allogra  Survival by Inhibiting Differentiation of $1/$17 Cells
in Cardiac Transplantation
Oxidative Medicine and Cellular Longevity
Retraction (1 page), Article ID 9810207, Volume 2024 (2024)

Retracted: Taurine Ameliorates Iron Overload-Induced Hepatocyte Injury via the Bcl-2/VDAC1-
Mediated Mitochondrial Apoptosis Pathway
Oxidative Medicine and Cellular Longevity
Retraction (1 page), Article ID 9804902, Volume 2024 (2024)

Retracted: Novel lncRNA AL033381.2 Promotes Hepatocellular Carcinoma Progression by
Upregulating PRKRA Expression
Oxidative Medicine and Cellular Longevity
Retraction (1 page), Article ID 9894384, Volume 2023 (2023)

[Retracted] Taurine Ameliorates Iron Overload-Induced Hepatocyte Injury via the Bcl-2/VDAC1-
Mediated Mitochondrial Apoptosis Pathway
Xiaoyu Feng, Wenfeng Hu, Yujiao Hong, Linlin Ruan, Yueben Hu, and Dan Liu 

Research Article (14 pages), Article ID 4135752, Volume 2022 (2022)

In Silico Establishment and Validation of Novel Lipid Metabolism-Related Gene Signature in Bladder
Cancer
Xianchao Sun  , Ying Zhang  , Yilai Chen  , Shiyong Xin  , Liang Jin  , Xiang Liu  , Zhen
Zhou  , Jiaxin Zhang  , Wangli Mei  , Bihui Zhang  , Xudong Yao  , Guosheng Yang  , and Lin
Ye 

Research Article (20 pages), Article ID 3170950, Volume 2022 (2022)

Identification of Resolvin D1 and Protectin D1 as Potential $erapeutic Agents for Treating Kidney
Stones
Bohan Wang, Jingchao Wei  , Qi Huangfu, Fei Gao, Lanxin Qin, Jiao Zhong, Jiaming Wen, Zhangqun Ye,
Xiaoqi Yang  , and Haoran Liu 

Research Article (12 pages), Article ID 4345037, Volume 2022 (2022)

N6-Methyladenosine Modification Profile in Bovine Mammary Epithelial Cells Treated with Heat-
Inactivated Staphylococcus aureus
Ting Li  , Yifan Zhu  , Changjie Lin  , Jie Chen  , Yiya Yin  , Xin Tang  , Yingyu Chen  , Aizhen
Guo  , and Changmin Hu 

Research Article (15 pages), Article ID 1704172, Volume 2022 (2022)

https://orcid.org/0000-0002-4684-0318
https://orcid.org/0000-0002-7375-7712
https://orcid.org/0000-0002-6991-1537
https://orcid.org/0000-0002-5218-5524
https://orcid.org/0000-0002-6015-8665
https://orcid.org/0000-0003-1854-1692
https://orcid.org/0000-0003-4426-1985
https://orcid.org/0000-0003-0763-771X
https://orcid.org/0000-0001-8495-8459
https://orcid.org/0000-0002-0488-2149
https://orcid.org/0000-0003-3602-9617
https://orcid.org/0000-0001-7234-3940
https://orcid.org/0000-0002-1114-1031
https://orcid.org/0000-0002-3304-4558
https://orcid.org/0000-0002-1037-7990
https://orcid.org/0000-0002-2904-0028
https://orcid.org/0000-0003-2226-4974
https://orcid.org/0000-0002-9659-301X
https://orcid.org/0000-0002-0837-0677
https://orcid.org/0000-0002-8776-2184
https://orcid.org/0000-0002-2499-3348
https://orcid.org/0000-0002-2367-2112
https://orcid.org/0000-0002-9237-7109
https://orcid.org/0000-0002-1200-5314
https://orcid.org/0000-0002-7460-8356
https://orcid.org/0000-0003-2279-0851


Sodium Butyrate Ameliorates Oxidative Stress-Induced Intestinal Epithelium Barrier Injury and
Mitochondrial Damage through AMPK-Mitophagy Pathway
Xin Li  , Chunchun Wang, Jiang Zhu, Qian Lin, Minjie Yu, Jiashu Wen, Jie Feng, and Caihong Hu 

Research Article (23 pages), Article ID 3745135, Volume 2022 (2022)

Differentially Expressed Hepatic Genes Revealed by Transcriptomics in Pigs with Different Liver Lipid
Contents
Wentao Lyu  , Yun Xiang, Xingxin Wang, Jingshang Li, Caimei Yang, Hua Yang  , and Yingping Xiao 

Research Article (16 pages), Article ID 2315575, Volume 2022 (2022)

Exploring the Possible Link between the Gut Microbiome and Fat Deposition in Pigs
Guangmin Zhao  , Yun Xiang, Xiaoli Wang, Bing Dai, Xiaojun Zhang, Lingyan Ma, Hua Yang  , and
Wentao Lyu 

Research Article (13 pages), Article ID 1098892, Volume 2022 (2022)

[Retracted] Rocaglamide Prolonged Allogra  Survival by Inhibiting Differentiation of $1/$17 Cells in
Cardiac Transplantation
Chen Dai  , Xi Zhou, Lu Wang, Rumeng Tan, Wei Wang, Bo Yang, Yucong Zhang, Huibo Shi, Dong Chen,
Lai Wei, and Zhishui Chen 

Research Article (15 pages), Article ID 2048095, Volume 2022 (2022)

[Retracted] Novel lncRNA AL033381.2 Promotes Hepatocellular Carcinoma Progression by Upregulating
PRKRA Expression
Feiran Wang  , Lirong Zhu  , Qiang Xue  , Chong Tang  , Weidong Tang  , Nannan Zhang  , Chen
Dai  , and Zhong Chen 

Research Article (24 pages), Article ID 1125932, Volume 2022 (2022)

[Retracted] Dietary Quercetin Supplementation Attenuates Diarrhea and Intestinal Damage by
Regulating Gut Microbiota in Weanling Piglets
Baoyang Xu, Wenxia Qin, Yunzheng Xu, Wenbo Yang, Yuwen Chen, Juncheng Huang, Jianan Zhao, and Libao
Ma 

Research Article (19 pages), Article ID 6221012, Volume 2021 (2021)

Emerging Pathological Engagement of Ferroptosis in Gut Diseases
Weihua Gao  , Ting Zhang  , and Hao Wu 

Review Article (16 pages), Article ID 4246255, Volume 2021 (2021)

Exogenous and Endogenous Serine Deficiency Exacerbates Hepatic Lipid Accumulation
Liuqin He, Yonghui Liu, Di Liu, Yanzhong Feng, Jie Yin  , and Xihong Zhou 

Research Article (10 pages), Article ID 4232704, Volume 2021 (2021)

Lactobacillus plantarum Exhibits Antioxidant and Cytoprotective Activities in Porcine Intestinal
Epithelial Cells Exposed to Hydrogen Peroxide
Jing Wang  , Wei Zhang, Sixin Wang, Yamin Wang, Xu Chu, and Haifeng Ji
Research Article (13 pages), Article ID 8936907, Volume 2021 (2021)

https://orcid.org/0000-0002-7624-0882
https://orcid.org/0000-0001-5445-4532
https://orcid.org/0000-0001-8496-4525
https://orcid.org/0000-0002-3812-854X
https://orcid.org/0000-0002-7949-1126
https://orcid.org/0000-0002-5064-3544
https://orcid.org/0000-0002-3812-854X
https://orcid.org/0000-0001-8496-4525
https://orcid.org/0000-0002-3607-1682
https://orcid.org/0000-0003-3803-5682
https://orcid.org/0000-0003-3186-0663
https://orcid.org/0000-0002-5563-8568
https://orcid.org/0000-0002-0493-5685
https://orcid.org/0000-0002-1544-980X
https://orcid.org/0000-0002-7217-8380
https://orcid.org/0000-0002-7948-2369
https://orcid.org/0000-0002-3607-1682
https://orcid.org/0000-0002-4891-259X
https://orcid.org/0000-0001-6806-6899
https://orcid.org/0000-0003-4998-0401
https://orcid.org/0000-0002-0488-2755
https://orcid.org/0000-0001-5091-4562
https://orcid.org/0000-0003-1852-1042
https://orcid.org/0000-0002-0007-3504
https://orcid.org/0000-0001-5246-7030


Retraction
Retracted: Dietary Quercetin Supplementation Attenuates
Diarrhea and Intestinal Damage by Regulating Gut Microbiota in
Weanling Piglets

Oxidative Medicine and Cellular Longevity

Received 8 January 2024; Accepted 8 January 2024; Published 9 January 2024

Copyright © 2024 Oxidative Medicine and Cellular Longevity. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

This article has been retracted by Hindawi following an investi-
gation undertaken by the publisher [1]. This investigation has
uncovered evidence of one ormore of the following indicators of
systematic manipulation of the publication process:

(1) Discrepancies in scope
(2) Discrepancies in the description of the research reported
(3) Discrepancies between the availability of data and the

research described
(4) Inappropriate citations
(5) Incoherent, meaningless and/or irrelevant content

included in the article
(6) Manipulated or compromised peer review

The presence of these indicators undermines our confidence
in the integrity of the article’s content and we cannot, therefore,
vouch for its reliability. Please note that this notice is intended
solely to alert readers that the content of this article is unreliable.
We have not investigated whether authors were aware of or
involved in the systematic manipulation of the publication
process.

Wiley and Hindawi regrets that the usual quality checks did
not identify these issues before publication and have since put
additional measures in place to safeguard research integrity.

We wish to credit our own Research Integrity and Research
Publishing teams and anonymous and named external
researchers and research integrity experts for contributing to
this investigation.

The corresponding author, as the representative of all
authors, has been given the opportunity to register their agree-
ment or disagreement to this retraction.Wehave kept a recordof
any response received.
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Iron overload can induce reactive oxygen species (ROS) burst and liver damage. Taurine can reduce ROS production and
ameliorate liver injury caused by iron overload; however, the underlying molecular mechanism remains elusive. Herein, L02
cells treated with 120 μM iron dextran for 48 h showed marked oxidative stress damage and significantly increased apoptosis.
Taurine protected hepatocytes by stabilizing mitochondrial membranes and resisting oxidative stress damage caused by iron
overload. However, transfection with siRNA Bcl-2 virus abrogated the observed protective effects. Following treatment with
taurine, B cell lymphoma-2 (Bcl-2) could inhibit the opening of the mitochondrial permeability transition pore (mPTP),
subsequently stabilizing the mitochondrial membrane potential by interacting with voltage-dependent anion channel 1
(VDAC1) of mPTP. The present study is the first to clarify the mechanism underlying taurine-afforded hepatocyte protection
against iron overload-induced oxidative stress via Bcl-2-mediated inhibition of mPTP opening and the antiapoptotic pathway.

1. Introduction

Given changing eating habits and dietary structure, iron
cooking utensils are widely employed, and large amounts
of red meat (including heme iron), iron-fortified foods,
and iron supplements are often abused [1]. Both researchers
and clinical investigators have reported that excess or mis-
placed iron in specific tissues and cells can promote a vast
array of acute and chronic illnesses [2]. The liver is the most
likely organ to accumulate iron [3], and long-term liver iron
overload is highly correlated with the occurrence, develop-
ment, and prognosis of hepatitis, liver fibrosis, cirrhosis,
and tumors. The ability of iron to exchange single electrons
with several substrates can induce reactive oxygen species
(ROS) generation [4–6], which, in turn, can lead to oxidative
stress, lipid peroxidation, and DNA damage, inducing geno-
mic instability and DNA repair defects [7, 8], ultimately
impairing cell viability and promoting programmed cell
death (PCD) [9]. Mitochondria, one of the sources of signals
that initiate apoptosis, play a key role in apoptotic cell death
[10]. It is well-known that mitochondrial permeability tran-

sition pore (mPTP) opening plays an important role in
mitochondria-mediated apoptosis [11]. The opening of
mPTP can also result in mitochondrial swelling, mitochon-
drial membrane damage, and subsequent release of cyto-
chrome c which are hallmarks of mitochondrial-mediated
apoptosis [12].

Taurine is a sulfur-containing amino acid. Studies have
shown that taurine is involved in the maintenance and reg-
ulation of nearly all normal physiological activities in the
body, as well as mediates important inhibitory and protec-
tive effects against several pathological conditions [13–15].
Altered taurine expression can reportedly impact physiolog-
ical processes such as development, lung function, mito-
chondrial and cartilage function, antioxidation, and
apoptosis [16]. Studies have found that taurine can reduce
heavy metal-induced toxic liver damage and highlighted that
taurine is a good dietary antioxidant [17]. Previously, we
have reported that taurine supplementation can reduce liver
oxidative stress and damage, protecting liver function and
improving survival in an iron-overloaded murine model
[18]. Therefore, we aimed to verify the underlying
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mechanism through which iron overload causes oxidative
stress and excessive apoptosis in liver cells. Using taurine
as a therapeutic agent, we examined the mechanism under-
lying its protective effect against iron overload-induced liver
injury, especially oxidative stress and mitochondrial
pathway-mediated apoptosis.

2. Method

2.1. Materials. Taurine (purity ≥99.0%) was purchased from
Beijing Solarbio Science & Technology Co. (Beijing, China),
Ltd., and iron dextran was purchased from Sigma-Aldrich
(St. Louis, Missouri, USA). Lentivirus siRNA Bcl-2 and a
negative control virus were constructed by GeneChem Co.
(Shanghai, China). Protein G Plus/Protein A Agarose was
purchased from Merck Millipore (USA). Antibodies against
Bcl-2, COX-4, and cytochrome c (Cyt c) were purchased
from Cell Signaling Technology (Beverly, MA, USA), while
the antibody against voltage-dependent anion channel 1
(VDAC1) was purchased from Santa Cruz Biotechnology
(USA). Antibodies against β-actin and horseradish
peroxidase-conjugated IgG secondary antibodies were
obtained from ZsBio (Beijing, China). L02 cells were derived
from normal human hepatocytes and provided by Prof.
Zhinjun Luo (Nanchang University). L02 cells were cultured
in DMEM/F12 (Gibco, USA) supplemented with 10% fetal
bovine serum (Gibco, South America) and antibiotics
(100U/mL penicillin and 100μg/mL streptomycin; Solarbio,
Beijing, China) at 37°C in a 5% CO2 incubator (Forma™310,
Thermo Fisher, USA).

2.2. Experimental Groups. Herein, we constructed an iron
overload injury model by treating cells with 120μM iron
dextran for 48h. Five cell groups were established: control
group, L02 cells cultured under normal conditions; iron
overload group, cells cultured with 120μM iron dextran
for 48h; iron+taurine group, cells treated with 120μM iron
dextran and 40mM taurine for 48h; iron+taurine+negative
control virus group, cells infected with Bcl-2 unloaded lenti-
virus negative control for 10 h before the iron overload
injury model was constructed; iron+taurine+siRNA Bcl-2
group, infected with Bcl-2 knockdown virus for 10h before
the iron overload injury model was constructed. All experi-
ments were performed in triplicate.

2.3. Cell Viability. Cell viability was detected using the CCK-
8 kit (Apexbio, USA). Briefly, cells were seeded in 96-well
plates. After treatment, cells were washed with phosphate-
buffered saline (PBS; Solarbio, Beijing, China), and 90μL
serum-free medium and 10μL CCK-8 reagent were added
to each well and mixed evenly. Cells were then incubated
at 37°C in a 5% CO2 incubator for 2 h in the dark. Absor-
bance was measured at 450nm using an enzyme labeling
instrument (Bio-Rad 680, USA). The optical density (OD)
was directly proportional to the cell survival rate, and the cell
survival rate was calculated according to the formula.

2.4. Apoptosis. Annexin V-FITC and propidium iodide (PI)
(BestBio, Shanghai, China) double staining were used to
examine apoptosis. After treatment, cells were digested with

trypsin without EDTA (Solarbio, Beijing, China), and the
supernatant was subsequently removed. Then, cells were
resuspended in 500μL annexin binding solution, and 5μL
of annexin V-FITC dye was added to cells in the dark. After
incubation at 4°C in the dark for 15min, 10μL PI dye was
added and mixed well, followed by incubation at 4°C in the
dark for another 5min. Flow cytometry detection was per-
formed at an excitation wavelength of 488nm and emission
wavelength of 525nm (Cytomics FC 500, Beckman Kurt,
Brea, CA, USA).

2.5. ROS. A reactive oxygen kit was used to detect ROS levels
in cells. 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-
DA) (Beyotime Biotechnology, Shanghai, China) was used
as the probe. Cells from each experimental group were col-
lected in Eppendorf tubes. The probes were prepared in
serum-free medium with DCFH-DA at a ratio of 1000 : 1.
Then, 500μL of the prepared solution was added to each
tube, incubated at 37°C in a 5% CO2 incubator for 20min
in the dark, washed twice with PBS, and analyzed by flow
cytometry.

2.6. Degree of mPTP Opening. Mitochondrial swelling fluid
and CaCl2 solution were prepared, and the intracellular
mitochondria in each group were separated using a mito-
chondrial extraction kit (Keygenbio, Nanjing, China).
Briefly, 160μL of mitochondrial swelling fluid was added,
and the mixture was resuspended in a microplate reader at
520 nm to detect the absorbance value of each group OD1.
Then, 40μL CaCl2 solution was added to each experimental
group and detected every minute, calculated as ΔOD/min
= ðOD1 −OD2Þ × 1000 to indicate the degree of mPTP
opening.

2.7. Western Blot Analysis. Cells from each experimental
group were collected, and lysates were prepared using
RIPA : PMSF (100 : 1; Beyotime Biotechnology, Shanghai,
China, and Solarbio, Beijing, China, respectively); cells
were lysed at 4°C for 20min. Next, cells were centrifuged
at 4°C for 15min at 12000 rpm/min. Subsequently, cells
were separated from the supernatant and used to deter-
mine the protein concentration with the BCA kit (Tiangen
Biology, Beijing, China). Protein (30μg) was loaded on
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) using a gel apparatus (Bio-Rad,
USA) and separated, followed by transfer to polyvinylidene
fluoride (PVDF) membranes (Millipore Corp., Bedford,
MA, USA) at 90mA, 0°C wet for 1.5 h. The membrane
was blocked for 2 h with 5% skim milk at room tempera-
ture. Bcl-2, VDAC1, the membrane of β-actin protein, and
its primary antibody (1 : 1000 dilution) were incubated
overnight at 4°C. After 24 h, the membrane was washed
with 1× TBST (Tris-Buffer Saline, 0.25% Tween-20) for
10min (×5 times), incubated with the horseradish
peroxidase-conjugated secondary antibody (1 : 2000 dilu-
tion) for 1.5 h at room temperature, and washed with
TBST for 10min (×4 times). After coating the wetting film
with an enhanced chemiluminescence reagent (ECL kit,
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Thermo Fisher Scientific, USA), the protein was developed
using the Image Laboratory System (Bio-Rad, USA).

Mitochondrial and cytoplasmic proteins were extracted
using the mitochondrial extraction kit for each experimental
group, and the protein concentration was determined using
the BCA method. After separation by SDS-PAGE, proteins
were transferred to a PVDF membrane and blocked for
2 h. The primary antibody was combined with COX-4 and
Cyt c proteins and incubated overnight at 4°C. After 24h,
cells were washed five times and incubated with a secondary
antibody at room temperature for 2 h. The membrane was
then moistened with the chemiluminescence solution.

2.8. Coimmunoprecipitation. Briefly, a measured concentra-
tion of the protein extracted was combined with the indi-
cated primary antibodies and incubated overnight at 4°C.
After 24 h, the Protein G Plus/Protein A Agarose was
washed twice, and agarose was mixed and incubated with
the protein and its primary antibody overnight. After 24h,
cells were thrice washed with PBS. The supernatant was
removed, and protein loading buffer was added to the pre-
cipitate and heated for 10min at 100°C. The samples were
analyzed by SDS-PAGE.

2.9. Oxidative Stress and Lipid Peroxidation. It is well known
that ROS generation can cause oxidative stress, and the for-
mation of lipid peroxides can induce cell damage. Superox-
ide dismutase (SOD) is the most commonly used indicator
of oxidative stress, and malondialdehyde (MDA) is an indi-
cator of the degree of lipid peroxidation. Briefly, the cell pro-
tein supernatant was extracted from each experimental
group, and indices were measured according to the SOD
and MDA kit instructions (Jiancheng Bioengineering Insti-
tute, Nanjing, China).

2.10. Intracellular Iron Ion. Intracellular iron ions combine
with protein to form a complex, which is dissociated in
acidic medium and reduced to divalent iron by a reducing
agent, forming a purple-red compound with ferrozine. The
cells of the experimental group were lysed to obtain the
supernatant, and the iron ion concentration of each group
was detected according to the instructions of the iron ion
detection kit (APPLYGEN, Beijing, China).

2.11. Statistical Analysis. For each experimental group, data
values are expressed as mean ± standard error of themean
(SEM), and the homogeneity of variance test and one-way
variance (one-way ANOVA) were performed using Graph-
Pad Prism 6.0 (GraphPad Software, Inc., San Diego, CA,
USA). A P value < 0.05 indicated statistical significance.

3. Results

3.1. Effect of Taurine Treatment on Iron Overload Damage.
First, L02 cells were treated with media containing different
concentrations of iron dextran for 48h. L02 cells were
treated with 0, 10, 20, 40, 80, 120, 160, 200, and 240μM iron
dextran for 48 h. The half-maximal inhibitory concentration
of dextran was 128.4μM (Figure 1(a)). Iron dextran
(120μM)-treated L02 cells were then treated with taurine

at concentrations of 10, 20, 40, 50, 60, 80, and 100mM,
and 40mM was found to be an optimal concentration to
afford protection (Figure 1(b)).

We observed that treatment with 120μM iron dextran
decreased cell viability. Taurine could reverse this effect,
and we observed that L02 cell viability was significantly
restored by 40mM taurine (Figure 1(c)). As determined by
flow cytometry, the apoptosis results further confirmed that
taurine inhibited iron dextran-induced apoptosis
(Figure 1(d)). Based on these findings, L02 cells incubated
with 120μM iron dextran and 40mM taurine were used in
subsequent experiments.

3.2. Role of Bcl-2 in Taurine-Mediated Protective Effects
against Iron Overload Injury. The protective effect of taurine
against iron overload could be associated with Bcl-2 expres-
sion level. Taurine exhibited a protective effect against iron
overload-induced cell damage (Figure 2). Western blotting
revealed that taurine increased the Bcl-2 protein level
(Figure 2(a)). Accordingly, we constructed a Bcl-2 knock-
down virus (Figure 2(b)). CCK-8 results showed that taurine
improved cell viability (Figure 2(c)). Bcl-2 gene knockdown
using a Bcl-2 knockdown virus abrogated the protective
effects of taurine.

Furthermore, we observed that taurine could reduce the
apoptosis rate. Flow cytometry was used to determine the
rate of apoptosis (Figure 2(e)). Apoptosis was significantly
increased in the iron overload group when compared with
the control group. Treatment with 40mM taurine signifi-
cantly decreased apoptosis. The optimal concentration of
taurine was determined to be 40mM. In addition, apoptosis
was significantly reduced in the iron+taurine and iron+tau-
rine+NC groups but was significantly elevated in siRNA
Bcl-2 cells, suggesting that the protective effect of taurine
was abolished. These results indicated that taurine could
exert antiapoptotic effects through Bcl-2.

Moreover, taurine did not significantly impact the cellu-
lar concentration of iron ions. The concentration of iron
ions in each group was determined by measuring the absor-
bance value using the specific kit. Compared with the con-
trol group, the concentration of iron ions was significantly
elevated in the other groups (Figure 2(d)). The results
revealed that taurine did not significantly alter the intracellu-
lar iron ion concentration.

3.3. Impact of Bcl-2 and VDAC1 Interaction on the Anti-Iron
Overload Injury Mediated by Taurine. The effect of taurine
on Bcl-2 and VDAC1 protein level was examined using
western blotting. Bcl-2 protein level was significantly higher
in the iron+taurine and iron+taurine+NC groups than in the
control group (Figure 3(a)). Taurine treatment decreased the
expression level of VDAC1 when compared with that in the
control group. Following Bcl-2 gene knockdown, the level of
Bcl-2 protein decreased, and VDAC1 level was also signifi-
cantly reduced, suggesting that the level of VDAC1 may be
related to Bcl-2.

Previous studies have shown that Bcl-2 interacts with
VDAC1, and taurine can increase Bcl-2 protein level. We
postulated that the protective effect of taurine might be

3Oxidative Medicine and Cellular Longevity
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Figure 1: Continued.

4 Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

RE
TR
AC
TE
D

related to the interaction between Bcl-2 and VDAC1. To fur-
ther confirm this hypothesis, the interaction between Bcl-2
and VDAC1 was examined using coimmunoprecipitation
(Co-IP) after taurine treatment. The results revealed that
under normal conditions (control group), Bcl-2 interacted
with VDAC1 (Figure 3(d)). After taurine treatment, the
interaction between Bcl-2 and VDAC1 was enhanced. On
infecting L02 cells with siRNA Bcl-2 lentivirus, Bcl-2 was
knocked out, the observed effects were reversed, and the
interaction between Bcl-2 and VDAC1 decreased. As shown

in Figure 3, taurine pretreatment could promote the interac-
tion between Bcl-2 and VDAC1. Additionally, the above
findings revealed that VDAC1 activation might be associ-
ated with Bcl-2 upregulation, suggesting that taurine com-
bats iron overload damage and that this effect could be
related to the interaction between Bcl-2 and VDAC1.

3.4. Effect of Taurine on Cell Lipid Peroxidation. Taurine can
reduce ROS levels in iron overload-damaged cells. The cellu-
lar ROS levels were measured by flow cytometry
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Figure 1: The effect of taurine treatment on iron overload damage. (a) L02 cells were individually treated with different concentrations of
iron dextran. (b) The effect of taurine on cell viability. (c) Taurine treatment significantly increases the cell survival rate. (d) Taurine
decreases the rate of apoptosis. Data values are expressed as mean ± standard error of themean (SEM) of 3 individual experiments. ∗∗∗P
< 0:001, ∗∗P < 0:01, and ∗P < 0:05 vs. the control group. #P < 0:05 and ##P < 0:01 vs. the iron group. ∗∗P < 0:01 vs. the control group.
&&P < 0:01 vs. the iron group.
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Figure 2: Continued.
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(Figure 4(a)). Compared with the control group, the ROS
level was significantly increased in the iron overload
group, while those in the iron+taurine and iron+taurine
+NC groups were significantly decreased. Accordingly, it
can be suggested that taurine reduces intracellular ROS
levels. Bcl-2 gene knockdown abolished the taurine-
mediated effects.

SOD indicates the ability of cells to scavenge oxygen free
radicals, whereas MDA indicates the severity of cells being

attacked by free radicals; both these indicators can indirectly
reflect the degree of cell damage. Iron overload decreased the
SOD activity and increased the MDA content in cells. Tau-
rine treatment significantly enhanced SOD activity and
reduced MDA content (Figures 4(c) and 4(d)). However, fol-
lowing Bcl-2 knockdown, these taurine-mediated effects
were reversed, suggesting that taurine treatment could
reduce the degree of lipid peroxidation in cells via Bcl-2,
thereby reducing damage.
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Figure 2: The role of Bcl-2 in taurine-mediated effects against iron overload injury. (a) Bcl-2 protein level in different groups. (b) Western
blot analysis of Bcl-2 knockdown virus-transfected cells. (c) CCK-8 detected cell survival rates in different groups. (d) The effect of taurine
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Figure 3: (a) Western blot analysis was performed to examine the expression level of Bcl-2 and VDAC1 in L02 cells. (b) Bcl-2 protein level in L02
cells. (c) VDAC1 protein level in L02 cells. (d) Coimmunoprecipitation was used to study the interaction between Bcl-2 and VDAC1 in different
experimental groups. Data values are expressed as mean ± standard error of themean (SEM), n = 3. ##P < 0:01 vs. the control group. &&P < 0:01
vs. the iron+taurine group. ∗P < 0:05 vs. the control group. #P < 0:05 and ##P < 0:01 vs. the iron group. &P < 0:05 vs. the iron+taurine group.
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Figure 4: Continued.
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3.5. Taurine Protected Mitochondrial Membrane Integrity.
We observed that taurine treatment could reduce the degree
of mPTP opening (Figures 5(a) and 5(b)). A microplate
reader was used to measure the absorbance of each group
to determine the degree of mPTP opening, calculated as Δ
OD/min × 1000. Compared with the control group, the
degree of mPTP opening increased in iron-treated cells.
The degree of mPTP opening decreased in the iron+taurine
and iron+taurine+NC groups. In cells infected with siRNA
Bcl-2 lentivirus for Bcl-2 knockdown, the degree of mPTP
opening continued increasing despite taurine treatment,
suggesting that the protective effect of taurine was abolished.

Treatment with taurine blocked Cyt c transfer from the
mitochondria to the cytoplasm. Western blotting was used
to detect the protein level of Cyt c, an indicator of cell apo-
ptosis, in the mitochondria and cytoplasm. Compared with
the control group, iron overload induced Cyt c accumulation
in the cytoplasm, with minimal accumulation observed in
the mitochondria (Figures 5(c) and 5(d)). In the taurine
treatment group, Cyt c accumulated in the mitochondria
and decreased in the cytoplasm. The taurine-mediated effect
was abolished in the iron+taurine+siRNA Bcl-2 group, sug-
gesting that taurine could protect L02 cells from iron over-
load damage via Bcl-2, inhibit the transfer of Cyt c from
the mitochondria to the cytoplasm, and maintain mitochon-
drial membrane integrity.

4. Discussion

Iron is an essential micronutrient for most organisms, well
known to be involved in growth and metabolism, erythro-
cyte production, oxygen transport, DNA synthesis, and cel-

lular immune response [19, 20]. However, excessive iron
poses a substantial health risk during several diseases. Iron
is stored and accumulates in the liver. It is most likely to
cause iron damage to the liver, eventually resulting in liver
fibrosis, cirrhosis, and even liver cancer. Iron can participate
in redox reactions, causing oxidative stress and generating
substantial ROS generation. Mitochondria are not only a
source but also a target of ROS [21]. Disruption of mito-
chondrial dynamics produce increased levels of ROS [22].
Using the oxidant-sensing probe DCFH-DA to measure
ROS levels, we found that hepatocytes treated by iron over-
load accumulated more ROS than hepatocytes without iron
treatment. The high levels of ROS contribute directly to oxi-
dative stress. SOD and MDA are commonly used biomark-
ers for oxidative stress [23]. By measuring SOD activity
and MDA content, it was revealed that iron overload led to
significantly increased MDA levels and decreased SOD
levels, suggesting increased oxidative stress in hepatocytes.

Taurine is an endogenously synthesized sulfur-containing
β-amino acid found in mammals and is derived from methio-
nine and cysteine. It participates in diverse physiological func-
tions. For example, it is involved in modulating osmotic
pressure and calcium regulation and plays a major role in
maintaining membrane stability and immune regulation
[24–26]. Taurine also exhibits a variety of physiological activ-
ities, including anti-inflammatory, antioxidant, and antiapop-
totic activities. In the present study, CCK-8 and apoptosis tests
showed that the application of 120μM iron dextran for 48h
damaged hepatocytes. Treatment with an effective dose of tau-
rine restored liver cell viability and alleviated apoptosis.

Bcl-2 family proteins include Bcl-2, B cell lymphoma-
extra large (Bcl-xL), and Bcl-2-associated X (Bax). Bcl-2
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Figure 4: The effect of taurine treatment on oxidative stress and lipid peroxidation caused by iron overload injury. (a) DCF fluorescence
analysis by flow cytometry. (b) Histogram of ROS content, measured as DCF fluorescence. Taurine treatment increases (c) SOD activity
and decreases (d) MDA content. Data values are expressed as the mean ± standard error of themean (SEM) (n = 3). ∗∗∗P < 0:01 vs. the
control group. ##P < 0:01 vs. the iron group. &&P < 0:01 vs. the iron+taurine group. ∗∗P < 0:01 vs. the control group. ##P < 0:01 vs. the
iron group. &&P < 0:01 vs. the iron+taurine group. #P < 0:05 vs. the iron group.
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Figure 5: Continued.
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family proteins are considered one of the main regulators of
apoptosis [27]. Studies have also shown that members of the
Bcl-2 family are new types of intracellular calcium (Ca2+)
regulators. Most apoptotic pathways occur in the cell mito-
chondria, and the permeability changes in the mitochondrial
membrane are closely related to the Bcl-2 protein [28–30].
Therefore, we speculated that taurine could suppress iron
overload-induced cell damage, reduce cell apoptosis, and
improve cell survival, potentially via the Bcl-2 protein. West-
ern blotting revealed that taurine upregulated Bcl-2 protein

level. We used siRNA Bcl-2 lentiviral to knock out the Bcl-
2 protein and observed that the protective effect of taurine
was abolished. These results indicated that the protective
effect of taurine could be related to Bcl-2. Several studies
have shown that the Bcl-2 family can participate in the for-
mation of lipid membrane ion channels [31, 32], and alter-
ations in cell membrane permeability play a key role in
apoptosis [33, 34]. And mPTP is a multiprotein complex
pore composed of mitochondrial voltage-dependent anion
channel 1 (VDAC1), adenylate transferase (ANT) in the
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Figure 5: Taurine protects mitochondrial membrane integrity. Taurine treatment blocks the opening of mPTP in L02 cells caused by iron
overload injury. (a) CaCl2 (200 μM) was added for 20min, and absorbance was measured at a wavelength of A = 520 nm to indicate the
opening of mPTP. (b) Calculating the opening of mPTP as OD =A5200min −A52020 min. Taurine treatment blocks the transfer of Cyt c
from mitochondria to the cytoplasm. (c, d) Cyt c protein level in the cytoplasm and mitochondria. (e) Histogram of Cyt c expression
level in the cytoplasm. (f) Histogram of Cyt c expression level in the mitochondria. Data values are expressed as the mean ± standard
error of themean (SEM), n = 3. ∗∗P < 0:01 vs. the control group. ##P < 0:01 vs. the iron group. &&P < 0:01 vs. the iron+taurine group.
&P < 0:05 vs. the iron+taurine group.
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inner membrane, and cyclophilin (CyP-D) in the substrate
[35, 36]. Recent studies have shown that outer membrane
channels, such as the mitochondrial apoptosis-inducing
channel and VDAC, are directly or indirectly involved in
regulating mitochondrial permeability during apoptosis
and necrosis [37–39]. Therefore, we postulated that the
change in the mPTP might be related to VDAC1 [40]. In
addition, Bcl-2 regulates the permeability of mitochondria
from many aspects and plays an important role in
mitochondrial-mediated apoptosis. Bcl-2 directly modulates
cellular energy metabolism by regulating the respiratory
chain [41]. Bcl-2 can bind to ion channels to regulate the
release of Cyt c [42]. Bcl-2 can bind to VDAC1 to interact,
shut down mPTP, and maintain the integrity of mitochon-
drial membranes [43]. In the present study, following the
knockdown of Bcl-2, the level of VDAC1 was also signifi-
cantly downregulated. It has been speculated that Bcl-2
may be related to VDAC1. Therefore, we speculated that
Bcl-2 acts on VDAC1 to exert antiapoptotic effects. Co-IP
experiments were used to detect the interaction between
Bcl-2 and VDAC1 in liver cells. We observed that the inter-
action between Bcl-2 and VDAC1 was more potent in the
taurine-administered group than in the control group. These
results suggest that the protective effect of taurine may be
mediated via the interaction between Bcl-2 and VDAC1.

In the present study, taurine did not impact the iron con-
centration in hepatocytes damaged by excessive iron overload.
Interestingly, taurine exhibited a significant protective effect on
hepatocytes damaged by iron overload. Our results showed
that taurine induced the protein level of Bcl-2 and turned off
mPTP, thereby inhibiting the ROS burst and maintaining
mitochondrial membrane integrity by preventing the release
of Cyt c from the mitochondria to the cytoplasm. Therefore,
it is essential to detect the degree of mPTP opening. The pro-
longed opening of the mPTP causes swelling of organelles
and mitochondrial depolarization, eventually leading to the
rupture of the outer mitochondrial membrane, and the mate-
rial in the interstitial space is released into the cytoplasm. Stud-
ies have found that mPTP is not only related to the rupture of
the outer mitochondrial membrane during apoptosis but is also
associated with a variety of pathologies [44, 45]. If mPTP is
opened for a prolonged period, mitochondria release a consid-
erable amount of Cyt c and apoptosis-inducing factors into the
cytoplasm after rupture of the outer membrane. Compared
with the iron overload group, taurine reduced the opening of
the mPTP, decreased ROS burst, and inhibited Cyt c from
the mitochondria to the cytoplasm. Following the knockdown
of Bcl-2 protein, the protective effect of taurine was abolished,
along with an increased degree of mPTP opening, elevated
ROS burst, and enhanced Cyt c accumulated in the cytoplasm.

5. Conclusion

In summary, taurine inhibited hepatocyte apoptosis primar-
ily via regulation of the mitochondrial-dependent pathway.
Taurine was found to upregulate Bcl-2 protein level,
enhance the interaction between Bcl-2 and VDAC1, reduce
the opening of the mPTP, inhibit ROS burst, and inhibit
the transfer of Cyt c from the mitochondria to the cytoplasm

to maintain mitochondrial membrane integrity, thereby
inhibiting hepatocyte apoptosis.
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Background. Aberrant lipid metabolism is an alteration common to many types of cancer. Dysregulation of lipid metabolism is
considered a major risk factor for bladder cancer. Accordingly, we focused on genes related to lipid metabolism and screened
novel markers for predicting the prognosis of bladder cancer. Methods. RNA-seq data for bladder cancer were obtained from
The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases. The nonnegative matrix factorization
(NMF) algorithm was used to classify the molecular subtypes. Weighted correlation network analysis (WGCNA) was applied
to identify coexpressed genes, and least absolute shrinkage and selection operator (LASSO) multivariate Cox analysis was used
to construct a prognostic risk model. External validation data and in vitro experiments were used to verify the results from in
silico analysis. Results. Bladder cancer samples were grouped into two clusters based on the NMF algorithm. A total of 1467
genes involved in coexpression modules were identified in WGCNA. We finally established a 5-gene signature (TM4SF1,
KCNK5, FASN, IMPDH1, and KCNJ15) that exhibited good stability across different datasets and was also an independent
risk factor for prognosis. Furthermore, the predictive efficacy of our model was generally higher than the predictive efficacy of
other published models. Distinct risk groups of patients also showed significantly different immune infiltration cell patterns
and associations with clinical variables. Moreover, the 5 signature genes were verified in clinical samples by quantitative real-
time polymerase chain reaction (qRT-PCR) and immunohistochemistry, which were in agreement with the in silico analysis.
For in vitro experiments, knockdown of IMPDH1 markedly inhibited cell proliferation in bladder cancer. Conclusion. We
established a 5-gene prognosis signature based on lipid metabolism in bladder cancer, which could be an effective prognostic
indicator.

1. Introduction

As one of the most common genitourinary malignancies,
bladder cancer (BC) has become a global health problem.
The development and progression of BC are a multistage
sophisticated process that includes genetic characteristics
and environmental factors [1]. Epidemiological studies have
demonstrated that modification in dietary intake is associ-

ated with the risk of BC [2, 3]. A positive association
between red and processed meat and the risk of BC has been
reported [4]. Lipids are a ubiquitous class of structurally
complex molecules composed of different fatty acids
involved in various biological processes. Lipids play an inte-
gral role in homeostasis, cell membrane structure, and cell
signaling [5]. Abnormal synthesis, degradation, digestion,
and absorption of lipid substances in lipid metabolism

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2022, Article ID 3170950, 20 pages
https://doi.org/10.1155/2022/3170950

https://orcid.org/0000-0002-7375-7712
https://orcid.org/0000-0002-6991-1537
https://orcid.org/0000-0002-5218-5524
https://orcid.org/0000-0002-6015-8665
https://orcid.org/0000-0003-1854-1692
https://orcid.org/0000-0003-4426-1985
https://orcid.org/0000-0003-0763-771X
https://orcid.org/0000-0001-8495-8459
https://orcid.org/0000-0002-0488-2149
https://orcid.org/0000-0003-3602-9617
https://orcid.org/0000-0001-7234-3940
https://orcid.org/0000-0002-1114-1031
https://orcid.org/0000-0002-3304-4558
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/3170950


contribute to excessive lipids in various tissues as well as
tumorigenesis [6, 7].

Metabolic reprogramming is an important hallmark of
cancer cells. Increased nutrient requirements are necessary
to achieve rapid tumor growth and satisfy the metabolic
needs of a tumor, and tumor cells have been observed to
undergo metabolic reprogramming [8]. Tumor cells will
choose the appropriate metabolic reprogramming method
for metabolism so that they can better adapt to changing
conditions. In tumorigenesis, fat is an important source of
energy. In particular, researchers have found that lipid met-
abolic reprogramming exists in a variety of tumors, provid-
ing energy storage and intermediates of various metabolic
activities for tumor proliferation, metastasis, and progres-
sion and even serving as a major intracellular metabolic type
for cellular energy supply [9].

Recently, alterations in lipid metabolism have been rec-
ognized as a sign of many malignancies. Cheng et al. inves-
tigated whether fatty acid metabolism was activated in BC
tissues, and inhibition of fatty acid oxidation showed a great
impact on BC [10]. Previous studies have shown that general
patterns and mechanisms of lipid metabolism participate in
the development of BC, particularly blocking fatty acid syn-
thesis to suppress the malignant phenotype of BC [11]. Fur-
thermore, lipids mediate intercellular communication in the
tumor-immune microenvironment. Lipid metabolism pro-
motes the generation of M2-like tumor-associated macro-
phages (TAMs) and is crucial for TAM activity [12]. In
tumor progression, cancer-stroma interactions are exacer-
bated, and fatty acids secreted in the microenvironment
can influence the function and phenotype of infiltrating
immune cells [13].

In this study, the expression of genes related to lipid
metabolism in BC was investigated to screen hub genes that
could predict patient prognosis. We developed and verified a
5-gene prognostic signature to effectively predict BC patient
prognosis, as well as the relationship with immune infiltra-
tion cell patterns. This prognostic signature has the potential
for clinical application in BC.

2. Methods

2.1. Data Preparation. Human lipid metabolism pathways
were obtained from the Molecular Signature Database
(MSigDB) [14], and 776 genes involved in lipid metabolism
(Supplementary Table S1) were collated from 6 lipid
metabolism pathways (Table 1). RNA-seq data were
obtained from TCGA database for 433BC samples,
including 414 cancer samples and 19 normal samples, and
corresponding clinicopathological information. RNA-seq
data of 165 BC samples (GSE13507) and corresponding
clinical information were downloaded from the GEO
database.

2.2. Identification of Molecular Subtypes. First, we extracted
776 genes related to lipid metabolism from TCGA dataset;
24 genes were not identified, and 752 genes were included
in subsequent analyses. Then, genes with significant differ-
ential expression were selected, and BC samples were clus-

tered using a nonnegative matrix factorization (NMF)
clustering algorithm with 50 iterations of the standard “bru-
net” [15]. The number of clusters k was set from 2 to 10, and
the average contour width of the common member matrix
was determined through the R package “NMF.” The optimal
number of clusters was determined according to cophenetic,
dispersion, and silhouette index.

2.3. Weighted Correlation Network Analysis (WGCNA). The
WGCNA algorithm was applied to screen coexpressed cod-
ing genes and modules according to the expression profile
of protein-coding genes [16]. The soft threshold for network
construction was determined by the criterion of approxi-
mate scale-free topology. After transformation of an adja-
cency matrix into a topological overlap matrix (TOM),
genes were clustered with average linkage hierarchical
clustering.

2.4. Gene Set Enrichment Analysis (GSEA). To investigate the
molecular mechanism, GSEA was applied [17]. The gene
sets “c5.go.v7.4.symbols” and “c2.cp.kegg.v7.4.symbols”
were obtained from the MSigDB database. An adjusted p
value less than 0.05 was considered statistically significant.
The R package “clusterProfiler” was used to carry out
enrichment analyses.

2.5. Comprehensive Analysis of Immune Characteristics and
Gene Mutations in Different Risk Groups. Kaplan-Meier sur-
vival curves were applied to compare prognoses between the
two risk subgroups. To further investigate the gene muta-
tions between different risk subgroups, we obtained infor-
mation on genetic alterations from the cBioPortal database,
and different gene mutations in the two risk subgroups were
analyzed using the “Maftools” R package. To determine the
immune profile of BC samples, their expression data were
imported into CIBERSORT and iterated 1000 times to esti-
mate the relative proportions of 22 types of immune cells.
We then compared the relative proportions of immune cells
and clinicopathological factors between different risk sub-
groups, and the results are presented as a landscape map.

2.6. Construction of the Nomogram. A nomogram is a visual
model used to evaluate the prognosis of cancer. We therefore
constructed a nomogram to predict the prognosis of patients
with BC. Moreover, a calibration plot was constructed to
estimate the accuracy and consistency of the prognostic
model.

2.7. Analysis of DCA. Decision curve analysis (DCA) repre-
sents a novel method for evaluating clinical usefulness.
DCA can determine the clinical utility based on the predic-
tive nomogram, and the best model has a higher net benefit
than the others.

2.8. Clinical Patients and Bladder Specimens. Fifty paired
normal and tumor tissues were collected from BC patients
who underwent radical cystectomy at Shanghai Tenth Peo-
ple’s Hospital (Shanghai, China). Patients had diagnostic cri-
teria in accordance with the World Health Organization
(WHO) classification and did not receive any preoperative
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treatment. All patients provided informed consent prior to
inclusion in the study, and ethical approval was obtained
from the Ethics Committee of Shanghai Tenth People’s Hos-
pital. Detailed information is shown in Supplementary
Table S2.

2.9. Cell Culture and Transfection. The immortalized human
normal bladder epithelial cell line (SV-HUC-1) and bladder
cancer T24, 5637, and UMUC3 cell lines were obtained from
the Chinese Academy of Sciences (Shanghai, China). The
UMUC3, T24, and 5637 cell lines were cultured in Roswell
Park Memorial Institute- (RPMI-) 1640 medium (Gibco,
USA), and the SV-HUC-1 cell line was maintained in
F12K medium (Gibco). All cells were grown at 37°C in 5%
CO2. The IMPDH1 siRNA (ATGGCTCTGATGGGAG
GTATT), FASN siRNA (TGGCAAATTCGACCTTTCTCA
GA), and TM4SF1siRNA (CGGCTAATATTTTGCTTTA
CTTT) were synthesized by Sangon Biotech (Shanghai,
China). Lipofectamine 3000 (Invitrogen, USA) was used as
a transfection reagent. T24 and UMUC3 cell lines were
transfected with siRNA based on the protocol.

2.10. RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR). For the qRT-PCR
assay, TRIzol (Invitrogen, USA) was used to extract the total
RNA. Next, SYBR-Green Mix (Vazyme, Nanjing, China)
with different primers (Sangon Biotech, China) was used
according to the manufacturer’s protocol. GAPDH was used
as an internal control. Fold changes were calculated by the 2-
ΔΔCt method. Primer information is shown in Supplemen-
tary Table S3.

2.11. Cell Proliferation Assay. A total of 1 × 103 cells were
grown in each well of a 96-well plate. Cell viability was cal-
culated with the cell counting kit-8 (CCK-8) system. The
optical density (OD) value per well was measured at
450nm (BioTek, USA).

2.12. Cell Colony Formation Assay. A total of 500 cells were
grown in each well of 6-well plates for approximately 2
weeks until colony formation was evident. Then, the cells
were fixed, stained, and photographed.

2.13. Western Blot. Western blot was carried out based on
standard protocol. Briefly, cells were washed with chilled
PBS and lysed with lysis solution. Total protein extracts were

separated on a 10% SDS-PAGE gel and transferred onto
PVDF membrane. After blocking with 5% nonfat dry milk,
the PVDF membrane was incubated with primary antibody
overnight at 4°C.

2.14. Immunohistochemistry (IHC). Tissue samples were
fixed and cut into 4μm slices. During dewaxing, rehydra-
tion, and antigen retrieval, sections were incubated with pri-
mary antibodies against TM4SF1, KCNK5, FASN, IMPDH1,
and KCNJ15 (Thermo Fisher Scientific). Images were
obtained with a microscope.

2.15. Statistical Analysis. Bioinformatics analyses were con-
ducted using R version 4.1.1. GraphPad Prism 8 (GraphPad
Software, Inc.) was used for statistical analysis. Student’s t
test or the Wilcoxon test was used to compare continuous
data. The chi-square test and Fisher test were used to com-
pare clinical and pathological parameters. Survival rates
were assessed using Kaplan-Meier (K-M) curves and the
log-rank test, and univariate and multivariate Cox regression
was used to analyze the independent parameters associated
with the overall survival. Pearson coefficient of correlation
was calculated to measure the correlation between two vari-
ables. LASSO regression was carried out by using the
“glmnet” R package to build a prognostic model. R software
package “WGCNA” was used to construct a weighted coex-
pressed network. The correction between the risk signature
and immune cells was analyzed by Spearman correlation
analysis. The results of multivariate Cox regression analysis
were visualized by the nomogram. C-index, time-
dependent ROC curves, and calibration curves were used
to evaluate the nomogram. All statistical p values were
two-sided, and p < 0:05 was considered statistically
significant.

3. Results

3.1. Molecular Subtypes Were Classified by the NMF
Algorithm. Figure S1 presents the flow diagram of the
current study. First, we selected six gene sets associated
with lipid metabolism from MSigDB. To investigate gene
expression in BC, RNA-seq data from TCGA bladder
cancer cohort (TCGA-BLCA) were downloaded. The
“limma” R package was used to screen the genes with
differential expression. A total of 76 differentially expressed

Table 1: Six pathways involved in lipid metabolism.

Pathway Database Gene count

Peroxisome proliferator-activated receptor alpha Reactome 119

Metabolism of lipids Reactome 738

Transcriptional regulation of white adipocyte differentiation Reactome 84

Sphingolipid metabolism Reactome 89

Glycerophospholipid metabolism KEGG 77

Fatty acid metabolism Reactome 177

Total: 1284

Unique: 776
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Figure 1: Cluster subtypes classified by the NMF algorithm. (a) Heatmap showing the differentially expressed lipid metabolism-related
genes in TCGA. Red: upregulation; blue: downregulation. (b) NMF clustering consensus map. (c) NMF distributions when rank = 2-10.
(d) Overall survival analysis of the two molecular subtypes. (e) Progression-free survival analysis of the two molecular subtypes.
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lipid metabolism-related genes on BC were obtained
(p < 0:05, Figure 1(a)). Next, BC samples were clustered
using the NMF method with 50 iterations by the “brunet”
selection criterion. The optimal number of clusters chosen
based on cophenetic, dispersion, and silhouette is k = 2.
(Figures 1(b) and 1(c)). The prognostic relationship
between Cluster 1 (C1) and Cluster 2 (C2) with overall
survival (OS) (Figure 1(d), log rank p < 0:001) and
progression-free survival (Figure 1(e), log rank p = 0:006)
showed that subgroup C1 exhibited better prognosis than
subgroup C2.

3.2. Identification of Functional Modules by WGCNA. The
WGCNA algorithm was used to identify coexpressed coding
genes and modules according to the expression profile of
protein-coding genes. Hierarchical clustering analysis
showed no outlier samples, and a soft threshold of 3 was
chosen (Figure 2(a)). Genes were clustered using average
linkage hierarchy clustering to obtain 13 modules with
height = 0:25,deepSplit = 2, and minModuleSize = 30
(Figures 2(b) and 2(c)). Correlations of the modules with
gender, age, clinical stage, N stage, T stage, C1, and C2 were
further analyzed, in which modules significantly correlated
with C1 and C2 were turquoise and brown modules. The
turquoise module contained 907 genes, and the brown mod-
ule contained 560 genes (Supplementary Table S4). These
1467 genes were used to establish the prognostic risk
model. Analysis of Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment in the two module genes was performed using
the R package “cluster profiler.” The top 10 GO terms
(Figures S2A and S2B) and KEGG pathways (Figures 2(d)
and 2(e)) in the turquoise and brown modules were
obtained.

3.3. Establishment of the Prognostic Risk Model. BC samples
were divided randomly into a training cohort and testing
cohort in a 6 : 4 ratio. The detailed information of the patient
cohorts is summarized in Table 2. Univariate Cox propor-
tional hazard analysis was performed to screen prognosis-
related significant genes in the training set. Based on a
threshold p value less than 0.01, 46 genes were identified
with significant prognostic differences (Supplementary
Table S5). To further narrow the range of genes and
construct a highly accurate prognostic model, LASSO Cox
regression and multivariate Cox analysis were used to
select the hub genes (Figures S3A and S3B). Combining
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Figure 2: Identification of modules and construction of the model. (a) Cluster analysis and soft-thresholding powers. (b) WGCNA module
colors. (c) Correlations of thirteen modules with clinical variables and clusters. (d, e) KEGG enrichment in the turquoise and brown
modules. (f) ROC curve of the model in TCGA training cohort. (g) Survival curves of the groups in TCGA training cohort. (h) ROC
curve of the model in TCGA testing cohort. (i) Survival curves of the groups in TCGA testing cohort. (j) ROC curve of the model in the
entire TCGA cohort. (k) Survival curves of the groups in the entire TCGA cohort. (l) ROC curve of the model in the GSE13507 cohort.
(m) Survival curves of the groups in the GSE13507 cohort.

Table 2: Clinical characteristics of bladder cancer patients from
TCGA and GSE13507 datasets.

Clinical
characteristics

TCGA
cohort

(n = 412)

TCGA
train

(n = 243)

TCGA
test

(n = 160)

GSE13507
cohort

(n = 165)
Age at
diagnosis
(year)

≤65 162 95 65 74

>65 250 148 95 91

Gender

Male 304 177 121 135

Female 108 66 39 30

Grade

Low grade 21 10 10 105

High grade 388 233 147 60

Stage

I/II 133 77 53 135

III/IV 277 166 105 30
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Figure 3: Continued.
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the analysis, 5 target genes were selected. The 5-gene
signature formula was as follows: risk score = expression
level of TM4SF1 ∗ ð0:197Þ + expression level of KCNK5 ∗ ð−
0:373Þ + expression level of FASN ∗ ð0:408Þ + expression
level of IMPDH1 ∗ ð0:342Þ + expression level of KCNJ15 ∗ ð
−0:171Þ. Then, we analyzed the predictive classification
efficiencies of the model, and the area under the curve
(AUC) values for 1, 3, and 5 years were 0.771, 0.755, and
0.793, respectively, indicating good predictive performance
(Figure 2(f)). Moreover, we divided the risk score into two
risk subgroups, plotted the K-M curve as shown in
Figure 2(g), and found a significant difference between
them (p < 0:001). To further determine the robustness of

this model, we used the same coefficients in the internal
testing cohort, all TCGA cohorts, and the independent
validation cohort GSE13507. In the testing cohort, the
AUC values for 1, 3, and 5 years were 0.755, 0.641, and
0.604, respectively (Figure 2(h)); in all TCGA cohorts, the
AUC values for 1, 3, and 5 years were 0.708, 0.711, and
0.723, respectively (Figure 2(i)). In the GSE13507 cohort,
the AUC values for 1, 3, and 5 years were 0.699, 0.666, and
0.614, respectively (Figure 2(l)). Similar results were
obtained in these cohorts, and significant differences were
observed between the two risk subgroups (Figures 2(i),
2(k), and 2(m)). These results showed that the constructed
risk signature has good robustness and could be used to
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Figure 3: Molecular characteristics of the two risk subgroups and correlation between the risk model and immunity. GSEA for high-risk
patients (a) and low-risk patients (b). (c) The relative proportions of 22 kinds of immune cells in the two risk subgroups. (d)
Clinicopathological characteristics of two risk subgroups with the immune landscape.

Table 3: Univariate and multivariate cox analysis.

Clinical variables
Univariable analysis Multivariable analysis

HR 95% CI p value HR 95% CI p value

Age 1.040 1.021-1.059 2.75E-05 1.042 1.023-1.062 1.48E-05

Gender 1.110 0.761-1.620 0.5860 1.192 0.812-1.750 0.3679

Stage 1.951 1.524-2.497 1.10E-07 1.279 0.827-1.978 0.2669

T 1.658 1.275-2.154 0.0001 1.395 1.021-1.908 0.0365

N 1.592 1.334-1.901 2.58E-07 1.214 0.893-1.650 0.2154

Risk score 1.371 1.238-1.517 1.24E-09 1.337 1.195-1.496 3.66E-07
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predict the prognostic risk of BC patients in different
cohorts.

3.4. Molecular Characteristics between Different Risk
Subgroups. Mutation analysis in TCGA-BLCA samples
revealed that 3%, 2.4%, 6%, 3%, and 2.2% of patients had
mutations in TM4SF1, KCNK5, FASN, KCNJ15, and
IMPDH1, respectively (Figure S4A). Missense variations,
nonsense variations, and frameshift deletions were the
common mutation types between the subgroups. The
mutation rates of TTN, TP53, ARID1A, MUC16, KDM6A,
and KMT2D were more than 20% in the two subgroups
(Figures S4B and S4C). GSEA was used to identify the
gene sets enriched in different risk subgroups. Gene sets
from samples with high-risk score samples were enriched
in pathways related to the cell cycle, chemokine signaling
pathway, cytokine-cytokine receptor, pathways in cancer,
and regulation of actin cytoskeleton, while the gene sets of
low-risk score samples were enriched in metabolism
pathways (Figures 3(a) and 3(b)).

3.5. Prognostic Analysis of Risk and Clinical Characteristics.
We further compared the risk score between patients with
different clinical characteristics. Correlation analysis of the
risk score and clinical characteristics such as age, pathologi-
cal grade, clinical stage, N stage, T stage, and M stage
revealed a statistically significant association (Figure S5).
We further performed survival analysis of the clinical
subgroup with the risk score. As shown in Figure S6, the
5-gene signature can clearly distinguish patients by age,
gender, T stage, and N stage. These results suggested that
our risk model retained strong power in predicting
different clinical variables. Furthermore, univariate and
multivariate Cox regression analyses were used to
investigate the independence of the risk (Table 3). The
proportional hazards assumption was tested using the

Schoenfeld residual test (Figure S7). Univariate Cox
regression analysis showed that age, stage, T stage, N stage,
and risk were closely related to survival. Based on
multivariate analysis, only age (HR = 1:042, 95%CI = ½1:023
− 1:062�, p = 1:48E − 05), T stage (HR = 1:395, 95%CI = ½
1:021 − 1:908�, p = 0:0365), and risk score (HR = 1:337, 95
%CI = ½1:195 − 1:496�, p = 3:66E − 07) were significantly
associated with survival. This finding indicated that this 5-
gene signature was an independent risk factor for
predicting prognosis.

3.6. Correlation between the Risk Model and Immunity. To
explore the indicative roles of this risk model on the tumor
microenvironment (TME), CIBERSORT was adopted to
evaluate the relative proportion of 22 kinds of immune cells
[18]. The results showed that the high-risk subgroup was
significantly associated with natural killer (NK) resting cells
and M0 macrophages, while the low-risk subgroup was sig-
nificantly associated with regulatory T cells (Tregs), NK acti-
vated cell, and monocytes (Figure 3(c)). The correlations
between the clinicopathological characteristics of different
risk subgroups and the immune landscape are displayed in
Figure 3(d). The results showed that our risk model could
potentially reflect the status of the TME.

Furthermore, we explored whether the risk model had
the potential to predict treatment response to immune
checkpoint inhibitors (ICIs). We found that the expression
of PD-1, PD-L1, LAG3, and CTLA4 was markedly higher
in the high-risk subgroup, indicating a positive correlation
with risk (Figures S8B–S8E). Moreover, the enrichment
scores of immune-related pathways were quantified.
Interestingly, most of the functions associated with antigen
presentation, such as T cell costimulation and MHC and
APC coinhibition, showed a bias toward the high-risk
group (Figure S8A).
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Figure 4: Comparison with other signatures and construction of the nomogram. (a) ROC and survival curves of the Cao signature. (b) ROC
and survival curves of the Wang signature. (c) ROC and survival curves of the Yang signature. (d) ROC and survival curves of the Zhang
signature. (e) C-index between the five signatures. (f) RMS result of the five signatures. (g) A nomogram to predict overall survival. (h)
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3.7. Comparison of the Risk Model with Other Signatures.
Four prognostic risk signatures, the 4-gene, 5-gene, 7-gene,
and 9-gene signatures, were chosen for comparison with this
risk signature. We also used the same method to calculate
every risk score in TCGA dataset according to the corre-
sponding genes in the four risk signatures. Survival differ-
ences in the low- and high-risk subgroups were also
detected with these risk signatures (Figures 4(a)–4(d), log
rank p < 0:05). To further validate prognostic prediction
performance among them, the R package “rms” was used
to calculate the concordance index (C-index). The results
showed that our model had the highest C-index, highlight-
ing a better performance (Figures 4(e) and 4(f)).

3.8. Construction of the Nomogram with Risk Score. To eval-
uate the potential clinical practicality of the prognostic
model, we combined the clinicopathological features and

risk to construct a nomogram. As shown in Figure 4(g), a
prognostic nomogram with risk score and clinical variables
was constructed. The 1-, 3-, and 5-year calibration plots
demonstrated the performance of the nomogram
(Figure 4(h)). Finally, DCA indicated that the nomogram
had a higher overall net benefit for clinical utility
(Figure 4(i)).

3.9. Clinical and In Vitro Validation of 5 Gene Expressions.
To further confirm the above results, 50 cases of BC tissue
specimens were included. Immunohistochemistry results
showed that TM4SF1, FASN, and IMPDH1 were signifi-
cantly highly expressed in cancer tissues, and KCNK5 and
KCNJ15 were highly expressed in normal tissues
(Figures 5(a)–5(j)). The results were basically consistent with
the in silico analysis. The findings also showed that the
mRNA expression levels of TM4SF1, FASN, and IMPDH1
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Figure 5: Immunohistochemistry and qRT-PCR results of the 5 genes in tissue samples. The protein expression of TM4SF1 (a), KCNK5 (b),
FASN (c), IMPDH1 (d), and KCNJ15 (e) in clinical samples. (f–j) Percentage of positive cells of the 5 genes. (k–o) qRT-PCR analysis of
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were higher in cancer tissues (Figures 5(k), 5(m), and 5(n)),
whereas the mRNA expression of KCNJ15 was higher in
normal tissues (Figure 5(o)). Moreover, the current study
findings showed that the levels of TM4SF1, FASN, and
IMPDH1 were significantly increased in BC cell lines
(UMUC-3 and T24) compared with SV-HUC-1
(Figures 6(a)–6(f)). The qRT-PCR and western blotting val-
idation findings confirmed the important roles of the signa-
ture genes in BC. Next, we analyzed the potential function of
IMPDH1 in BC. Silencing IMPDH1 inhibited the prolifera-
tion and colony formation of bladder cancer cells in vitro
(Figures 6(g)–6(i)). The results indicated that IMPDH1
may act as an oncogene in BC. Similar results were also
observed after silencing FASN or TM4SF1 in bladder cancer
cells (Figure S9). We further investigated the influence of
IMPDH1 on lipid metabolism-related pathways; the
expressions of two key enzymes in the fatty acid synthesis
pathway were measured in IMPDH1 knockdown and
control bladder cancer cells. As shown in Figure 6(j),
downregulation of IMPDH1 decreased the protein levels of
SREBP-1 and ACLY in T24 and UMUC3 cells. Thus, we

suggest that IMPDH1 plays an important role in regulating
lipid metabolism on BC.

4. Discussion

BC is a common malignant tumor worldwide and has high
rates of progression and recurrence. Despite advances in sur-
gery and comprehensive treatment regimens, effective tar-
geted therapies and prognostic markers are still lacking in
patients with BC [19]. In the process of transforming normal
cells into malignant cells, one of the key steps is metabolic
reprogramming, including glycolysis and glutamine and
fatty acid metabolism [20]. There is growing evidence that
certain specific changes in lipid metabolism have an impact
on the synthesis and degradation of tumor cell membranes,
thus maintaining the energy balance in the body [21, 22].

In the present study, we identified two subtypes of BC by
using the NMF algorithm based on genes related to lipid
metabolism. Next, WGCNA was applied to screen modules
of coexpressed genes, and 1467 genes were obtained. Then,
LASSO and multivariate Cox analyses were performed to
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construct a 5-gene prognostic risk model. Our findings
showed that this risk model had stable performance in the
prognosis of BC patients and was implicated in clinical char-
acteristics and immune infiltration cells.

This risk signature was constructed with TM4SF1,
KCNK5, FASN, IMPDH1, and KCNJ15. According to our
study results, TM4SF1, FASN, and IMPDH1 were signifi-
cantly and highly expressed in BC tissues, while KCNK5
and KCNJ15 were poorly expressed. In accordance with
the corresponding coefficients of these five genes, the risk
score was calculated, and samples were grouped with differ-
ent risks. Survival analysis exhibited significant discrepancies
between different risk subgroups. We also confirmed that
the risk score was an independent prognostic factor for sur-
vival. Stratified survival analysis also indicated the good fea-
sibility of this model. Furthermore, CIBERSORT showed
that patients in the high-risk subgroup had higher propor-
tions of M0 macrophages and NK resting cells, while Tregs
and NK-activated cells were upregulated in the low-risk
group, indicating a differential infiltration pattern between
the subgroups [23]. GSEA indicated that the cell cycle, regu-
lation of actin cytoskeleton, pathways in cancer, cytokine-
cytokine receptor interaction, and chemokine signaling
pathway increased with risk score, suggesting that risk was
closely related to tumor development and immune activity
[24, 25]. Immune checkpoints could be regarded as potential
therapeutic targets of tumor treatment, and the inhibitors
have exhibited superior anticancer efficacy [26]. We found
that the high-risk subgroup was associated with immune
checkpoints such as PD-1, PD-L1, LAG3, and CTLA-4,
implying that patients with different risks respond differ-
ently to immunotherapy.

TM4SF1 acts as an integral membrane glycoprotein that
transmits signals from the extracellular space to the cyto-
plasm. Previous studies have shown that TM4SF1 is overex-
pressed in various cancers and is strongly upregulated in BC
tissues [27]. FASN is a key enzyme in fatty acid synthesis.
FASN levels have been reported to be closely associated with
cell proliferation and apoptosis. Research on the relationship
between FASN and BC has proven that FASN is associated
with the progression of BC [28]. IMPDH1 is a key regulator
of GTP synthesis and is required for signal transduction.
IMPDH1 has been indicated to be positively associated with
renal cancer metastasis [29]. KCNK5 is a member of the
KCNK family, which can regulate membrane potential and
excitability. The expression of KCNK5 is associated with
the maintenance of hearing [30]. KCNJ15 is a member of
the inwardly rectifying potassium channel family. Liu et al.
demonstrated that KCNJ15 inhibits renal cell prolifera-
tion [31].

Next, we further validated the expression of these five
genes in tissue specimens and cell lines. The immunohisto-
chemistry results suggested that the expression of TM4SF1,
FASN, and IMPDH1 was significantly elevated in tumor tis-
sue specimens, while the expression of KCNK5 and KCNJ15
was downregulated. The mRNA expression levels detected in
the tissue specimens were also generally consistent with the
above results. In an in vitro experiment, we demonstrated
that TM4SF1, FASN, and IMPDH1 were elevated in some

bladder cancer cell lines. These results are in accordance
with the bioinformatics analysis. Finally, we focused on the
function of IMPDH1 in BC and found that cell proliferation
and colony formation were significantly inhibited after
knocking down IMPDH1, implying that IMPDH1 has a
tumor-promoting effect.

Previous studies have also developed cancer biomarkers
associated with BC prognosis. Cao et al. constructed a 7-
gene signature related to EMT for predicting the outcome
of BC patients [32], while a 9-gene signature related to fer-
roptosis was established by Yang et al. [33]. Zhang et al.
identified a glycolysis-based 4-mRNA signature to promote
therapeutic options in BC [34]. Wang et al. used univariate
and robust methods to establish a 5-gene risk model in BC
[35]. To further examine the advantages of our signature,
we compared these risk models simultaneously. The results
demonstrated that our model had the highest C-index, exhi-
biting good application value compared with the others. Our
risk signature obtained a more stable and effective prediction
with fewer genes, which is better suited for clinical applica-
tions. Although the results were derived from multiomics
data with a large sample, some limitations also need to be
improved. Despite the rigorous bioinformatics analysis in
the current study, further verification is still needed.

Aberrant activities of lipid metabolism have unique
functional roles in cancer progression, and their imbalanced
status has been a topic for screening therapeutic targets.
Therefore, we attempted to fill the knowledge gap between
lipid gene status and prognosis prediction in BC. Based on
this study, we think these five genes may be implicated in
lipid metabolism processes, and this risk signature may serve
as a prognostic biomarker for BC treatment.

In conclusion, we established and validated a 5-gene sig-
nature associated with lipid metabolism, which was an inde-
pendent prognostic factor in different datasets. The risk
signature exhibited superior predictive performance com-
pared to other published models. This 5-gene signature
could be recognized as a prognostic marker to reflect the
survival of BC.
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Intrarenal calcium oxalate (CaOx) crystals induce renal tubular epithelial cell (TEC) inflammatory and oxidative injury. This
study is aimed at exploring potential therapeutic lipid components in kidney stones because lipids are involved in the
development of several diseases and indicate the risk of kidney stones. Serum specimens were collected from 35 kidney stone
patients and 35 normal controls. The lipid components in serum were measured, and differences were analyzed. The
documented biological importance was comprehensively reviewed to identify lipids that differed significantly between the two
groups to find potential agents associated with kidney stones. CaOx nephrocalcinosis mouse model was established to examine
the therapeutic effects of specific lipids on CaOx deposition and CaOx-induced oxidative renal injury. Several lipids with
significantly different levels were present in the serum of patients with stones and normal controls. Resolvin D1 (RvD1) (4.93-
fold change, P < 0:001) and protectin D1 (PD1) (5.06-fold change, P < 0:001) were significantly decreased in the serum of
patients with kidney stones, and an integrative review suggested that these factors might be associated with inflammatory
responses, which is a crucial mechanism associated with stone damage. The administration of RvD1 and PD1 significantly
inhibited kidney CaOx deposition and suppressed CaOx-induced renal tubular cell inflammatory injury and necrosis in a
CaOx nephrocalcinosis mouse model. Furthermore, RvD1 and PD1 facilitated the expression of the oxidative indicator
superoxide dismutase 2 (SOD2), inhibited NADPH oxidase 2 (NOX2) expression, and diminished intracellular reactive oxygen
species (ROS) levels. This study preliminarily elucidated the role of lipids in kidney stones. The inhibitory effects of RvD1 and
PD1 on oxidative damage induced by CaOx deposition provide a promising perspective for kidney stone treatment strategies.

1. Introduction

The prevalence of kidney stones, which is a disorder that
affects the urinary system, has increased in various regions
worldwide in the past decade [1]. According to their composi-
tion, kidney stones are mainly categorized as oxalate, phos-
phate, or uric acid stones. Uric acid and cystine stones are

also common. Some insoluble or poorly soluble medications
in the urine may also develop into stones [2]. Most kidney
stones are formed of calcium oxalate (CaOx) and calcium
phosphate (CaP). Kidney stones are free or attached to the
kidney pelvis or calyces in the form of mineral clots. Specifi-
cally, specific minerals in the urine filtered by the kidneys
become supersaturated, and then, the crystals continue to lin-
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ger, grow, and eventually form stones. Proteins, chemical
polymers, and other mineral crystals present in urine might
also serve as nuclei for the formation of stones [3].

The recurrence risk of kidney stones can be as high as
50% following the first kidney colic within five years [4].
Such a high recurrence rate underscores the fact that the
mechanism of kidney stone formation is not simple. Kidney
stones are now increasingly recognized as a systemic disease.
Risk factors associated with stone formation include diabe-
tes, hypertension, and metabolic syndrome [5]. Particular
focus is being given to the involvement of metabolic factors
in the development of kidney stones [6]. Along with crystals,
stones frequently contain a significant amount of organic
matrix. These organic matrices are present within and
around the crystals. A few studies have shown a relationship
between crystals and the organic matrix in stone formation.
It is worth mentioning that the matrix incorporates a variety
of lipids [7]. Another noteworthy fact is that children have a
considerably lower incidence of urolithiasis than adults. Sev-
eral studies have revealed an association between abnormal
lipid metabolism and the development of urolithiasis in chil-
dren. Additionally, epidemiological studies have revealed an
increased risk of developing kidney stones in individuals
with dyslipidaemia [8]. These findings indicate that lipids
may be involved in the formation of stones. However, the
association between lipids and kidney stones, as well as the
underlying mechanisms, remains elusive.

Lipids are engaged in various cellular metabolic pro-
cesses as essential bioactive components, including the
maintenance of normal cellular morphology, cellular
energy metabolism, signal transduction, and substance
transport. Mounting evidence shows that dyslipidaemia is
associated with various diseases. For instance, dyslipidae-
mia is significantly associated with diabetes and hyperten-

sion, while diabetes and hypertension are well-established
risk factors for kidney stones [9]. Given the relationship
between these diseases and kidney stones, it would be
intriguing to investigate the involvement of lipids in stone
formation.

Lipidomics refers to the extensive investigation and inte-
grated characterization of lipid structure and function on a
spatial and temporal scale. The field of lipidomics research
has grown rapidly since the advent of mass spectrometry,
providing solid evidence for the function of lipids in various
diseases. To date, there have been few lipidomics studies of
kidney stones. Based on the practical needs and existing the-
oretical achievements, the present study used mass spec-
trometry to examine the potential lipid molecules
associated with the formation of kidney stones, which may
assist in elucidating the mechanism by which lipid metabolic
components contribute to stone formation. We found that
serum levels of resolvin D1 (RvD1) and protectin D1
(PD1) were significantly lower in patients with kidney stones
than in normal controls, indicating their possible protective
role in kidney stones. As anti-inflammatory and antioxidant
agents, RvD1 and PD1 were reported to exert protective
effects in many diseases. Bathina and Das found that RvD1
can prevent streptozotocin-induced type 1 diabetes by
reducing oxidative stress and suppressing inflammation
[10]. In mouse model of lipopolysaccharide-induced kerati-
tis, RvD1 was reported to ameliorate the inflammatory pro-
cess [11]. In addition, PD1 was also found to enhance
resolution of inflammation in lipopolysaccharide-induced
acute lung injury [12]. Duffield et al. demonstrated that
resolvin D series and PD1 may play an important role in
protecting against acute kidney injury [13]. The protective
role of RvD1 and PD1 in kidney stones and the underlying
mechanisms are worth further investigation. Attempts to
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Figure 1: Identification of significantly reduced DHA-derived lipid mediators of serum in urolithiasis samples. (a) Principal component
analysis of lipid mediators using expression data. (b) Lipid mediators are shown in a heat map. Lipid mediators are colour-coded based
on the different polyunsaturated fatty acid (PUFA) precursors. (c) Volcano plots showing lipids that were differentially expressed in
serum from stone patients and healthy controls. Red/blue dots represent up- or downregulated proteins, respectively, with a FC cut-off
of 2 and a P value < 0.005. (d) Relative quantitation of DHA and DHA-derived lipid mediators in human serum. AA: arachidonic acid;
DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid.
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Figure 2: Continued.
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identify therapeutic lipid molecules for kidney stones are
aimed at bringing genuine insight and a basis for novel ther-
apeutic approaches.

2. Materials and Methods

2.1. Ethics Statements. The study was conducted according
to the guidelines of the Declaration of Helsinki and
approved by The Institutional Research Ethics Committee
of The Second Affiliated Hospital, School of Medicine, Zhe-
jiang University, Hangzhou, China (#IR2021001315).

2.2. Patients. Sera were collected from 35 patients with kid-
ney stones and 35 normal controls from December 01,
2020, to February 01, 2021, at The Second Affiliated Hospi-
tal, School of Medicine, Zhejiang University. Written
informed forms were obtained from all participants. Patients
who had a history of renal stones and underwent ureteral
flexible lithotripsy at our institution were included in the
stone group. Exclusion criteria included hypertension, dia-
betes mellitus, history of gallstones, urinary tract abnormal-
ities, and hyperparathyroidism. The inclusion criteria for the
normal group were good health as confirmed by physical
examination. There were no exclusion criteria for the nor-
mal group.

2.3. Lipid Mediator Extraction. All lipid mediator standards
were purchased from the Cayman Chemical Company
(Ann Arbor, MI, USA). HLB SPE cartridges were purchased
from Anbocis Technology (Beijing, China). All HPLC grade
solvents were acquired from Sigma–Aldrich (St. Louis, MO,
USA) or Merck & Co., Inc. (Kenilworth, NJ, USA). Aliquots

of 100μL of thawed human serum were used. A mixture of
deuterium-labelled internal standards was added to each
sample, followed by 1.5mL of cold methanol (MeOH). The
samples were vortexed for 5min and stored at -20°C over-
night. Cold samples were centrifuged at 14,000 rpm for
5min, and the supernatant was then transferred to a new
tube. Samples were evaporated under nitrogen to volumes
less than 50μL, after which 1mL of acidified H2O (pH3.5)
was added to each sample before HLB SPE extraction as pre-
viously described [14]. In brief, the acidified samples were
loaded onto an HLB SPE column, washed with water and
hexane, and eluted with methyl formate. The methyl formate
fractions were collected, dried under nitrogen, and reconsti-
tuted in 100μL of MeOH:H2O (2 : 3, v/v). Samples were cen-
trifuged at 20,000 rpm, and 80μL of the supernatants was
subjected to LC–MS/MS lipid mediator metabolomics
analysis.

2.4. LC–MS/MS Lipid Mediator Metabolomics Platform.
Determination of lipid mediators was achieved by LC–MS/
MS using a Shimadzu LC-20ACXR (Shimadzu, Kyoto,
Japan) and Sciex 5500 triple quadruple mass spectrometer
(Sciex, MA, USA) with heated electrospray ionization
(ESI). A Phenomenex Kinetex C18 column (100 × 2:1mm,
2.6μm) was maintained at 40°C. Solvent A was composed
of 100% H2O with 0.1% formic acid, and solvent B was
100% acetonitrile (ACN) with 0.1% formic acid. The flow
rate was 0.3mL/min, and the gradient was 35% B at 0min,
increased to 50% B until 4.0min, increased to 95% B at
9.0min, maintained at 95% B until 11.5min, returned to
35% B at 12.0min, and maintained at 35% B until
14.0min. ESI-MS was operated in negative mode with a
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Figure 2: RvD1 and PD1 inhibited CaOx deposition-induced cell damage. A mouse model of CaOx deposition was constructed, and the
effects of RvD1 and PD1 on CaOx deposition were observed after the administration of different concentrations of RvD1 (18.75 and
31.25μg/kg) and PD1 (11.25 and 18.75μg/kg). (a) Representative map of CaOx deposition in the whole kidney as observed by polarized
light optical microscopy (×20, scale bar: 500 μm). Pizzolato staining was performed to examine CaOx deposition in local tissues (×200;
scale bar: 20μm). PAS staining was performed to examine cell damage (×200; scale bar: 20 μm). A TUNEL assay was performed to
examine apoptosis (×200; scale bar: 100 μm). (b) The ratio of the areas of kidneys with crystal deposition, as determined by polarized
light optical microscopy. (c) The ratio of the areas of kidneys with corticomedullary junction area crystal deposition. (d) The tubular
injury score was determined by PAS staining. (e) The average number of TUNEL-positive cells per high-power field. (f, g) BUN and
serum creatinine were used to assess renal function (n = 5). The data are the means ± SEM of three independent experiments. One
representative plot of n = 5 mice is shown. #P < 0:05; ##P < 0:01 compared with NC, ∗P < 0:05; ∗∗P < 0:01 compared with Gly, one-way
ANOVA (b–g).
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voltage of -4500V, a temperature of 500°C, curtain gas at
30 psi, GS1 at 40 psi, and GS 2 at 40 psi. The mass spectrom-
etry parameters for each compound were optimized, and a
scheduled multiple reaction monitoring (MRM) strategy
was applied. Retention time and specific MRM transitions
were used to identify each lipid mediator. Relative quantita-

tion with an appropriate internal standard was performed
using the MutliQuant software (Sciex, MA, USA).

2.5. Establishment of the CaOx Deposition Mouse Model. All
experimental procedures followed the rules of the National
Institutes of Health Guide for the Care and Use of
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Figure 3: RvD1 and PD1 reduced kidney injury by inhibiting oxidative damage. (a) Treatment with different concentrations of RvD1 (18.75
and 31.25μg/kg) and PD1 (11.25 and 18.75μg/kg) in the CaOx deposition mouse model. Representative plots showing NOX2 and SOD2 are
presented (×200; scale bar: 20 μm). Intracellular ROS levels were measured by the DHE method (×200; scale bar: 20μm). (b–d) The ratio of
the areas with positive expression of NOX2, SOD2, and DHE, as determined by IHC. One representative plot of n = 5 mice is shown.
#P < 0:05; ##P < 0:01 compared with NC, ∗P < 0:05; ∗∗P < 0:01 compared with Gly, as determined by one-way ANOVA (b–d).
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Laboratory Animals. Male C57BL/6J mice (6–8 weeks) were
obtained from the Experimental Animal Research Centre of
Hubei and were used for the animal experiment. The mice
were randomly allocated to different experimental and con-
trol groups. To establish the CaOx deposition model, each
mouse was intraperitoneally injected with glyoxylate (Gly)
(75mg/kg/d) or saline from day 4 to day 10 as previously
described [15]. RvD1 and PD1 were obtained from Cayman
Chemical (Ann Arbor, Michigan, USA). Mice in the inter-
vention group were intraperitoneally injected with different
concentrations (18.75, 31.25μg/kg/d; 75, 125μL) of RvD1
or (11.25, 18.75μg/kg/d; 75, 125μL) of PD1 from day 1 to
day 10. Ten days later, all mice were sacrificed and under-
went further laparotomy and assessment.

2.6. Detection of CaOx Crystal Deposition. Mouse kidney tis-
sues were fixed with formalin, paraffin-embedded for rou-
tine sectioning, and then stained with haematoxylin-eosin
(HE). Then, CaOx crystal deposition in the kidneys was
determined using a polarized light optical microscope (Zeiss,
Oberkochen, Germany). In addition, the kidney sections
were stained using Pizzolato’s method to further examine
crystal deposition [16]. The percent area of crystal deposi-
tion per kidney section was quantified with the ImageJ soft-
ware (National Institutes of Health, USA).

2.7. Periodic Acid-Schiff (PAS) Staining. Kidney tissue sec-
tions were stained with PAS to assess tubular injury, includ-
ing tubular dilation, tubular atrophy, tubular cast formation,
sloughing of tubular epithelial cells (TECs), or thickening of
the tubular basement membrane. Ten nonoverlapping
microscopic fields (×200) were randomly selected, and the
percentage of cells with tubular injury among total TECs
was calculated (scoring: none, 0; <25%, 1; 25–50%, 2; 51–
75%, 3; and >75%, 4). The average score was calculated to
represent the average injury level of the 10 fields examined.

2.8. Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labelling (TUNEL) Fluorescence Staining. TUNEL fluores-
cence staining was conducted to assess kidney cell death
using an In Situ Cell Death Detection Kit (Roche, Rotkreuz,
Switzerland) according to the manufacturer’s instructions
[17]. The number of TUNEL-positive cells was counted in
ten randomly chosen magnification fields for each slice.

2.9. Immunohistochemistry (IHC).Mouse kidneys were fixed
with formalin and embedded in paraffin for routine section-
ing, followed by HE staining. For immunohistochemical
staining, the slices were incubated with primary antibodies
against superoxide dismutase 2 (SOD2) (1 : 800, Boster,
BM4813) and NADPH oxidase 2 (NOX2) (1 : 200, Boster,
BA2811) overnight at 4°C and then visualized by an
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Figure 4: A flow chart of study design in human samples and mouse model.
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Envision HRP Polymer system (Boster, Wuhan, China).
Image capture (×200 magnification) was performed with
an Olympus BX51 microscope (Olympus, Japan). Relative
expression levels were analyzed using the ImageJ software.

2.10. Dihydroethidium (DHE) Fluorescence Analysis. Mouse
kidneys were washed with phosphate-buffered saline and
then frozen immediately. Subsequently, the frozen tissues
were cut into sections (5μm) using a freezing microtome
and incubated with a 5μM DHE solution at 37°C for
30min. The slides were rinsed with phosphate-buffered
saline and sealed with an antifluorescence quenching agent.
They were then observed and imaged under a fluorescence
microscope (Nikon, Japan). Fluorescence intensity was
quantified with the ImageJ software (National Institutes of
Health, USA).

2.11. Measurement of Blood Urea Nitrogen (BUN) and
Serum Creatinine. Blood samples were collected from the
mice on day 10. Serum levels of BUN and creatinine were
determined using commercial kits (Stanbio Laboratory,
Boerne, TX, USA).

2.12. Statistical Analysis. The Shapiro–Wilk test was used to
determine the normality of continuous variables. The P
value was calculated by Student’s t test and adjusted by Bon-
ferroni correction, and values larger than 0.05 were consid-
ered to represent statistically significant differences.
Measurement results from human serum are expressed as
the mean ± standard deviation (SD). To identify differential
lipid mediators, a P value of 0.001 and a fold change (FC)
greater than 1.5 were used as cut-off values. Heat maps
and principal component analysis were used to visualize
the characteristics of all differential lipid mediators based
on the quantile-normalized values. Data analysis and plots
were generated using R version 4.0.4 [18] and GraphPad
Prism version 8.0.1 (GraphPad Software, CA, USA).

3. Results

3.1. Identification of Differential Lipids in Serum between
Kidney Stone Patients and Healthy Controls. To examine
potential lipid components that may be associated with
stone formation, serum specimens were collected from 35
stone patients and 35 healthy controls at The Second Affili-
ated Hospital, School of Medicine, Zhejiang University.
There were no differences between the two groups in terms
of sex ratio, age, height, or weight (Table S1). Mass
spectrometry analysis of the lipid components in these
blood specimens was performed. Principal component
analysis based on the levels of all lipid components showed
that samples from stone patients and healthy controls were
clustered and were significantly different between the two
groups. These findings established the reliability of the
mass spectrometry results and demonstrated that the sera
of stone patients and healthy controls contained distinct
lipids (Figure 1(a)). Hierarchical clustering with heat map
classification based on lipid precursors and serum lipid
levels directly revealed the lipids that differed between the
serum of kidney stone patients and healthy controls.

Notably, multiple products of docosahexaenoic acid (DHA)
consistently showed “elimination” in the serum of patients
with kidney stones (Figure 1(b)). These results revealed
some serum lipids that may be associated with kidney
stone formation.

3.2. Verification of Serum Lipid Levels in Patients with
Kidney Stones. A “volcano plot” was drawn according to
the differences (∣Log2FC ∣ ≥1; P < 0:05) in DHA products
between the two groups to visualize the lipids that may be
associated with kidney stones (Figure 1(c)). To further con-
firm the levels of these lipids in kidney stone patients, serum
was collected again from the aforementioned 35 kidney stone
patients and 35 healthy controls. DHA products in the serum
were measured. The results were consistent with the mass
spectrometry results. Specifically, 14-HDHA was signifi-
cantly higher in patients with kidney stones than in healthy
controls, whereas 17-HDHA, 13-HDHA, RvD2, RvD1, 4-
HDHA, 8-HDHA, PD1, Maresin 1, and 7-HDHA were sig-
nificantly lower in the serum of patients with kidney stones
than in healthy controls (Figure 1(d)). These results suggest
an association between DHA products and kidney stone
formation.

3.3. RvD1 and PD1 Attenuated CaOx Deposition and
Cellular Damage in the Kidneys. RvD1 and PD1 are known
to have stronger biological functional activity than other
members of the DHA family and can block proinflammatory
neutrophil and macrophage migration, which plays a key
role in inflammatory renal injury. To investigate the thera-
peutic effects of RvD1 and PD1 on CaOx nephrocalcinosis,
we pretreated mice with RvD1 and PD1 for 3 days and
developed a CaOx nephrocalcinosis mouse model by intra-
peritoneal injection of Gly. Polarized light optical micros-
copy and Pizzolato staining showed that Gly significantly
induced CaOx crystal deposition in the kidneys of mice,
while RvD1 and PD1 reversed this effect in a dose-
dependent manner. PAS and TUNEL staining further con-
firmed that RvD1 and PD1 reduced CaOx crystal-induced
kidney damage (Figures 2(a)–2(e)). In addition, we mea-
sured the levels of serum creatinine and BUN to evaluate
kidney function and tubular injury. We observed gradual
recovery of kidney function during the treatment with
RvD1 and PD1 in a dose-dependent manner (Figures 2(f)
and 2(g)).

3.4. RvD1 and PD1 Protected against CaOx Deposition by
Inhibiting Oxidative Damage in the Kidneys. To further
explore the mechanism by which RvD1 and PD1 inhibit
CaOx-induced kidney inflammation and oxidative damage
and thereby reduce CaOx crystal deposition, we examined
reactive oxygen species- (ROS-) related indicators. NOX2
is a superoxide-generating enzyme that forms ROS [19].
SOD2 degrades superoxide, a toxic byproduct of the mito-
chondrial electron transport chain, to form hydrogen perox-
ide and diatomic oxygen. This function enables SOD2 to
eliminate mitochondrial ROS and thereby protect cells from
death [20]. Immunohistochemical staining of NOX2 and
SOD2 showed that RvD1 and PD1 reversed the effects of
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Gly-induced oxidative damage (Figures 3(a)–3(c)). Further-
more, we measured intracellular ROS using the DHE
approach. Both RvD1 and PD1 significantly reduced ROS
levels (Figures 3(a) and 3(d)). Collectively, these data sug-
gested that RvD1 and PD1 inhibited CaOx deposition and
antagonized the risk of kidney stones by inhibiting ROS
(Figure 4).

4. Discussion

Kidney stones pose a significant risk to human health and
impose a substantial economic burden on society. Urinary
stone formation is a complex process involving multiple fac-
tors. The mechanisms of stone formation involve CaOx
crystallization, crystal growth, aggregation, and adhesion to
renal tubular epithelial cells have been extensively studied
during the last few decades [21]. Although numerous inves-
tigations on the formation of kidney stones have been con-
ducted and several theories have been established, the
mechanisms of kidney stone formation are not yet unequiv-
ocally understood. A few pieces of evidence have shown that
lipid components might play a role in the formation of kid-
ney stones [22]. For instance, oxidized low-density lipopro-
tein (LDL) is abundant in patients with kidney stones. In
addition, glycolipids and cholesterol are involved in the for-
mation of kidney stones [23]. However, a limited number of
papers are available about kidney stones and lipidomics. In
this study, serum lipids were measured, and patients with
kidney stones had considerably lower DHA metabolites than
healthy individuals. Further exploration revealed that the
DHA products RvD1 and PD1 reduced CaOx deposition
in the kidneys. In addition, RvD1 and PD1 alleviated kidney
inflammation and oxidative damage, which might be the
mechanism by which RvD1 and PD1 reduced CaOx deposi-
tion. As CaOx deposition is a critical process in the forma-
tion of CaOx stones, RvD1 and PD1 might protect against
the development of kidney stones.

Both RvD1 and PD1 are produced from DHA, a long-
chain, highly unsaturated omega-3 (n-3) fatty acid that is
one of the main components of fish oils. DHA is involved
in the regulation of various cellular activities and functions,
including altering membrane structure, membrane protein
function, cell signalling, and lipid mediator production
[24]. Endogenous conversion of DHA into resolvins, protec-
tins, and maresins has been demonstrated. DHA is currently
broadly used as a dietary supplement, and a considerable
body of evidence indicates that DHA has numerous health
benefits. DHA significantly improved oxidative stress in kid-
neys of LPS-challenged mice by restoring oxidation and
antioxidant balance [25]. EPA and DHA seem to help lag
the progression of chronic kidney disease by decreasing the
production of ROS and lipid peroxidation, promoting mito-
chondrial damage and tissue inflammation, which result in
glomerular and tubular lesions [26]. However, the molecular
mechanisms remain unclear [27].

Resolvins and protectins dominate the resolution phase
of inflammation. Protectins are inflammatory mediators that
inhibit leukocyte activation [28]. These factors foster the
natural resolution of acute inflammation by diminishing

proinflammatory mediators and clearing inflammatory cells.
PD1 belongs to the resolvin family. PD1 is present in various
tissues, including the retina, lung, and nervous system. PD1
has anti-inflammatory, antiapoptotic, and neuroprotective
effects [29]. PD1 protects cells by reducing oxidative stress-
induced inflammation and inhibiting apoptotic signalling
pathways. Resolvins are lipid mediators derived from eicosa-
pentaenoic acid (EPA) and DHA. RvD1 is physiologically
produced by the sequential oxygenation of DHA by 15-
and 5-lipoxygenases. RvD1 inhibits polymorphonuclear leu-
kocyte transendothelial migration, which is an early event in
acute inflammation. In addition to being anti-inflammatory,
RvD1 promotes the resolution of inflammation [30]. This
study provides new evidence that RvD1 and PD1 are anti-
inflammatory and antioxidant agents.

Inflammation, oxidant-antioxidant imbalance, and urea
cycle disruption have been established as plausible mecha-
nisms underlying stone formation [31]. Different metabolic
lipids are involved in inflammatory and oxidative stress
responses, which is consistent with the kidney stone hypoth-
esis, such as the calcium plaque theory and the supersatu-
rated crystalline theory. Inflammation is a multifaceted and
dynamic process and is mainly mediated by inflammatory
factors. The inflammatory response is pivotal in homeostasis
and disease development in the body. Numerous hard-to-
treat disorders, including cardiovascular disease, diabetes,
and neurological issues, have been intimately connected with
uncontrolled inflammation [32]. Emerging evidence sug-
gests the pivotal role of specific lipid mediators in modulat-
ing inflammation resolution [33]. The present study showed
that the DHA products RvD1 and PD1 reduce CaOx depo-
sition by alleviating the ROS-induced inflammatory
response, providing strong evidence for the inhibitory effect
of active lipid components on inflammation and expanding
our understanding of the role of lipid components in inflam-
mation regulation.

ROS are critical regulators of cell signalling. Low concen-
trations of ROS facilitate cellular adaptability to changing
microenvironments through a variety of approaches. Conse-
quently, ROS promote apoptosis and thus assist in eliminat-
ing severely damaged cells. However, high concentrations of
ROS contribute to the development of various diseases,
including kidney stones. Increased prooxidant damage indi-
cators have been observed in the urine of patients with kid-
ney stones [34]. There are multiple associations between
ROS and kidney stone formation, and an imbalance between
prooxidants and antioxidants drives kidney stone formation
[35]. Lipids such as polyunsaturated fatty acids, which are per-
oxidized, can cause damage to cells, affecting protein activity
and the physical properties of cell membranes. There is evi-
dence that these oxidized lipids damage the kidney tubules
and significantly contribute to the generation of kidney stones.
Interestingly, it has been found that the deposition of CaOx
crystals causes the activation of NOX through a complex mech-
anism, which in turn exacerbates the production of ROS [36].
The current study revealed that various lipid componentsmight
harm or protect the kidney. RvD1 and PD1 inhibited the depo-
sition of CaOx through a mechanism that inhibited oxidative
damage and thus suppressed the formation of kidney stones.
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The regulatory mechanisms of SOD2 and NOX2 by
RvD1 and PD1 remain unclear. There is evidence showing
that RvD1 inhibits NOX activity by reducing the release of
IL-1β and dephosphorylating specific proteins [37, 38]. Fur-
thermore, RvD1-mediated inhibition of NOX was depen-
dent on cAMP-activated protein kinase (PKA) signaling
[38]. The inhibition of ROS-mediated damage by PD1 is
mediated by dephosphorylation of B-cell lymphoma-extra
large and is dependent on activation of phosphoinositide
3-kinase/protein kinase B signaling [39–41]. Nevertheless,
the regulatory mechanisms of RvD1 and PD1 on SOD2
and NOX2 still need more exploration.

There are some limitations in this study. The specific
mechanisms underlying the reduced levels of RvD1 and
PD1 in patients with kidney stones were not investigated
in depth, and further elucidation of this issue will be neces-
sary. In addition, we bear in mind the difference between
animal experiments and humans, so whether the conclu-
sions drawn from the animal experiments in this study are
applicable to humans is also subject to further study.

5. Conclusions

Although investigations targeting kidney stones are still in
their early stages, there is a lack of significant, evidence-
based insight into the role of lipids. Our findings shed light
on the lipid changes associated with kidney stone formation.
The inhibitory effect of RvD1 and PD1 on CaOx deposition
suggests therapeutic strategies for kidney stones. These find-
ings establish a preliminary theoretical basis for the develop-
ment of innovative kidney stone therapeutic strategies.
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The symptoms of mastitis caused by Staphylococcus aureus (S. aureus) in dairy cows are not obvious and difficult to identify,
resulting in major economic losses. N6-Methyladenosine (m6A) modification has been reported to be closely associated with
the occurrence of many diseases. However, only a few reports have described the role of m6A modification in S. aureus-
induced mastitis. In this study, after 24 h of treatment with inactivated S. aureus, MAC-T cells (an immortalized bovine
mammary epithelial cell line) showed increased expression levels of the inflammatory factors IL-1β, IL-6, TNF-α, and reactive
oxygen species. We found that the mRNA levels of METLL3, METLL14, WTAP, and ALKBH5 were also upregulated.
Methylated RNA immunoprecipitation sequencing analysis revealed that 133 genes were m6A hypermethylated, and 711 genes
were m6A hypomethylated. Biological functional analysis revealed that the differential m6A methylated genes were mainly
related to oxidative stress, lipid metabolism, inflammatory response, and so on. In the present study, we also identified 62
genes with significant changes in m6A modification and mRNA expression levels. These findings elucidated the m6A
modification spectrum induced by S. aureus in MAC-T cells and provide the basis for subsequent m6A research on mastitis.

1. Introduction

Mastitis is one of the most common diseases in dairy cows,
with a high incidence rate, and its treatment remains a
challenge. Most cases of mastitis are caused by pathogenic
microorganisms that invade the mammary gland tissues
[1]. To date, more than a hundred pathogenic microorgan-
isms have been isolated from bovine mammary gland tissues
[2]. When the gland is stimulated by pathogenic microor-
ganisms, bovine mammary epithelial cells activate the innate
immune response to resist invasion. Innate immunity plays
a major role in the early stages of infection. Pathogen-

associated molecular patterns are recognized by receptors
on the surface of bovine mammary epithelial cells, causing
an immune response that wipes out pathogenic microorgan-
isms [3]. Among the many pathogenic microorganisms that
cause mastitis, Staphylococcus aureus is one of the most
common gram-positive bacteria [1, 4]. Previous studies have
shown that S. aureus is involved in many pathological
processes, including breast tissue destruction and chronic
inflammation [5, 6]. The main toxins produced by S. aureus,
such as endotoxins, and modifications to their peptidoglycan
layer and lipoteichoic acid moieties, can cause mastitis [7].
Exotoxins secreted by S. aureus can destroy the basic
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structure of the mammary gland, leading to the degeneration
and necrosis of mammary epithelial cells. After S. aureus
infection, bovine mammary epithelial cells release inflam-
matory factors through the toll-like receptors (TLRs) and
nuclear factor-kappa B (NF-κB) signaling pathway and
activate innate immunity [8–10]. In addition, S. aureus has
been reported to induce fibrosis [11]. Mastitis caused by S.
aureus infection is usually recessive or subacute; thus, it is
not easily detected in clinical settings. Owing to the high
infection rate and drug resistance of S. aureus, S. aureus-
induced mastitis is difficult to cure [7, 12]. Therefore, further
studies on the mechanism of S. aureus-induced mastitis are
of great significance for clinical diagnosis, treatment, and
prevention.

N6-Methyladenosine (m6A) modification is a type of
RNA modification during which the N6 position of adenine
in RNA is methylated. As a reversible dynamic modification
[13, 14], its biological function is mainly determined by the
methylase system [15]. The system includes “Writer,” meth-
yltransferases, including methyltransferase-like 3 (METTL3)
and 14 (METTL14), and Wilms tumor 1-associated protein
(WTAP) [16, 17]; “Eraser,” demethylase such as fat mass
and obesity-associated gene (FTO) and alkB homolog 5
(ALKBH5) [17]; and “Reader,” m6A methylated reading
proteins [18, 19], such as the YTH family of proteins,
IGF2BP protein, and eukaryotic initiation factor (elF3 pro-
tein) [20]. Studies have shown that most diseases are accom-
panied by changes in the levels of methylating enzymes;
methylation enzymes are often involved in the regulation
of diseases [21–23]. Changes in m6A modifications are
closely related to immune regulation [24]. Feng et al. found
that m6A levels are responsible for lipopolysaccharide-
induced inflammatory reactions in human dental pulp cells
[25]. In addition, m6A can also regulate T-cell homeostasis,
resistance to viruses and bacteria, and antitumor immunity
[26–28]. Furthermore, Jiaxing et al. summarized the role of
m6A modification in stem cell death and survival and further
explained the role of m6A modification in immune response,
cell apoptosis, autophagy, and senescence [29]. Moreover,
m6A modification has been confirmed to play an important
role in the development of many diseases. However, whether
m6A affects S. aureus-induced mastitis in bovines has not
been reported.

In this study, we detected changes in the expression
levels of methyltransferase and demethylase in bovine
mammary epithelial cells induced by S. aureus and ana-
lyzed the detected differential m6A modified transcripts
by using methylated RNA immunoprecipitation sequenc-
ing (MeRIP-seq). These findings shed light on the role of
m6A modification in S. aureus-induced mastitis.

2. Materials and Methods

2.1. Bacterial Strains and Cell Line.MAC-T cells (an immor-
talized bovine mammary epithelial cell line) were kindly
donated by Professor Mark Hanigan of Virginia Tech Uni-
versity. We used DME/F12 medium (Hyclone, Tauranga,
New Zealand) supplemented with 10% fetal bovine serum
(FBS) (Gibco, New York, NY, United States) to culture the

cells, with incubation at 37°C in a 5% CO2 incubator. We
used 0.25% trypsin and 0.02% EDTA to digest and passage
the cells.

Staphylococcus aureus (ATCC 29213) was donated by
Professor Zhou Rui of Huazhong Agricultural University.
A 100μL S. aureus suspension was inoculated into 10mL
Luria-Bertani (LB) liquid medium at a ratio of 1 : 100 and
grown in a shaker incubator at 220 rpm/min and 37°C.
Then, 100μL of the bacterial culture was serially diluted
from 10-1 to 10-8, spread plated onto LB solid medium,
and incubated overnight in a bacterial incubator at 37°C.
The number of bacteria was counted, and the remaining
bacteria in the broth culture were inactivated in a water bath
at 63°C for 30min.

2.2. Sample Collection and RNA Extraction. The MAC-T
cells were seeded at a density of 106 cells per well in a cell
culture dish (Corning, New York, NY, USA). The cells were
set up in triplicate per group. After 12h, the DMEM was
replaced with 2% FBS in the cell culture dish. Then, the inac-
tive bacterial cells were added to the dish at a 10 : 1 ratio
(bacteria: cells) [30]. In the control group, an equal volume
of LB medium was added, and the cells were incubated for
24 h. After incubation, we discarded the medium and then
used cold phosphate-buffered saline (PBS) to wash the cells
three times.

Total RNA was extracted from the MAC-T cells using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) in accor-
dance with the manufacturer’s instructions. The RNA
concentrations were measured using a NanoDrop 2000
instrument (Thermo, Waltham, MA, USA). Ribonucleic
acid integrity and gDNA contamination were assessed using
agarose gel electrophoresis.

2.3. Real-Time Quantitative Polymerase Chain Reaction (RT-
qPCR). The RNA samples were reverse transcribed using
HiScript III Reverse Transcriptase (Vazyme, Nanjing,
Jiangsu, China). Then, we used AceQ qPCR SYBR Green
Master Mix (Vazyme) to configure the sample to be tested
by RT-qPCR. The samples were placed in a ViiA™ 7 Real-
Time PCR System instrument (Applied Biosystems Inc.,
Foster, CA, USA), and the qPCR program was run. Data
were analyzed using the 2-ΔΔCt method. The relevant primer
information is summarized in Table 1.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). The
supernatants of the MAC-T cells exposed to the bacteria
for 24 h and of the control group were collected. The con-
centrations of the inflammatory factors (IL-1β, IL-6, and
TNF-α) in the supernatant were then measured using an
ELISA kit (Cusabio, Wuhan, Hubei, China) following the
manufacturer’s instructions.

2.5. Cellular Reactive Oxygen Species Detection. Cellular
reactive oxygen species (ROS) were detected using a com-
mercially available kit (Beyotime, Shanghai, China) accord-
ing to the manufacturer’s instructions. Specifically, the
supernatant of the MAC-T cells was discarded, and the cells
were washed three times with cold PBS. Next, trypsin with-
out EDTA was used to collect the cells. The cells were then
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resuspended in PBS. Finally, flow cytometry (Beckman
Coulter, Indianapolis, IN, USA) was used to detect the fluo-
rescence intensity at 488nm and 525nm, respectively.

2.6. Methylated RNA Immunoprecipitation Quantitative
Polymerase Chain Reaction (MeRIP-qPCR). The following
experiments were performed in accordance with the manu-
facturer’s instructions (Millipore, Bedford, MA, USA): (1)
total RNA was fragmented by Zn2+ at 94°C; (2) magnetic
beads (Thermo Fisher Scientific, Waltham, MA, USA) and
m6A antibody (Abcam, Cambridge, UK) were incubated
for 1 h at room temperature; (3) the system was incubated
with the fragmented RNA at 4°C for 2 h; (4) elution buffer
was used to elute the mixture twice at 4°C for 1 h; and
(5) the collected eluate was subjected to RNA extraction
and reverse transcription (Vazyme). In accordance with
manufacturer’s the instructions, cDNA was detected by RT-
qPCR using the AceQ SYBR qPCR Master Mix (Vazyme).
The data were analyzed by % input; that is, %input = 2−
ðAverage CTRIP −Average CTinput − log2

ðinput dilution factorÞÞ. CTRIP

means the CT value of the RNA immunoprecipitation
(IP RNA) samples, and CTinput means the CT value of
the input RNA samples. The primers for the relevant
methylated RNA were as follows (Table 2).

2.7. MeRIP-seq and mRNA-seq. The collected RNA was sent
for MeRIP-seq and ribonucleic acid sequencing (RNA-seq)
at Cloud-Seq Biotech (Shanghai, China) (GSE161050). In
this study, the m6A-MeRIP kit (Millipore, Burlington, MA,
USA) was used to perform the m6A RNA immunoprecipita-
tion reaction. RNA sequencing libraries were constructed
from the input RNA samples and IP RNA samples after
immunoprecipitation with the NEBNext Ultra II Directional
RNA Library Prep Kit (New England Biolabs, Ipswich,
MA, USA). After library quality control, high throughput

sequencing was performed with Illumina HiSeq (Illumina,
San Diego, CA, USA).

2.8. Bioinformatic Analysis. Clean reads of high quality were
obtained after Q30 quality control and removal of the con-
nector using the Cutadapt (v1.9.3 software). Then, HISAT2
(v2.0.4 software) was used to match the clean reads of the
samples to the reference genome (bosTau9), and the MACS
(v1.4.2 software) was used to identify RNA m6A methyla-
tion. Enrichment analyses were performed using Gene
Ontology (GO, http://www.geneontology.org) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG, http://www
.genome.jp/kegg) for the differentially methylated genes.

2.9. Statistical Analysis. In this study, Prism v7.0 (GraphPad
software) was mainly performed using for data analyses. The
results are presented as the mean values (±SD) of three
independent experiments, and p values <0.05 were consid-
ered statistically significant.

3. Results

3.1. Heat-Inactivated S. aureus Induced Inflammation and
Oxidative Stress in the MAC-T Cells. After the MAC-T cells
were stimulated with heat inactivated S. aureus at an MOI
ratio of 10 : 1 for 24 h, the expression of inflammatory factors
was detected using RT-qPCR and ELISA. Compared with
the control group, the S. aureus group showed significantly
increased mRNA and protein levels of IL-1β, IL-6, and
TNF-α (Figures 1(a) and 1(b)). In previous studies, mastitis
was also accompanied by oxidative stress [31]. As shown in
Figure 1(c), compared with the control group, the expression
level of ROS in the S. aureus group was significantly
increased. These data thus indicated that heat-inactivated

Table 1: Primer sequence of mRNA in RT-qPCR.

Gene name Forward primer Reverse primer

β-Actin AGATCAAGATCATCGCGCCC TAACGCAGCTAACAGTCCGC

IL-1β TTCCATATTCCTCTTGGGGTAGA AAATGAACCGAGAAGTGGTGTT

IL-6 AGCAGGTCAGTGTTTGTGG CTGGGTTCAATCAGGCGAT

TNF-α TCTTCTCAAGCCTCAAGTAACAAGC CCATGAGGGCATTGGCATAC

METTL3 GGAACACTGCTTGGTTGGTG GGTTGCACATTGTGTGGTCG

METTL14 TTGGAGCAAGGGTTCATCCG CACTTTCAGCTCCCAACTGC

FTO CTCCGTCTGGAGAGGATTCA TGCTCCTTGGTTGCTAGTCG

WTAP CTCCGTCTGGAGAGGATTCA CTGCGTGCAGATTCTTGCTG

ALKBH5 CCCATCCACATCTTCGAGCG AGCAGCGTATCCACTGAGCAC

Table 2: Primer sequence of m6A modified part in mRNA in RT-qPCR.

Gene name Forward primer Reverse primer

TNF-α AATTATGGGCTCAGGGCTGG TCCTTGATGGTGGTTGGTGG

PDGFRA GACCAGCAGGTTCTAGTCCTAAT GCAGGAGGCCAAAAAGGAAAC

TRAF1 ATGAAGGCGGAAGGTCCAGA CAGAGTCCACCTCCACGTTC

TLR4 CCGGCTGGTTTTGGGAGAAT ATGGTCAGGTTGCACAGTCC
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S. aureus induces inflammation and oxidative stress in
MAC-T cells.

3.2. Abnormal Expression Levels of m6A Transferase/
Demethylase Were Induced by S. aureus in the MAC-T
Cells. The m6A enzyme system plays an important role in
RNAm6Amodification [18, 19]. Some studies have indicated
that the occurrence of disease is related to the abnormal
expression of the m6A enzymes [32]. In this study, the
expression levels of methyltransferases METTL3, METTL14,
and WTAP and demethylases ALKBH5 and FTO were
detected using RT-qPCR. The results showed that compared
with the control group, the S. aureus group had significantly
increased mRNA expression levels of METTL3, METTL14,
WTAP, and ALKBH5 (Figures 2(a)–2(d)), but no significant
difference in the expression level of FTO was observed
(Figure 2(e)). This suggests that m6A modification may be

related to the inflammatory response and oxidative stress
induced by S. aureus in the MAC-T cells.

3.3. Overview of the m6A Methylation Map in the Control
and S. aureus Groups. Based on the expression levels of the
m6A enzymes, we speculated that m6A methylation differed
between the control and the S. aureus groups, which was
further detected using MeRIP-seq. Compared with the con-
trol group, the S. aureus group obtained 1,006 significantly
distinct m6A peaks in 844 mRNAs (p < 0:00001, fold
change > 2, Table S1), among which 133 mRNAs had 135
hypermethylated sites such as PDGFRA and 711 mRNAs
had 871 hypomethylated sites such as TNF and TRAF1
(Figures 3(a) and 3(b)). In addition, by MeRIP-qPCR, this
study confirmed the hypermethylation of PDGFRA and
hypomethylation of TNF and TRAF1 in S. aureus-induced
MAC-T cells by MeRIP-qPCR (Figure 3(c)). Table 3 lists
the top 20 differential m6A peaks.
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Figure 1: Detection of inflammatory factors and reactive oxygen species in MAC-T cells treated with S. aureus. (a) mRNA expressions of
the inflammatory factors IL-1β, IL-6, and TNF-α detected by RT-qPCR. (b) Protein expressions of the inflammatory factors IL-1β, IL-6, and
TNF-α detected by ELISA. (c) Changes in the expression levels of reactive oxygen species in the control and S. aureus groups, detected by
flow cytometry. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001.
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Figure 3: Analysis of differential m6A-modified genes between the control and S. aureus groups. (a) Volcano plot analysis of differential m6A
methylation genes (p < 0:00001, fold change > 2). (b) Visualization of PDGFRA, TNF, and TRAF1 using the IGV software. (c) Verification of
PDGFRA, TNF, and TRAF1 by MeRIP-seq.
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Figure 2: Variation in the mRNA expression levels of the m6A enzymes in S. aureus-induced mastitis. The mRNA expressions of the
methyltransferases METTL3 (a), METTL14 (b), and WTAP (c) and the demethylases ALKBH5 (d) and FTO (e) were detected by
RT-qPCR. ns: not significant, ∗p < 0:01 and ∗∗p < 0:001.
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Further analysis revealed the differential methylation
sites on all chromosomes, especially chromosomes 3, 4,
and 5 (Figure 4(a)). To obtain the preferred location distri-
bution of the m6A methylation peaks in the genes, this study
performed a statistical analysis of the transcriptome. We
found that the m6A peak was mainly enriched in the coding
sequence, stop codon, and 3′-untranslated regions in the
two groups (Figures 4(b) and 4(c)). The most enriched motif
sequence of the m6A peaks was GGACU in the control
group and UGGAC in the S. aureus group (Figure 4(d)).
These data are similar to those obtained in previous studies,
further enhancing the reliability and authenticity of the
available data [33].

3.4. Differentially m6A Methylated RNAs Were Involved in
Mastitis-Related Processes. To further explore the biological
function of m6A methylation in bovine mammary epithelial
cells stimulated by S. aureus, gene with different m6A peaks
was analyzed by GO and KEGG analyzed. The GO analysis
showed that the m6A hypermethylated genes in the S. aureus
group were more closely associated with the regulation of
vascular-associated smooth muscle cell migration and
phosphatidylethanolamine metabolic process (biological
process, [BP]), COP9 signalosome (cellular component,
[CC]), and phospholipase activity (molecular function,
[MF]) (Figure 5(a)). The hypomethylated genes were signif-
icantly involved in transcription regulation, DNA-templated
synthesis (BP), nucleoplasm (CC), and transcription regula-
tor activity (MF, Figure 5(b)).

Remarkably, according to the KEGG analysis, we identi-
fied that the m6A hypermethylation genes were significantly

associated with fatty acid degradation and adipocytokine sig-
naling pathway, amongst others (Figure 5(c)), whereas the
hypomethylated genes were mainly enriched in the TGF-β,
NF-κB, and Hippo signaling pathways (Figure 5(d)), which
are associated with the progression of mastitis.

3.5. Conjoint Analysis of Differential m6A Modification and
mRNA. RNA-seq was used to detect the mRNA expres-
sions in the control and S. aureus groups (Figures 6(a)
and 6(b)). Compared with the control group, 848 differen-
tially expressed genes (DEGs) were found in S. aureus
groups (fold change > 2 and p < 0:05, Table S2); among
those genes, there are 249 upregulated genes and 599
downregulated genes. Table 4 shows the top 20 DEGs in
the control and S. aureus groups. Meanwhile, we verified
that the mRNA expression of the genes PHOAPHO2 and
MAPKBP1 was upregulated, and that of CHRNB1 and
MYH11 was downregulated by RT-qPCR (Figures 6(c)–6(f)).

By crossanalysis of the MeRIP-seq and RNA-seq data,
we discovered that in 135 hypermethylated sites (fold
change > 2 and p < 0:05), four genes were upregulated
(called “hyper-up”), and one gene was downregulated (called
“hyper-down,” fold change > 2 and p < 0:05). In the 871
hypomethylated sites (fold change > 2 and p < 0:05), six
genes were upregulated (called “hypo-up”), and 50 genes
were downregulated (called “hypo-down,” fold change > 2
and p < 0:05, Figure 6(g)). We presented 15 differentially
methylated and expressed genes (Table 5). The KEGG anal-
ysis of the 62 genes revealed that these genes were mainly
enriched in pyruvate metabolism, the TGF-β, and Hippo
signaling pathway (Figure 6(h)).

Table 3: The top 20 differential m6A-modified peaks between S. aureus and con based on p value.

Gene name Peak region Peak start Peak end Chromosome Log10 (p value) Log2 (fold change) Hyper/hypo

KDM3A CDS 48394594 48394800 NC_037338.1 -7.35 1.27 Hyper

C18H19orf81 StopC 56747061 56748820 NC_037345.1 -6.59 1.09 Hyper

LZTS1 CDS 67371075 67371555 NC_037335.1 -6.49 1.21 Hyper

USP26 CDS 16901441 16901740 NC_037357.1 -6.12 3.89 Hyper

CDH4 CDS 55180735 55180969 NC_037340.1 -6.07 4.30 Hyper

CRCT1 StopC 18184161 18184773 NC_037330.1 -5.98 5.74 Hyper

KLHL6 CDS 83597549 83597780 NC_037328.1 -5.86 5.90 Hyper

SPECC1 5′UTR 33638477 33638721 NC_037346.1 -5.86 1.03 Hyper

LOC781261 5′UTR 74730061 74730340 NC_037335.1 -5.69 5.94 Hyper

GAB2 3′UTR 17794541 17795150 NC_037356.1 -5.67 1.52 Hyper

LOC101903326 StopC 1089721 1090900 NC_037341.1 -8.60 8.19 Hypo

LOC616254 StopC 48235186 48235992 NC_037346.1 -8.43 8.73 Hypo

LOC100848799 CDS 52319261 52319860 NC_037334.1 -8.06 4.30 Hypo

FAM198B StartC 40796022 40797166 NC_037344.1 -8.01 8.43 Hypo

TACR2 StopC 25769941 25770440 NC_037355.1 -7.94 4.06 Hypo

GPR132 StopC 69438921 69439920 NC_037348.1 -7.90 1.95 Hypo

FRMPD1 CDS 61863921 61865028 NC_037335.1 -7.88 3.09 Hypo

ANGPT4 StopC 60234003 60234780 NC_037340.1 -7.88 8.61 Hypo

OR9Q2 CDS 81371461 81372540 NC_037342.1 -7.87 5.35 Hypo

SAA3 CDS 26414395 26414676 NC_037356.1 -7.87 4.68 Hypo
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4. Discussion

In mastitis in dairy cows, pathogenic microorganisms usually
induce breast inflammation. Staphylococcus aureus is one of
the most common pathogens that often causes subclinical
mastitis [34]. Previous studies have shown that bovine mam-
mary epithelial cells are the first line of defense against the
invasion of mammary glands by microorganisms such as S.
aureus [1, 35], which leads to the release of various chemo-
kines and cytokines [36]. Although there is currently much
research into mastitis, the molecular mechanism of mastitis

caused by S. aureus is still unclear. There are many challenges
in improving mastitis diagnosis, treatment, and prevention.
m6A methylation modification can affect RNA splicing, tran-
scription, and translation [37–39] and thereby participating
in the initiation and progression of many diseases such as
cancer and cardiovascular diseases [26, 40, 41]. However,
only a few studies have reported m6A methylation modifica-
tion in mastitis. To our knowledge, this is the first study to
report the m6A map of S. aureus-induced mastitis, which
provides a clue for further study of m6A modification in
mastitis.
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In bovine, studies have shown that S. aureus induces an
inflammatory response and finally leads to the secretion of
cell factors, such as TNF-α, IL-6, and IL-1 [42, 43]. Oxidative
stress is a state of imbalance between oxidation and antiox-
idation, that increases the production of ROS [44]. In masti-
tis, the release of ROS is key to the inflammatory response
[45]. On the one hand, ROS plays an important role in
inflammation, apoptosis, and cell growth [46, 47]. On the
other hand, ROS can cause oxidation of proteins and
DNA, inducing damage to nearby tissues. In this study, we
used inactivated S. aureus to stimulate MAC-T cells, and
we found that the expression levels of the inflammatory fac-
tors and ROS increased significantly (Figure 1), consistent
with the results of other related studies [47, 48].

m6A modification is considered a reversible dynamic
modification. In addition, the methylase system determined
its biological function [13]. Studies have shown that most dis-
eases are accompanied by changes in methylases [21, 23]. Wu
et al. reported the mRNA expression levels of m6A related
enzymes in bovine mammary epithelial cells treated with
aflatoxins B1 and M1 [49]. In this study, the mRNA levels
of methyltransferase (METLL3, METLL14, and WTAP)
and a demethylase (ALKBH5) were upregulated (Figure 2),
which suggests that m6A modification may be related to the
inflammatory response and oxidative stress induced by S.
aureus in the MAC-T cells.

With analysis the MeRIP-seq results, we speculated that
S. aureus may have induced the m6A modification of some
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Figure 5: Biological functional analysis of differential m6A-modified genes. GO analysis of hypermethylated (a) and hypomethylated genes
(b) in the S. aureus group. KEGG analysis of hypermethylated genes (c) and hypomethylated genes (d) in the S. aureus group.
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Figure 6: Continued.
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RNA molecules in MAC-T cells. Therefore, the m6A modifi-
cation map of S. aureus-induced MAC-T cells was described
using the MeRIP-seq technique. We found 1,006 differential
methylation sites in 844 genes, some of which are closely
related to the occurrence and development of mastitis.
PDGFRA (Figure 3(b)), a hypermethylated molecule, report-
edly induced constitutive phosphorylation of Akt, ERK1/2,
and STAT3 [50]. Among the hypomethylated molecules,
TNF (Figure 3(b)), a cytokine, and NFκB1 and NFκB2

(Table S1), which are important transcription factors, are
essential for inflammation and innate immunity [51, 52].
TGF-β2 (Table S1) is a member of the TGF factor
superfamily that plays an important role in regulating the
initiation, maintenance, and resolution of immune responses
and epithelial-mesenchymal transition [53, 54]. TRAF1
(Figure 3(b)) plays an important role in mediating cell
survival, differentiation, proliferation, and death [54], and
inhibition of TRAF1 can effectively inhibit inflammation,
oxidative stress, and apoptosis [55]. We confirmed the m6A
hypermethylation of PDGFRA and hypomethylation of TNF
and TRAF1 through MeRIP-qPCR (Figure 3(c)). However,
whether these molecules function through m6A modification
requires further verification.

Abnormal lipid metabolism and oxidative stress are
important factors that lead to the development of inflamma-
tory diseases. Similar metabolic abnormalities have been
reported in the early stages of mastitis [56, 57]. Researchers
believed that lipids and their metabolites could be used as
predictive diagnostic markers, preventive tools, and early
treatment interventions for mastitis [57, 58]. In this study,
GO analysis of differential m6A methylated genes revealed
that the BP functions were mainly enriched in the phospha-
tidylethanolamine metabolic process, glycerophospholipid
catabolic process (Figure 5(a)), and so on. The KEGG anal-
ysis revealed that the differential m6A methylated genes were
mainly involved in the fatty acid degradation signaling
pathway (Figure 5(c)). Thus, we speculated that m6A modi-
fication may affect the occurrence of S. aureus-induced
mastitis through lipid metabolism and oxidative stress. In
addition, previous studies have confirmed that bovine mam-
mary epithelial cells transmit inflammatory signals mainly
through the TGF, NF-κB, and TNF signaling pathway and
other signaling pathways [59, 60]. The KEGG pathway anal-
ysis revealed that the differential m6A methylated genes were
also enriched in the TGF and NF-κB signaling pathways
(Figure 5(d)) in the current study. This suggests that m6A

-8 -4

-8

-4

0

4

8

Log2FC (mRNA expression)

SERPINE1HEATR4

ACSS2
APC

FBN1Lo
g2

FC
 (m

6 A 
m

et
hy

la
tio

n)
hyper-down

1
hyper-up

4

hypo-up
6

hypo-down
50

4 80

(g)

0 1 2 3

Transcriptional misregulation in cancer

Glycosaminoglycan biosynthesis-heparan
 sulfate/heparin

Cellular senescence
Fatty acid biosynthesis

Cushing syndrome
Gastric cancer

Hippo signaling pathway
Carbon metabolism

TGF-beta signaling pathway
Pyruvate metabolism

EnrichmentScore(-Log10 (p-value))

Pathway Analysis

(h)
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Table 4: The top 20 differential mRNA expression in S. aureus
vs. con.

gene_id LogFC Log10 (p value) Regulation

ADGRE3 6.49 -4.09 Up

STARD7 6.33 -3.63 Up

TRIP11 6.20 -4.10 Up

NTRK1 6.06 -3.36 Up

KRT80 6.02 -3.19 Up

LOC527796 6.01 -3.05 Up

RAB4B 5.88 -2.80 Up

MAPKBP1 5.85 -2.77 Up

PHOSPHO2 5.81 -2.84 Up

LOC100849008 5.81 -2.72 Up

FBN1 -8.47 -7.29 Down

MYH11 -8.15 -6.27 Down

ACP2 -7.80 -5.34 Down

PRR29 -7.71 -5.01 Down

LOC112444598 -7.59 -4.99 Down

CHRNB1 -7.55 -4.56 Down

PSIP1 -7.41 -3.92 Down

DXO -7.37 -4.36 Down

DSG1 -7.29 -3.61 Down

GLS -7.25 -3.58 Down
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modification may be associated with mastitis. m6A modifica-
tion is well known that affects mRNA splicing, translation,
and stability [37–39]. In the GO analysis, we also found that
the differential m6A modification was mainly related to bio-
logical progress items such as RNA biosynthetic process and
transcription. Meanwhile, we conducted a joint analysis of
differential m6A molecules and mRNA. We found 62 genes
whose m6A modification and mRNA expression levels had
changed significantly (p < 0:05, Figure 6(c)), and the changes
in mRNA expression levels might have been caused by the
change in the m6A modification. Biological analysis of these
62 genes revealed that they were related to pyruvate metab-
olism, fatty acid biosynthesis, TGF-beta signaling pathway,
and so on (Figure 6(d)).

The heat-inactivated S. aureus mastitis model retained
the main infectious components while avoiding bacterial
overgrowth and excessive cell death. There are many ways
to inactivate S. aureus, such as ultraviolet irradiation (UV)
and chemical treatment. However, it has been suggested
that gram-positive bacteria are more resistant to ultravio-
let light than gram-negative bacteria [61, 62]. The inacti-
vation of S. aureus using chemical treatment, such as
formaldehyde, is not completely effective [63]. In addi-
tion, residual chemical agents may have some effect on
mammalian cells during subsequent infection experi-

ments. The heat inactivation method can not only effec-
tively inactivate S. aureus but is also simple and easy to
perform. Therefore, the establishment of a mastitis model
with heat-inactivated S. aureus has been recognized and
applied by many researchers [30, 64, 65].

Through the above analysis, we speculate that, in MAC-
T cells treated with S. aureus, m6A modification will affect
the transcription and translation of mRNA, thus affecting
the physiological and pathological processes of inflamma-
tion, oxidative stress, and lipid metabolism (Figure 7). How-
ever, the mechanism by which m6A regulates mastitis in
bovine is still unclear. This study thus provides a clue to
the mechanism of m6A modification in S. aureus-induced
mastitis and should be explored further in future studies.

5. Conclusions

The results of this study clearly show the changes in the m6A
modification spectrum in S. aureus-induced mastitis. We
found that the different m6A-modified molecules were
involved in lipid metabolism, oxidative stress, inflammatory
reactions, and other mastitis-related biological processes.
This study broadens the research direction for dairy cow
mastitis and lays the foundation for further research that
the function of m6A modification in mastitis.

ALKBH5

METTL3

METTL14

WATP mRNA m6A methylation

Splicing, transcription, 

stability of mRNA

Lipid metabolism

Oxidative stress

Inflammation

S.aureus
Bovine mammary epithelial cell

Protein

mRNA

Figure 7: Schematic diagram of the potential mechanism of m6A modification in MAC-T cells treated by S. aureus.
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Sodium butyrate has gained increasing attention for its vast beneficial effects. However, whether sodium butyrate could alleviate
oxidative stress-induced intestinal dysfunction and mitochondrial damage of piglets and its underlying mechanism remains
unclear. The present study used a hydrogen peroxide- (H2O2-) induced oxidative stress model to study whether sodium
butyrate could alleviate oxidative stress, intestinal epithelium injury, and mitochondrial dysfunction of porcine intestinal
epithelial cells (IPEC-J2) in AMPK-mitophagy-dependent pathway. The results indicated that sodium butyrate alleviated the
H2O2-induced oxidative stress, decreased the level of reactive oxygen species (ROS), increased mitochondrial membrane
potential (MMP), mitochondrial DNA (mtDNA), and mRNA expression of genes related to mitochondrial function, and
inhibited the release of mitochondrial cytochrome c (Cyt c). Sodium butyrate reduced the protein expression of recombinant
NLR family, pyrin domain-containing protein 3 (NLRP3) and fluorescein isothiocyanate dextran 4 kDa (FD4) permeability and
increased transepithelial resistance (TER) and the protein expression of tight junction. Sodium butyrate increased the
expression of light-chain-associated protein B (LC3B) and Beclin-1, reduced the expression of P62, and enhanced mitophagy.
However, the use of AMPK inhibitor or mitophagy inhibitor weakened the protective effect of sodium butyrate on
mitochondrial function and intestinal epithelium barrier function and suppressed the induction effect of sodium butyrate on
mitophagy. In addition, we also found that after interference with AMPKα, the protective effect of sodium butyrate on IPEC-J2
cells treated with H2O2 was suppressed, indicating that AMPKα is necessary for sodium butyrate to exert its protective effect.
In summary, these results revealed that sodium butyrate induced mitophagy by activating AMPK, thereby alleviating oxidative
stress, intestinal epithelium barrier injury, and mitochondrial dysfunction induced by H2O2.

1. Introduction

The intestinal epithelium barrier is known as the important
barrier to prevent the invasion of toxins or antigens [1].
Studies have found that oxidative stress is involved in the
intestinal barrier impairment of piglets, which mainly refers
to the imbalance of reactive oxygen species (ROS) and anti-
oxidant system [2, 3]. Under oxidative stress, the overpro-
duction of ROS can cause lipid peroxidation, protein, and

DNA damage [4]. Multiple studies have shown that dietary
sodium butyrate can protect the intestinal barrier of piglets
by providing energy for intestinal epithelial cells, anti-
inflammation, histone deacetylation, immune regulation
[5–7], etc. The in vivo rat experiments and in vitro intestinal
epithelial cell experiments have demonstrated that the pro-
tective effects of intestinal barrier function by sodium buty-
rate are related to its antioxidant capacity [8–10]. Since
mitochondria are the main resource of ROS, the antioxidant
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effect of sodium butyrate may result from the targeting on
mitochondria.

The gut needs a lot of energy to maintain homeostasis,
which is mainly supplied by intracellular mitochondria [9,
10]. However, under oxidative stress, mitochondria are not
only the main resource of ROS but also an important attack
target of it [11]. Impaired mitochondria induced by oxida-
tive stress can produce more than ten times more ROS than
the normal mitochondria, which further aggravated mito-
chondrial damage [12]. In order to block this vicious cycle,
the body will selectively remove damaged mitochondria via
lysosome degradation, a process called mitophagy [13]. A
recent study reported that sodium butyrate can induce
mitophagy in Chinese hamster ovary cells [14]. We speculate
that the antioxidant effect of sodium butyrate is related to
decreasing mitochondrial ROS production and mitophagy.

Adenosine monophosphate-activated protein kinase
(AMPK) is a key energy sensor, as well as an important oxi-
dative stress sensor, which exerts an important role in mito-
chondrial function and mitophagy [15, 16]. AMPKα is the
catalytic core of AMPK, and Toyama et al. found that
AMPK is activated in cells under energy-deficient situation,
as indicated by that AMPK promoted the further recruit-
ment of multiple proteins related to mitochondrial division
by phosphorylating the downstream protein mitochondrial
fission factor (MFF), thereby causing mitochondrial division
[17, 18], which links the energy receptor AMPK with mito-
chondrial division. It is well known that sodium butyrate is
an important energy substance for intestinal epithelial cells
and has the functions of alleviating oxidative stress and pro-
tecting the intestinal barrier [9, 19]. Mollica et al. have
reported that feeding sodium butyrate to insulin-resistant
obese mice can increase liver AMPK activity, reduce ROS
production, and improve liver mitochondrial function [20].
However, whether sodium butyrate can alleviate oxidative
stress and improve mitochondrial function through AMPK
remains unclear. Further research is needed to study the
mechanism through which sodium butyrate alleviates oxida-
tive stress and improves intestinal barrier function.

Therefore, this experiment utilized an IPEC-J2 cell oxi-
dative stress model by H2O2 to study the effects of sodium
butyrate on intestinal barrier injury, mitochondrial function,
mitophagy, and the underlying molecular mechanisms.

2. Material and Methods

2.1. Chemicals. The IPEC-J2 cell was a courtesy from Prof.
Yin Yulong, Institute of Subtropical Agriculture, Chinese
Academy of Sciences. H2O2 (Sinopharm Group, China),
DMEM-F12 medium (Shanghai Yuanpei Biotechnology,
China), and fluorescein isothiocyanate dextran 4 kDa
(FD4) were obtained from Sigma-Aldrich (St. Louis, Mis-
souri, USA). Trypsin (Beyotime Biotechnology, China),
phosphate-buffered saline (PBS) (Bozan Biotechnology,
China), penicillin-streptomycin (Solabao Biotechnology,
China), fetal bovine serum (Gemini, Australia), CCK-8 kit
(Beyotime Biotechnology, China), MitoSpy™ Red CMXRos
(Biolegend, USA), immunofluorescence fixative (Sevier Bio-
technology, China), Triton-X 100 (Sigma-Aldrich, St. Louis,

MO, USA), Glycine (Sinopharm Group, China), DAPI
(Beyotime Biotechnology, China), Goat Anti-Mouse IgG
Dylight 594 (Earthox, USA), Goat Anti-Mouse IgG Dylight
488 (Earthox, USA), mitochondrial division inhibitor
(Mdivi-1) (Selleck, USA), AMPK inhibitor (Compound C,
CC) (Selleck, USA), Lipofectamine RNAiMAX, and Lipofec-
tamine 2000 were obtained from Invitrogen (Invitrogen,
USA).

2.2. Experimental Design and Cell Culture. IPEC-J2 cells
were cultured in DMEM-F12 complete medium (10% fetal
bovine serum and 1% antibiotics (penicillin and streptomy-
cin)). The culture conditions are 37°C, 5% CO2, and 95%
humidity in a carbon dioxide incubator, and the medium
is changed every 2 days. The IPEC-J2 cell oxidative stress
model is constructed by 600μmol/L H2O2 for 8 hours. This
study is divided into three experiments. Experiment 1: con-
trol group (control), sodium butyrate group (NaB), oxidative
stress group (H2O2), and sodium butyrate+oxidative stress
group (NaB+H2O2); 600μmol/L H2O2 was treated with cells
in the H2O2 group and NaB+H2O2 group for 8 hours. The
cells in the control group and NaB group were added with
the same amount of PBS. Experiment 2: control group (con-
trol), oxidative stress group (H2O2), sodium butyrate+oxida-
tive stress group (NaB+H2O2), sodium butyrate+oxidative
stress+mitophagy inhibitor group (NaB+H2O2+Mdivi-1),
and sodium butyrate+oxidative stress+AMPK signal path-
way inhibitor group (NaB+H2O2+Compound C); 1 hour
before adding H2O2 or PBS, mitophagy inhibitor (Mdivi-1,
1μmol/L) or AMPK signaling pathway inhibitor (Com-
pound C, 10μmol/L) was added into cells. Experiment 3:
the experiment is divided into six groups: control group
(control+siAMPKα), oxidative stress group (H2O2), oxida-
tive stress+interference AMPKα (H2O2+siAMPKα), sodium
butyrate+oxidative stress group (NaB+H2O2), and sodium
butyrate+oxidative stress+interference AMPKα group (NaB
+H2O2+siAMPKα). The cells in control, H2O2, and NaB
+H2O2 groups were transfected with siControl. And the cells
in control+siAMPKα, H2O2+siAMPKα, and NaB+H2O2
+siAMPKα groups were transfected with siAMPKα.

2.3. Cell Viability Experiment. IPEC-J2 cells in logarithmic
phase were seeded in a 96-well plate, 10μl of CCK-8 solution
was added to each well, incubated at 37°C for 4 h, and the
absorbance at 450 nm was measured with a microplate
reader (FLx800, Bio-Tek Instruments Inc., Winooski,
USA). The cell viability is normalized based on the absor-
bance of cells in the control group.

2.4. Transepithelial Electrical Resistance (TER) and FD4 Flux
of IPEC-J2 Cells in the Transwell System. According to the
previous study, transwell (Corning, NT, USA) is premois-
tened with DMEM-F12 medium in the incubator for more
than 30 minutes before use [21]. After trypsinization of the
cells, stop the reaction with fresh medium, centrifuge at
1500 rpm for 5min, discard the solution and add a certain
volume of fresh medium, adjust the cell concentration to 1
× 106 cells/ml, add 150μl cells to the upper chamber sus-
pension, add 1.5ml of fresh medium to the lower chamber,
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and place it in a carbon dioxide incubator for culture.
Change the fluid every 2 days. According to the previous
study, TER was measured by the Millicell-ERS resistance
system (Millipore; Bedford, MA) at three different points
in each transwell, and the average of the three measured
values was actual TER [22]. The TER value measured with-
out inoculation of the cell culture is the blank TER. The cell
monolayer TER = ðmeasured TER − Blank TERÞ × transwell
effectivemembrane area and expressed in (Ω·cm2). FD4
(final concentration 1mg/ml) was added to the upper cham-
ber of transwell, and 50μl (supplement with the same vol-
ume of fresh medium after sampling) was sampled in the
lower chamber at 24 hours and 48 hours, to determine the
concentration of FD4 and calculate the permeability of the
intestinal epithelium barrier FD4 by a fluorescence micro-
plate reader (FLx800, Bio-Tek Instruments Inc., Winooski,
USA).

2.5. Determination of Cellular Antioxidant Capacity and IL-
1β. After cell treatment, add cell lysate, lyse on ice for
10min, centrifuge at 4°C for 10min (12000 rpm/min), and
take the supernatant for testing. According to the ELISA
kit instructions (Nanjing Jiancheng Bioengineering Institute,
Jiangsu, China), the activity of superoxide dismutase (SOD)
and GSH (glutathione reductase) antioxidant enzymes, the
MDA (malondialdehyde) content, and IL-1β content were
measured for each sample.

2.6. Determination of Cellular ROS Level. Flow cytometry
was conducted to determine the cellular ROS level by a
ROS-sensitive fluorescence indicator 2′,7′-dichlorofluores-
cein diacetate (DCFH-DA; Sigma-Aldrich) [23]. In brief,
the cells in the 2ml centrifuge were incubated with 1ml
serum-free diluted DCFH-DA (1 : 1000) at 37°C for 30min
in the dark. After washed twice with PBS and resuspended,
flow cytometry (BD, USA) was used to detect the cellular
ROS. The data was calculated by FlowJo software 10.4 (V
7.6.1).

2.7. Measurement of Mitochondrial Membrane Potential
(MMP). The mitochondrial membrane potential was mea-
sured by mitochondrial membrane potential assay kit (Beyo-
time Biotechnology, China) according to the previous study
[24]. JC-1 monomers (green) can form aggregates (red fluo-
rescence) in the mitochondria with high △Ψm, which can-
not form aggregates in the mitochondria with low △Ψm.
Briefly, the cells were incubated with JC-1 working solution
37°C for 25 minutes. After washed for three times with PBS,
flow cytometry (BD, USA) or a confocal laser microscope
(FV1000, Olympus, Japan) was used to detect mitochondrial
membrane potential (MMP).

2.8. mRNA Expression Level Analysis by Quantitative Real-
Time PCR (RT-qPCR). The total RNA extraction was con-
ducted by Trizol according to the manufacturer’s instruction
(Takara, Japan). After detecting RNA concentration and
purity, it is used for cDNA synthesis (Vazyme, Nanjing,
China) and then for RT-qPCR according to the manufactur-
er’s instructions (qPCR, master mix, Vazyme, Nanjing,
China) as previously described [25]. The primer sequences

are shown in supplementary Table 1. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an
internal reference gene to calculate the relative expression
of each gene, and the data was normalized using the 2-ΔΔCt

method.

2.9. Western Blot Experiment. The western blot experiment
was conducted according to the previous study [26]. Total
protein extraction and quantification were performed
through the RIPA lysis buffer and BCA protein Assay Kit
(Beyotime Biotechnology, Shanghai, China). Proteins from
the jejunum mucosa were run and isolated through SDS-
PAGE. Then, proteins were transferred to a polyvinylidene
difluoride membrane. After blocking with 5% defat milk
powder at room temperature for one hour, blots were incu-
bated with specific primary antibodies overnight and then
with horseradish peroxidase- (HRP-) conjugated secondary
antibodies. BeyoECL Moon kit (Beyotime Biotechnology,
China) was used to visualize the protein blot. The primary
antibodies including β-actin, PINK1, Parkin, Claudin-1,
Occludin, ZO-1, LC3B, Beclin-1, and P62 were purchased
from Santa Cruz Biotechnology. Cytochrome c, NLRP3,
Caspase-1, IL-1β, HRP-conjugated anti-rabbit IgG, and
HRP-conjugated anti-mouse IgG antibodies were purchased
from HUABIO (Hangzhou, China).

2.10. Ultrastructure of IPEC-J2 Cell Mitochondria. Briefly,
the IPEC-J2 cells were fixed in 2.5% glutaraldehyde at 4°C
overnight and then postfixed with 1% OsO4. After dehydra-
tion (gradient concentration of ethanol), infiltration (Spurr
resin), embedding, ultrathin sectioning (LEICA EM UC7),
and staining (uranyl acetate and alkaline lead citrate for 5
to 10 minutes, respectively), the samples were observed by
transmission electron microscope (Hitachi Model H-7650,
Tokyo, Japan).

2.11. Mitochondria Mark by MitoSpy™ Red CMXRos.
MitoSpy™ Mitochondrial Localization Probe (Biolegend,
USA) is a cell-permeable fluorescent chemical reagent used
to label mitochondria in living cells. According to the man-
ufacturer’s instruction, we centrifuge the lyophilized reagent
in the centrifuge tube to ensure that the reagent is at the bot-
tom of the vial, add 94μl DMSO to each tube, and reconsti-
tute MitoSpy™ Red CMXRos to a concentration of 1mmol/L
with DMSO. The stock solution is diluted in serum-free
medium to make MitoSpy™ Red CMXRos working solution.
After the cell treatment is over, wash once with warm 1X
PBS. Add the diluted MitoSpy™ Red CMXRos solution to
living cells and place them in an incubator at 37°C for 20-
30min. Wash the cells twice with warm 1X PBS or medium.
Fix the cells with immunofluorescence fixative (4% parafor-
maldehyde) for 10-20 minutes at room temperature. Wash
the cells twice with 1X PBS for subsequent experiments.

2.12. Immunofluorescence Analysis. The IPEC-J2 cells were
seeded in a laser confocal culture dish. After the indicated
treatment, the cells were washed twice with precooled PBS,
and go through the steps of fixation, permeabilization (Tri-
tox X-100, Beyotime Biotechnology, Shanghai, China),
blocking, primary antibody incubation (Claudin-1, LC3B,
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and PINK1), secondary antibody incubation (Dylight-conju-
gated, Earthox, USA), nuclear staining (DAPI), and sealing.
The samples were observed and photographed under a con-
focal laser microscope (FV1000, Olympus, Japan).

2.13. siRNA and Cell Transfection. IPEC-J2 cells were seeded
into 6-well plates to grow about 80% confluent. The next
day, individual targeted siRNA and plasmid were mixed
with Lipofectamine RNAiMAX or Lipofectamine 2000
(Invitrogen, USA). The siRNA sequence is as follows:
siAMPKα (5′-GCT GCACCAGAAGTAATTTTT-3′) and
siControl (5′-UUCUCCGAACGUGUCACG UTT-3′). The
RNAiMAX/siRNA mixture was added to IPEC-J2 cells in
antibiotic-free medium and cultured for 4-6 h. Medium con-
taining siRNA was refreshed with the general medium.
Sodium butyrate and H2O2 were added to the indicated
group according to the experimental design. Then, the sam-
ples were collected for subsequent experiments.

2.14. Statistical Analysis. The experimental data was statisti-
cally analyzed using the SPSS 20.0 software. One-way
ANOVA was used for test analysis. Turkey method was used
for multiple comparisons, and the GraphPad Prism 7.01
software was used for graphing. P < 0:05 indicates significant
difference.

3. Results

3.1. Effect of Sodium Butyrate on the Oxidative Stress of
IPEC-J2 Cells Treated by H2O2. The IPEC-J2 cells were
treated with different concentrations of H2O2 (200μmol/L,
400μmol/L, 600μmol/L, 800μmol/L, and 1000μmol/L) for
8 hours, and the cell viability was determined. As shown in
Figure 1(a), it was found that H2O2 of 600, 800, and
1000μmol/L significantly reduced cell viability (P < 0:05).
Cells were treated with 0.25, 0.5, 1, 2, 4, 8, and 16μmol/L
sodium butyrate for 24 hours, and it was found that 0.25-
2mmol/L sodium butyrate had no significant effect on cell
viability, and more than 4mmol/L would significantly
inhibit cell growth (Figure 1(b)). In addition, the cells were
treated with 0.25, 0.5, 1, 2, and 4mmol//L sodium butyrate,
and it was found that 1mmol/L sodium butyrate could effec-
tively inhibit the decrease in cell viability induced by H2O2
(P < 0:05) (Figure 1(c)). Therefore, the follow-up experi-
ments used 600μmol/L H2O2-induced oxidative stress
model and 1mmol/L sodium butyrate pretreatment. As
shown in Figures 1(d)–1(f), compared with the control
group, H2O2 treatment significantly reduced the SOD and
GSH activities of IPEC-J2 cells (P < 0:05) and increased the
MDA level (P < 0:05); meanwhile, compared with the
H2O2 group, sodium butyrate significantly inhibited the
decreased activity of SOD and GHS induced by H2O2, allevi-
ated the increase of MDA level (P < 0:05). Similarly, flow
cytometry data showed that, in comparison with the control
group, sodium butyrate pretreatment significantly inhibited
the increase in ROS levels induced by H2O2 (P < 0:05)
(Figure 1(g)).

3.2. Effect of Sodium Butyrate on the Mitochondrial Function
of IPEC-J2 Cells Treated with H2O2. Flow cytometry data
showed that compared with the control group, H2O2 signif-
icantly increased the proportion of depolarized cells
(P < 0:05), while sodium butyrate pretreatment reversed
the increase in the proportion of depolarized cells induced
by H2O2 (P < 0:05) (Figure 2(a)). In addition, under laser
confocal microscope, we found that compared with the con-
trol group, H2O2 reduced the ratio of JC-1 aggregates to
monomer (P < 0:05), indicating that the mitochondrial
membrane potential was reduced, and the sodium butyrate
treatment alleviated the decrease of cell mitochondrial mem-
brane potential induced by H2O2 (P < 0:05) (Figure 2(b)). By
detecting the amount of mitochondrial DNA (mtDNA)
(Figure 2(c)) and the mRNA expression level of mitochon-
drial function-related genes (Figure 2(d)), it was found that
compared with the control group, H2O2 treatment signifi-
cantly reduced the amount of mtDNA and the mRNA
expression of mitochondrial function-related gene mito-
chondrial transcription factor A (TFAM), nuclear respira-
tory factor-1 (NRF-1), and peroxisomal proliferator-
activated receptor-g coactivator-1α (PGC-1α) (P < 0:05);
sodium butyrate significantly alleviated the reduction of
mtDNA and mRNA level of mitochondrial function-
related genes induced by H2O2 (P < 0:05). Similarly, under
the transmission electron microscope, it was observed
(Figure 2(e)) that the cells in the H2O2 group showed obvi-
ous mitochondrial swelling, mitochondrial crista breakage,
and mitochondrial vacuolization; sodium butyrate signifi-
cantly improved the ultrastructure of mitochondria. As
shown in Figure 2(f), compared with the control group,
H2O2 increased the level of cytochrome c (Cyt c) in the cyto-
plasm (P < 0:05) and decreased the level of Cyt c in the mito-
chondria (P < 0:05), suggesting that H2O2 increased the
permeability of the inner and outer mitochondrial mem-
branes and resulted in the release of mitochondrial Cyt c
into the cytoplasm, indicating that the mitochondrial func-
tion is damaged; compared with the H2O2 group, sodium
butyrate alleviated the release of mitochondrial Cyt c caused
by H2O2 (P < 0:05), indicating that sodium butyrate treat-
ment can help improve mitochondrial function under oxida-
tive stress.

3.3. Effect of Sodium Butyrate on Inflammasome and
Inflammatory Factors of IPEC-J2 Cells Treated with H2O2.
As shown in Figures 3(a)–3(c), compared with the control
group, H2O2 significantly increased the mRNA level and
protein level of NLRP3, Caspase-1, and IL-1β in IPEC-J2
cells (P < 0:05) and increased the content of IL-1β
(P < 0:05); compared with the H2O2 group, sodium butyrate
significantly reduced the mRNA level and protein expression
of NLRP3, Caspase-1, and IL-1β (P < 0:05) and reduced the
content of IL-1β (P < 0:05).

3.4. Effect of Sodium Butyrate on the Intestinal Epithelium
Barrier Function of IPEC-J2 Cells Treated with H2O2. As
shown in Figure 4(a), compared with the control group,
H2O2 significantly reduced TER (P < 0:05) and increased
the flux of FD4 (P < 0:05). Compared with the H2O2
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group, sodium butyrate pretreatment significantly allevi-
ated the H2O2-induced decrease in TER and the increase
in FD4 flux (P < 0:05). In comparison with the control
group, H2O2 significantly reduced the expression of Clau-
din-1, Occludin, and ZO-1 of IPEC-J2 cells (P < 0:05);

compared with the H2O2 group, sodium butyrate pretreat-
ment significantly increased the protein expression of
Claudin-1, Occludin, and ZO-1 in IPEC-J2 cells (P < 0:05
) (Figure 4(b)). As shown in Figure 4(c), the Claudin-1
protein of IPEC-J2 cells in the control group is mainly
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Figure 1: Effects of sodium butyrate (NaB) on the oxidative stress of porcine intestinal epithelial cells (IPEC-J2) treated by hydrogen
peroxide (H2O2). (a–c) The effect of different concentrations of H2O2 and NaB on cell viability. (d–f) Cell superoxide dismutase (SOD),
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Figure 2: Effects of sodium butyrate (NaB) on the mitochondrial function of porcine intestinal epithelial cells (IPEC-J2) treated with H2O2.
(a) Flow cytometry to detect changes in cell mitochondrial membrane potential. (b) The ratio of red to green of mitochondria JC-1 under a
laser confocal microscope and quantification results. (c, d) Mitochondrial DNA (mtDNA) content and mitochondrial transcription factor A
(TFAM), nuclear respiratory factor-1 (NRF-1), and peroxisomal proliferator-activated receptor-g coactivator-1α (PGC-1α) gene expression.
(e) Ultrastructure of mitochondria under a transmission electron microscope (TEM). (f) Protein expression and quantification of
cytochrome c. Different superscript letters within the same row mean significant difference (P < 0:05).
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distributed near the cell membrane and forms a continu-
ous ring around the cell membrane; but compared with
the control group, the H2O2 treatment destroyed the nor-
mal distribution and expression of Claudin-1 (P < 0:05).
The sodium butyrate pretreatment prevented the disorder
of Claudin-1 distribution at the cell boundary and the
decrease of protein expression caused by H2O2 (P < 0:05).

3.5. Effect of Sodium Butyrate on Mitophagy of IPEC-J2 Cells
Treated with H2O2. As shown in Figures 5(a)–5(d), com-
pared with the control group, H2O2 significantly increased
the mRNA expression of LC3B, Beclin-1, ATG 5, PINK1,
and Parkin of IPEC-J2 cells and reduced the mRNA level
of P62 (P < 0:05). Compared with the H2O2 group, sodium
butyrate pretreatment further increased its mRNA level
(P < 0:05) and reduced the mRNA expression of P62

(P < 0:05). Similarly, compared with the H2O2 group,
sodium butyrate pretreatment further increased the protein
expression of PINK1, Parkin, LC3B, and Beclin-1 (P < 0:05
) and decreased the expression of P62 (P < 0:05). According
to the immunofluorescence results (Figure 5(e)), we found
that compared with the control group, H2O2 significantly
increased the fluorescence intensity of LC3B of IPEC-J2 cells
(P < 0:05); compared with the H2O2 group, sodium butyrate
pretreatment further increased LC3B fluorescence intensity
(P < 0:05). As shown in Figure 5(f), the results of confocal
microscopy showed that under oxidative stress, sodium
butyrate promotes the colocalization of LC3B and mito-
chondria and also increases the colocalization of PINK1,
Parkin, and LC3B (Figures 5(g) and 5(h)). Similarly, accord-
ing to the transmission electron microscope (TEM) results,
we also observed the increase of mitophagy vesicles under
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Figure 3: Effects of sodium butyrate (NaB) on H2O2 treatment of porcine intestinal epithelial cell (IPEC-J2) inflammasome and
inflammatory factors. (a) Protein expression and quantification of recombinant NLR family, pyrin domain-containing protein 3
(NLRP3), Caspase-1, and IL-1β. (b) Relative gene expression of NLRP3, Caspase-1, ASC, and IL-1β. (c) The content of IL-1β in IPEC-J2
cells. Different superscript letters within the same row mean significant difference (P < 0:05).
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Figure 5: Continued.
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the cotreatment of sodium butyrate and H2O2 (Figure 5(i)).
These results indicate that sodium butyrate promotes
mitophagy in H2O2-treated IPEC-J2 cells.

3.6. The Effect of Sodium Butyrate on Oxidative Stress,
Intestinal Epithelium Barrier, and Mitophagy of IPEC-J2
Cells after Inhibition of Mitophagy or AMPKα. As shown
in Figures 6(a)–6(c), in comparison with the H2O2 group,
sodium butyrate increased the SOD activity (P < 0:05) and
decreased the MDA level (P < 0:05). Compared with the
NaB+H2O2 group, Mdivi-1 or Compound C treatment
increased the MDA level (P < 0:05) and inhibited the SOD
activity (P < 0:05). These results indicate that inhibition of
mitophagy and AMPKα weakens the antioxidant effect of
sodium butyrate. As shown in Figure 6(d), compared with
the NaB+H2O2 group, Mdivi-1 and Compound C treat-
ments significantly increased (P < 0:05) the percentage of
depolarized cells (reflecting the decrease in mitochondrial
membrane potential). Compared with the NaB+H2O2
group, Mdivi-1 and Compound C treatments significantly
increased the ROS levels of IPEC-J2 cells (P < 0:05)
(Figure 6(e)). These results indicate that inhibition of
mitophagy or AMPKα weakens the protective effects of
sodium butyrate on mitochondria under oxidative stress.
As shown in Figures 6(f) and 6(g), compared with the NaB
+H2O2 group, Mdivi-1 or Compound C treatment signifi-
cantly reduced the TER (P < 0:05) and increased FD4
(P < 0:05). Mdivi-1 or Compound C treatment also reduced
the expression of tight junction proteins Claudin-1, Occlu-

din, and ZO-1 (P < 0:05). The data indicated that inhibition
of mitophagy or AMPKα weakened the protective effects of
sodium butyrate on intestinal epithelium barrier function
under oxidative stress.

3.7. The Effect of Sodium Butyrate on the Mitophagy of IPEC-
J2 Cells after Inhibiting Mitophagy or AMPKα. As shown in
Figures 7(a) and 7(b), compared with the NaB+H2O2 group,
Mdivi-1 or Compound C treatment significantly reduced
Beclin-1 levels (P < 0:05) and increased P62 levels (P < 0:05
). Similarly, compared with the NaB+H2O2 group, Mdivi-1
or Compound C treatment also reduced the expression
levels of mitophagy proteins PINK1 and Parkin (P < 0:05).
Immunofluorescence result showed that inhibition of
mitophagy or AMPKα reduced the colocalization of LC3B
and mitochondria and reduced the colocalization of PINK1
and LC3B (Figures 7(c) and 7(d)). These results indicate that
inhibition of mitophagy and AMPKα suppresses the induc-
tion of mitophagy by sodium butyrate.

3.8. The Effect of Sodium Butyrate on Mitophagy, Oxidative
Stress, and Intestinal Epithelium Barrier of IPEC-J2 Cells
after Interference with AMPKα. As shown in Figure 8(a),
interference with AMPKα reduced (P < 0:05) the protein
expression of PINK1 and Parkin and increased the protein
expression level of P62 (P < 0:05) when compared with the
H2O2 group and the NaB+H2O2 group. The results indicated
that interference with AMPKα blocked sodium butyrate-
induced enhancement of mitophagy. As shown in

Control NaB

H2O2 NaB+H2O2

(i)

Figure 5: Effects of sodium butyrate (NaB) on mitophagy of porcine intestinal epithelial cells (IPEC-J2) treated with H2O2. (a, b) mRNA
expression level of autophagy-related genes. (c, d) Western blot of autophagy-related protein expression and quantification. (e) The protein
expression and quantification of light-chain-associated protein B (LC3B) under a laser confocal microscope. (f) Colocalization of
mitochondrial Mito Red and autophagy protein LC3B under a laser confocal microscope. (g) Colocalization of mitophagy proteins
PINK1 and LC3B under a laser confocal microscope. (h) Colocalization of mitophagy proteins Parkin and LC3B under a laser confocal
microscope. (i) Mitophagy vesicles under transmission electron microscope. Different superscript letters within the same row mean
significant difference (P < 0:05).
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Figures 8(b)–8(f), the results showed that interference with
AMPKα significantly reduced the activity of SOD and
increased the level of MDA (P < 0:05) when compared with
the NaB+H2O2 group. The interference with AMPKα
increased the production of ROS (P < 0:05) and decreased
the mitochondrial membrane potential (P < 0:05) when
compared with the H2O2 group and the NaB+H2O2 group,
indicating that the role of sodium butyrate on alleviating cel-
lular oxidative stress and mitochondrial dysfunction was
counteracted. From the results, it could be concluded that
AMPKα-mediated mitophagy is necessary for sodium buty-
rate’s protective effects on cellular redox status and mito-
chondrial function. As shown in Figures 8(g) and 8(h),
interference with AMPKα significantly increased the protein
expression of NLRP3 and Caspase-1 when compared with
H2O2 and NaB+H2O2 groups (P < 0:05), indicating that
interference with AMPKα significantly reduced the inhibi-
tion of NLRP3 activation by sodium butyrate. At the same
time, interference with AMPKα resulted in a decrease in
TER (P > 0:05) and an increase in FD4 (P > 0:05), indicating
that interference with AMPKα weakened the protective
effect of sodium butyrate on the intestinal epithelium bar-
rier. From the results, it could be concluded that AMPKα
is necessary for sodium butyrate to inhibit intestinal inflam-
mation and protect intestinal epithelium barrier of IPEC-J2
cells under oxidative stress.

4. Discussion

Ma et al. reported that sodium butyrate could alleviate the
intestinal epithelium barrier damage of IPEC-J2 cells and
regulate cellular antioxidant level [8]. So far, no data was
found on the effect of sodium butyrate on oxidative stress-

induced intestine damage in IPEC-J2 cells. The present
study demonstrated that sodium butyrate protected IPEC-
J2 cells from H2O2-induced oxidative stress, as indicated
by the increased SOD and GSH activities and the decreased
MDA and ROS level in IPEC-J2 cells. Similarly, Russo et al.
found that butyrate could effectively inhibit the decrease of
glutathione transferase (GST) activity and the increase of
ROS level induced by LPS in Caco-2 cells [27]. Excessive
production of ROS would affect the electronic respiration
chain of mitochondria, open mitochondrial permeability
transition pores, and lead to depolarization of mitochondrial
membranes [28]. We found that sodium butyrate alleviated
H2O2-induced decrease in mitochondrial membrane poten-
tial (MMP), as indicated by the decreased proportion of
depolarized cells and the increased ratio of red (JC-1 poly-
mer)/green (JC-1 polymer) fluorescence intensity when
compared with the H2O2 group. Consistent with our
research, Li et al. reported that sodium butyrate inhibited
LPS-induced MMP loss of bovine mammary epithelial cells
[29]. Increased ROS production in mitochondria and
decreased MMP in mitochondria can lead to mitochondrial
DNA damage, which could be related to abnormal mito-
chondrial biogenesis [28]. We found that sodium butyrate
alleviated mitochondrial dysfunction by increasing mtDNA
and mRNA expression levels of mitochondrial function-
related genes TFAM, NRF-1, and PGC-1α. Similarly, a pre-
vious study found that sodium butyrate alleviated the oxida-
tive damage of HepG2 cells, as indicated by increasing
mtDNA copy number and the mRNA expression of PGC-
1α and TFAM [30]. Changes in mitochondrial function will
be accompanied by changes in mitochondrial ultrastructure.
Our research showed that H2O2 caused obvious mitochon-
drial swelling, respiratory ridge breakage, and mitochondrial

2.5

2.0

1.5

1.0

0.5

0.0

Fo
ld

 ch
an

ge

⁎

⁎

# #

TER FD4

&

& &

&

Control
H2O2
NaB+H2O2
NaB+H2O2+Mdivi-1
NaB+H2O2+CC

(f)

0.0

0.5

1.0

1.5

Re
lat

iv
e p

ro
te

in
 ex

pr
es

sio
n

fo
ld

 ch
an

ge

ZO-1OccludinClaudin-1

&
&⁎

#

&
&

⁎

#

& &⁎

#

ZO-1

Occludin

Claudin-1

β-actin

control

+H2O2
+NaB
+Mdivi-1 +CC

Control
H2O2
NaB+H2O2
NaB+H2O2+Mdivi-1
NaB+H2O2+CC

(g)

Figure 6: Effects of sodium butyrate (NaB) on oxidative stress, intestinal epithelium barrier, and mitophagy of porcine intestinal epithelial
cells (IPEC-J2) after inhibiting mitophagy or AMPK. (a–c) Superoxide dismutase (SOD), glutathione reductase (GSH) activity, and
malondialdehyde (MDA) content of IPEC-J2 treated with Mdivi-1 or Compound C (CC). (d) Cellular mitochondrial membrane
potential quantification by flow cytometry. (e) Cellular reactive oxygen species (ROS) level quantification by flow cytometry. (f)
Intestinal epithelial transepithelial resistance (TER) and fluorescein isothiocyanate dextran 4 kDa (FD4) permeability. (g) Protein
expression and quantification of tight junction Claudin-1, Occludin, and ZO-1. ∗ indicates a significant difference compared with the
control group (P < 0:05); # indicates a significant difference compared with the H2O2 group (P < 0:05); & indicates a significant
difference compared with the NaB+H2O2 group (P < 0:05).
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vacuolation while sodium butyrate pretreatment signifi-
cantly improved the ultrastructure of mitochondria. The
changes in the ultrastructure of mitochondria are not only
the structural basis of mitochondrial oxidative damage but
also lead to the release of Cyt c from mitochondria into
the cytoplasm. We found that H2O2 increased Cyt c level
in the cytoplasm and decreased Cyt c level in mitochondria,
suggesting that H2O2 increased the permeability of the inner
and outer mitochondrial membranes, causing the release of
mitochondrial Cyt c into the cytoplasm. Meanwhile, sodium
butyrate alleviated the release of mitochondrial Cyt c
induced by H2O2, indicating that sodium butyrate treatment
could help improve mitochondrial function under oxidative
stress. The above results revealed that sodium butyrate could
effectively alleviate H2O2-induced redox status imbalance
and mitochondrial impairment.

The intestinal barrier is an important line of defense for
the body to prevent harmful substances from invading the
body, and maintaining its integrity is vital to the health of
the body [31, 32]. We found that sodium butyrate signifi-
cantly alleviated H2O2-intestinal epithelium barrier injury
of IPEC-J2 cells, as indicated by increasing intestinal epithe-
lium TER and decreasing FD4 permeability. Similarly,
Valenzano et al. and Wang et al. found that treatment of
Caco-2 cells with a certain concentration of butyric acid
could effectively improve the intestinal epithelium barrier
[33, 34]. Sodium butyrate also significantly inhibited the

decrease of Claudin-1, Occludin, and ZO-1 in IPEC-J2 cells
induced by H2O2. Consistent with our research, Yan and
Ajuwon found that sodium butyrate increased the protein
level of Claudin-3 and Claudin-4, thereby alleviating the
damage of LPS to the integrity of IPEC-J2 monolayer cells
[35]. The integrity of intestinal epithelial cells is not only
related to the expression level of tight junction protein but
also affected by its distribution area. In our study, we found
that after H2O2 treatment, the normal distribution and
expression of Claudin-1 were destroyed and sodium buty-
rate prevented the disorder of Claudin-1 distribution and
the decrease of Claudin-1 expression caused by H2O2. Simi-
larly, studies found that when Caco-2 cells were adversely
stimulated, the Occludin and ZO-1 proteins originally
expressed on the cell membrane would be transferred to
the cytoplasm, thereby increasing cell permeability; however,
butyric acid promoted tight junction protein redistribute
and increased the expression level of tight junction [9, 36].
These results indicated that sodium butyrate could effec-
tively alleviate the intestinal epithelium barrier damage and
the disorder of tight junction protein expression and distri-
bution induced by H2O2 in IPEC-J2 cells.

Oxidative stress could cause intestinal inflammation, as
proved by that excessive ROS production in the intestines
of patients with ulcerative colitis and Crohn disease weak-
ened antioxidant capacity and aggravated oxidative damage
[27]. According to our results, H2O2 increased the mRNA

Control

NaB+H2O2

NaB+H2O2+Mdivi-1

H2O2

NaB+H2O2+Compound C

PINK1 LC3B DAPI Merge

(d)

Figure 7: Effects of sodium butyrate (NaB) on mitophagy of porcine intestinal epithelial cells (IEPC-J2) after inhibition of mitophagy or
AMPK. (a, b) Protein expression and quantification of autophagy protein. (c) Colocalization of mitochondria and light-chain-associated
protein B (LC3B) under a laser confocal microscope. (d) Colocalization of mitophagy proteins PINK1 and LC3B under a laser confocal
microscope. ∗ indicates a significant difference compared with the control group (P < 0:05); # indicates a significant difference compared
with the H2O2 group (P < 0:05); & indicates a significant difference compared with the NaB+H2O2 group (P < 0:05).
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Figure 8: Continued.
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and protein expression of NLRP3, Caspase-1, and IL-1β in
IPEC-J2 cells and increased the content of IL-1β, while
sodium butyrate pretreatment alleviated this phenomenon.
Similarly, NLRP3 inflammasome and IL-1β were activated
by H2O2 in rat livers [37]. Jiang et al. also found that in
bovine macrophages, sodium butyrate could reduce the
inflammatory response caused by LPS by inhibiting the
NF-κB and NLRP3 signaling pathways [38]. According to
the results, we assumed that sodium butyrate could effec-

tively inhibit the activation of NLRP3 and relieve intestinal
inflammation induced by H2O2.

Mitophagy is a self-protection mechanism to remove
dysfunctional mitochondria [39]. However, there were no
reports about the effect of sodium butyrate on mitophagy
of IPEC-J2 cells. We found that sodium butyrate enhanced
mitophagy of IPEC-J2 cells, as indicated by increasing
mRNA and protein level of mitophagy protein and pro-
moting the colocalization of LC3B and mitochondria as

0.0

0.5

1.0

1.5

Re
d/

gr
ee

n 
flu

or
es

ce
nc

e i
nt

en
sit

y
ra

tio
 fo

ld
 ch

an
ge

Contro
l

Contro
l+siA

MPK𝛼 H 2O
2

H 2O
2+

siA
MPK𝛼

NaB
+H 2O

2

NaB
+H 2O

2+
siA

MPK𝛼

⁎

⁎

⁎

(f)

NLRP3

Caspase-1

Control H2O2 NaB+H2O2
+ + +siAMPK𝛼

0

1

2

3

4

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

fo
ld

 ch
an

ge

NLRP3 Caspase-1

⁎

⁎
⁎

⁎

– – –

β-actin

Control
Control+siAMPK𝛼
H2O2
H2O2+siAMPK𝛼
NaB+H2O2
NaB+H2O2+siAMPK𝛼

(g)

0.0

0.5

1.0

1.5

2.0

2.5
Fo

ld
 ch

an
ge

TER FD4

Control

Control+siAMPK𝛼
H2O2

H2O2+siAMPK𝛼

NaB+H2O2

NaB+H2O2+siAMPK𝛼

⁎

⁎

⁎
⁎

(h)

Figure 8: Effects of sodium butyrate (NaB) on mitophagy, oxidative stress, and intestinal epithelium barrier after interference with AMPKα.
(a) Expression and quantification of mitophagy proteins PINK1, Parkin, and P62. (b–d) Superoxide dismutase (SOD), glutathione reductase
(GSH) activity, and malondialdehyde (MDA) content of porcine intestinal epithelial cells (IPEC-J2). (e) Cellular reactive oxygen species
(ROS) level of IPEC-J2. (f) Cellular mitochondrial membrane potential of IPEC-J2. (g) Protein expression and quantification of
recombinant NLR family, pyrin domain-containing protein 3 (NLRP3) and Caspase-1. (h) Intestinal epithelial transepithelial resistance
(TER) and fluorescein isothiocyanate dextran 4 kDa (FD4) permeability. ∗ indicates a significant difference compared with the control
group (P < 0:05).
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well as the colocalization of PINK1, Parkin, and LC3B;
meanwhile, we also found that sodium butyrate increased
mitophagy vesicles under TEM. Similarly, Zhou et al.
found that butyric acid can regulate intestinal epithelial
cell autophagy through the HIF-1α pathway to alleviate
colitis [40]. Wang et al. found that sodium butyrate acti-
vated the PINK1-Parkin pathway and induced mitophagy
[41]. J. S. Lee and G. M. Lee also found that sodium buty-
rate could induce mitophagy in Chinese hamster ovary
(CHO) cells, and mitophagy protein Parkin was recruited
to mitochondria, suggesting that sodium butyrate induced
mitophagy to remove damaged mitochondria [14].
According to the results above, it was reasonable to
assume that sodium butyrate could regulate PINK1 and
Parkin and trigger mitophagy to obliterate the damaged
mitochondria caused by H2O2, which could prevent the
intestine from metabolism disorders.

In the present experiment, we found that sodium buty-
rate protected IPEC-J2 cells from H2O2-induced oxidative
damage, intestinal epithelium barrier damage, and mito-
chondrial impairment and enhanced mitophagy, but its spe-
cific molecular mechanism remained to be further studied.
AMPK is a key energy sensor that can regulate cell energy
metabolism [15]. Mollica et al. have reported that feeding
sodium butyrate to insulin-resistant obese mice can increase
liver AMPK activity, reduce ROS production, and improve
liver mitochondrial function [20]. However, whether sodium
butyrate could alleviate oxidative stress of IPEC-J2 cells
through AMPK-dependent mitophagy remained to be fur-
ther explored. Therefore, in the following experiments, we
used AMPK inhibitor and mitophagy inhibitor to explore
the specific role of AMPK signaling pathway and mitophagy
in the protective effects of sodium butyrate on intestinal epi-
thelium barrier. We found that sodium butyrate inhibited
the decrease of SOD activity and the increase of MDA level
induced by H2O2. However, the use of mitophagy inhibitor
Mdivi-1 or AMPK inhibitor Compound C increased cellular
MDA levels and reduced SOD activity. These results indi-
cated that inhibition of mitophagy and AMPK could reduce
the antioxidant effect of sodium butyrate. Similarly, Guo
et al. found that butyric acid activated the AMPK signaling
pathway through GPR109A in bovine mammary epithelial
cells (BMECs) and then exerted an antioxidant effect [37].
We found that the ROS level and the percentage of depolar-
ized cells significantly increased after using the mitophagy
inhibitor Mdivi-1 or the AMPK inhibitor Compound C.
Similarly, Zhao et al. reported that high concentrations of
insulin in HepG2 cells could significantly reduce mitochon-
drial DNA and decrease the mitochondrial membrane
potential, while sodium butyrate significantly increased the
mitochondrial membrane potential and mitochondrial
DNA, which was involved in the GPR43-β-AMPK signaling
pathway [42]. We also previously reported that tributyrin
activated the AMPK-mTOR signaling pathway and
improved intestinal mitochondrial function in weaned pig-
lets [25]. These results indicated that inhibition of mitoph-
agy or AMPKα inhibited the protective effects of sodium
butyrate on improving mitochondria under oxidative stress
of IPEC-J2 cells. In addition, we found that the use of

mitophagy inhibitor Mdivi-1 and AMPK inhibitor Com-
pound C impaired intestinal epithelium barrier function, as
indicated by the decreased TER and expression level of tight
junction and the increased FD4 permeability of IPEC-J2
cells. Similarly, Elamin et al. reported that sodium butyrate
alleviated the barrier dysfunction of Caco-2 cells induced
by ethanol in vitro, of which the protective effects were sup-
pressed by AMPK inhibitors or siRNA. Miao et al. found
that in the Caco-2 cells, sodium butyrate activated AMPK,
thereby promoting the reorganization of tight junctions
[43]. Therefore, it was reasonable to assume that mitophagy
and AMPK were necessary for sodium butyrate to improve
the intestinal epithelium barrier under H2O2-induced oxida-
tive stress. Moreover, we also found that the use of mitoph-
agy inhibitor Mdivi-1 or AMPK inhibitor Compound C
inhibited mitophagy, as indicated by decreasing expression
level of mitophagy protein and the colocalization of PINK1
and LC3B, suggesting that inhibition of mitophagy or
AMPK could suppress the mitophagy induced by sodium
butyrate. In accordance with our results, Evans et al. found
that butyrate induced autophagy-dependent cell apoptosis
of human gingival epithelial cell Ca9-22 to alleviate peri-
odontal disease, as indicated by activating AMPK and induc-
ing the production of LC3B, which was attenuated by AMPK
inhibition; in addition, interference with LC3B gene could
also significantly inhibit butyrate-induced cell death [44].
Hence, AMPK-mediated mitophagy is necessary for sodium
butyrate’s protective effects against oxidative stress.

In order to further confirm the role of AMPK in sodium
butyrate-induced mitophagy of IPEC-J2 cells, we then used
siRNA technology to knock down AMPKα, which was
known as the dominating AMPK catalytic subunit. We
found that interference with AMPKα reduced the expression
level of PINK1 and Parkin and increased the level of P62
when compared with the H2O2 group and the NaB+H2O2
group. Similarly, Luo et al. found that sodium butyrate
increased the mRNA and protein expression level of LC3B
and activated phosphorylated AMPK, which was suppressed
by treatment with siRNA AMPK in colorectal cancer cells
[45]. These results indicated that AMPKα can mediate the
mitophagy induced by sodium butyrate. Next, we found that
interference with AMPKα significantly increased the level of
MDA and ROS production and decreased MMP, indicating
that the protective effects of sodium butyrate on alleviating
cellular oxidative stress and mitochondrial dysfunction were
weakened. In addition, interference with AMPKα signifi-
cantly increased the protein expression of NLRP3 and
Caspase-1 in IPEC-J2 cells, indicating that interference with
AMPKα weakened the inhibition effect of sodium butyrate
on NLRP3 inflammation factors. At the same time, interfer-
ence with AMPKα impaired intestinal epithelium barrier
function, as indicated by decreasing TER and increasing
FD4 permeability of IPEC-J2 cells, suggesting that interfer-
ence AMPKα weakened the protective effects of sodium
butyrate on the intestinal epithelium barrier. Our results
suggested that sodium butyrate could promote mitophagy
via AMPK activation, protect mitochondria, and exert a pro-
tective effect on intestinal epithelium barrier of IPEC-J2 cells
under oxidative stress.
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5. Conclusion

In conclusion, our work revealed that sodium butyrate ame-
liorated oxidative stress and inflammation and enhanced
intestinal epithelium barrier function and mitochondrial
function through AMPK-mitophagy pathway in IPEC-J2
cells.
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The liver is the center for uptake, synthesis, packaging, and secretion of lipids and lipoproteins. The research on lipid metabolism
in pigs is limited. The objective of the present study is to identify the genes related to lipid metabolism and oxidative stress in pigs
by using transcriptomic analysis. Liver segments were collected from 60 Jinhua pigs for the determination of liver lipid content.
The 7 pigs with the highest and lowest liver lipid content were set as group H and group L, respectively. Liver segments and serum
samples were collected from each pig of the H and L groups for RNA sequencing and the determination of triglycerides (TG)
content and high-density lipoprotein cholesterol (HDL) content, respectively. The HDL content in the serum of pigs in the H
group was significantly higher than the L group (P < 0:05). From transcriptomic sequencing, 6162 differentially expressed
genes (DEGs) were identified, among which 2962 were upregulated and 3200 downregulated genes with the increase in the
liver content of Jinhua pigs. After GO enrichment and KEGG analyses, lipid modification, cellular lipid metabolic process,
cholesterol biosynthetic process, fatty acid metabolic process, oxidoreduction coenzyme metabolic process, oxidoreductase
activity, acting on CH-OH group of donors, response to oxidative stress, nonalcoholic fatty liver disease (NAFLD),
sphingolipid metabolism, and oxidative phosphorylation pathways were involved in lipid metabolism and oxidative stress in
Jinhua pigs. For further validation, we selected 10 DEGs including 7 upregulated genes (APOE, APOA1, APOC3, LCAT,
CYP2E1, GPX1, and ROMO1) and 4 downregulated genes (PPARA, PPARGC1A, and TXNIP) for RT-qPCR verification. To
validate these results in other pig species, we analyzed these 10 DEGs in the liver of Duroc×Landrace×Yorkshire pigs. Similar
expression patterns of these 10 DEGs were observed. These data would provide an insight to understand the gene functions
regulating lipid metabolism and oxidative stress and would potentially provide theoretical basis for the development of
strategies to modulate lipid metabolism and even control human diabetes and obesity by gene regulations.

1. Introduction

The liver is an essential metabolic organ and the central link
for the carbohydrate, lipid, and protein metabolism [1]. The
liver plays a unique role in controlling the glucose metabo-
lism by maintaining the glucose concentration within the
normal range. This is achieved through a strictly regulated
enzyme and kinase system. These enzymes and kinases reg-
ulate the decomposition or synthesis of glucose in liver cells.
The liver is the main processor of protein and amino acid

metabolism, because it is responsible for most of the proteins
secreted in the blood (whether based on the quality or range
of unique proteins), the processing of amino acids for
energy, and disposal of nitrogenous waste from protein deg-
radation in the form of the urea metabolism. Moreover, the
liver can also secrete bile for the digestion and decomposi-
tion of lipids and the absorption of fat-soluble vitamins
[2]. The liver not only oxidizes lipids but also encapsulates
the excess lipids, secretes them in other tissues, and stores
them, such as adipose tissue. For lipid metabolism, the liver
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is the center for uptake, synthesis, packaging, and secretion
of lipids and lipoproteins [3]. Hepatocytes are able to extract
fatty acids from chylomicron remnants by lipoprotein lipase
and oxidize fatty acids to provide energy for themselves and
other organs [4]. For carbohydrate metabolism, the liver is
capable to store, synthesize, metabolize, and release glucose
[3]. Hepatic Krebs cycle allows the liver to maintain a high
rate of biodegradation of carbohydrates and lipids to provide
energy for the body [5, 6]. For protein and amino acid
metabolisms, the liver could also synthesize, secrete, utilize,
and metabolize proteins or amino acids [3]. Additionally,
the liver could synthesize and secrete various lipoproteins
after assembling fatty acids and glycerol into triglycerides.
Therefore, the liver is a key connection between the lipid
metabolism and glucose and protein metabolisms. Especially
for pigs, the liver is one of the most important organs in reg-
ulating appetite and body weight as well as several metabolic
processes [7].

Oxidative stress is caused by a sharp increase in free rad-
icals in the body or a decline in the ability to scavenge free
radicals, thereby disrupting the antioxidant-oxidation bal-
ance [8]. There are reports that oxidative stress is related
to many diseases and is closely related to the health of the
body [9, 10]. The free radicals that play a major role in oxi-
dative stress are reactive oxygen species (ROS) and reactive
nitrogen free radicals (RNS) [11]. Under physiological con-
ditions, adipokines can induce the production of ROS and
then produce oxidative stress, which in turn leads to the fur-
ther deposition of lipid [12]. Therefore, understanding the
relationship between lipid deposition and oxidative stress
can reduce oxidative stress and promote body health by reg-
ulating lipid metabolism.

Transcriptome sequencing, also known as RNA
sequencing (RNA-seq), is a technique to quantitatively
describe the differences in gene types and expression levels
at a global level [13]. RNA-seq is a powerful tool that can
identify genes related to lipid metabolism and oxidative
stress in the liver. Genes related to lipid metabolism were
identified by using transcriptome analysis of liver samples
in chickens and pigs [14, 15] to understand the effect of liver
metabolism on lipid-related phenotypes. Regardless of
whether it is for pigs or for humans, excessive lipid deposits
will lead to obesity, which will cause a series of inflammatory
reactions and eventually lead to a series of diseases, such as
insulin resistance and diabetes [16].

As one of the most important economic animals, pigs are
raised all over the world. Different breeds of pigs have signif-
icantly different genetic composition, which affects different
physiological characteristics. The Jinhua pig, named after the
city of Jinhua in East China’s Zhejiang Province, is a tradi-
tional, slow-growing pig breed with a high body lipid
content, early sexual maturity, and low fertility [17]. In the
production of pigs, lipid deposition not only affects the
growth efficiency of pigs but also affects the quality of pork.
Excessive lipid deposition will reduce the lean meat rate of
pigs, reduce the economic benefits of the pig industry, and
also affect the flavor and quality of pork. Therefore, an in-
depth understanding of the mechanism of pig lipid deposi-
tion can provide scientific targets for the rational regulation

of pig lipid deposition. It has been approved that pigs are
very similar to humans in terms of eating style, pancreatic
shape and development level, gastrointestinal tract structure,
metabolic level, and blood glucose level [18–20]. For pheno-
typic similarities of pigs to humans, it includes cardiovascu-
lar anatomy and function, metabolism, lipoprotein profile,
size, tendency to obesity, and omnivorous habits. However,
the current research on lipid metabolism and oxidative stress
of Jinhua pigs is limited. Therefore, in this paper, liver sam-
ples were collected from 14 Jinhua pigs for transcriptome
analysis to identify differential expressed genes related to
lipid metabolism and oxidative stress. In this study, all pigs
were from the same breeding line and fed under the same
conditions, so we supposed all of the pigs in the experiment
had similar average daily intake, allowing us to focus on dif-
ferentially expressed genes that regulate lipid metabolism
without being affected by the internal environment. It would
provide a theoretical basis for the in-depth study of genes
regulating lipid metabolism and oxidative in pigs and even
for humans to develop strategies to modulate lipid metabo-
lism and regulate related diseases caused by obesity.

2. Materials and Methods

2.1. Ethics Statement. All animal procedures were
approved by the Institutional Animal Care and Use Com-
mittee of the Zhejiang Academy of Agricultural Sciences
(ZAASDLSY2019-1910), and all methods were performed
in accordance with the relevant guidelines and regulations.

2.2. Animals and Sampling of Animal Trial 1 for the Test. A
total of sixty Jinhua castrated boars at 30 days old were
raised in a commercial farm in Jinhua City, Zhejiang Prov-
ince, China. All of the Jinhua pigs in this study were from
the same breeding line, pedigreed Jinhua pigs, which is a
Chinese local breed. Pigs were raised in pens with ad libitum
access to diets and water. The diet was a commercial corn-
soybean-based diet formulated with trace minerals and vita-
mins to meet the requirements of the National Research
Council (NRC, 2012). After fasting for 12 h, all pigs were
slaughtered at the age of 270 days. The average thickness
of the backfat was measured on the first rib, last rib, and last
lumbar vertebrae in the midline using a sliding caliper [18].
The liver segments were collected and stored at -80°C until
RNA isolation and subsequent analysis.

2.3. Animals and Sampling of Animal Trial 2 for the
Validation. In order to verify the results from animal trial
1, a total of 82 Duroc×Landrace×Yorkshire (DLY) pigs at
30 days old were fed with commercial corn-soybean-based
diet under standardized environment. The commercial
corn-soybean-based diet was formulated with to meet the
requirements of the National Research Council (NRC, 2012).
At the age of 180 days, all of pigs were sacrificed to measure
backfat thickness and collect segments of liver for the determi-
nation of lipid content and lipid-related gene expression.

2.4. Determination of Liver Lipid Content. We used the
Soxhlet [21] extraction method to determine the lipid con-
tent of the liver. We use an organic solvent to extract the
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lipid in the sample with Soxhlet extractor, make it dissolve in
the organic solvent, and then evaporate the solvent, weigh the
residual, and measure the lipid content in the sample. The liver
lipid content was expressed as percentage of wet weight.

2.5. Histological Staining. Histological staining was per-
formed as previously described with minor modifications
[17]. Briefly, liver segments of Jinhua pigs were fixed in 4%
paraformaldehyde for 1 h at room temperature, cryopro-
tected in 20% sucrose at 4°C overnight, and embedded in
OCT. A series of 12mm cryosections were prepared and
stained with hematoxylin, eosin, and/or Oil Red O (Sigma-
Aldrich, St. Louis, MO, United States). The liver sections
were photographed by a light microscope (Nikon Corp.,
Tokyo, Japan).

2.6. Detection of Serum Biochemical Index. We determined
serum biochemical parameters, including triglycerides (TG)
and high-density lipoprotein cholesterol (HDL), using con-
ventional enzymatic determination kits (Nanjing Jiancheng
Institute of Bioengineering, Nanjing, Jiangsu, China) and
an automatic biochemical analyzer (Hitachi, Tokyo, Japan).

2.7. RNA Extraction. Total RNA from liver samples was
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) strictly according to the manufacturer’s instructions.
A NanoPhotometer® spectrophotometer (IMPLEN, MD,
CA, USA) was used to detect RNA purity (OD260/280 and
OD260/230 ratios), and an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) was used to
accurately detect RNA integrity.

2.8. Library Preparation and Transcriptome Sequencing. A
total amount of 1μg of RNA per sample was used as the
input material for RNA sample preparation. Sequencing
libraries were generated using the NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® (NEB, Ispawich, CA, USA)
following the manufacturer’s recommendations, and index
codes were added to attribute sequences to each sample.
To preferentially select cDNA fragments that were
250~300 bp in length, the library fragments were purified
with the AMPure XP system (Beckman Coulter, Beverly,
USA). Finally, PCR products were purified (AMPure XP sys-
tem) (Beckmankurt life sciences division, Indianapolis, Indi-
ana, USA), and library quality was assessed on the Agilent
Bioanalyzer 2100 system.

For RNA-seq, a 2 × 150 bp paired-end sequencing was
performed in the present study. Clustering of the index-
coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina)
according to the manufacturer’s instructions. After cluster
generation, the library preparations were sequenced on an
Illumina NovaSeq 6000 platform, and paired-end reads were
generated. The raw transcriptome read data are available in
the SRA database under accession number PRJNA721126.

2.9. Data Processing. Raw reads of fastq format were firstly
processed through in-house Perl scripts to remove adapter
sequences [22], ploy-N sequences, and low-quality reads.
Quality parameters of Q20, GC content, and sequence dupli-

cation level were used for further data filtration. All the
downstream analyses were based on the clean reads. The ref-
erence genome and gene model annotation files were down-
loaded from genome website directly (https://www.ncbi.nlm
.nih.gov/genome/?term=Sus+scrofa). Hisat2 v2.0.5 was used
to build the index of the reference genome and align the
paired-end clean reads to the reference genome [23].

2.10. Differential Expression Analysis. Read counts were gen-
erated for each gene using featureCounts v1.5.0-p3 [24]. The
expression level for each gene was normalized to quantify
fragments per kilobase of transcript sequence per million
base-pairs sequenced (FPKM) [25, 26]. The differential
expression analysis of two groups was performed using the
DESeq2 R package (v1.16.1) [27]. Gene-based expression
matrix (with default normalization) was used to compare
boars from the H and L groups. DESeq2 provides statistical
routines for determining differential expression in digital gene
expression data using a model based on the negative binomial
distribution. The resulting P values were adjusted using the
Benjamini and Hochberg approach for controlling the false
discovery rate [28]. Genes with an adjusted Padj < 0:05 and ∣
log 2fold change ∣ >1 found by DESeq2 were assigned as dif-
ferentially expressed.

The clusterProfiler R package was used to implement
Gene Ontology (GO, http://www.geneontology.org/) enrich-
ment analysis of the differentially expressed genes (DEGs)
and test the statistical enrichment of DEGs in Kyoto Encyclo-
pedia of Genes and Genomes (KEGG, http://www.genome.jp/
kegg/) pathways [29]. GO terms and KEGG pathways with
corrected P value less than 0.05 were considered significantly
enriched. GO terms and KEGG pathways were annotated with
InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/) [30]
and KOBAS (3.0.3) [31], respectively.

2.11. Validation of Differentially Expressed Genes by RT-
qPCR. To demonstrate the repeatability and precision of
the RNA-seq gene expression data derived from the liver tis-
sue libraries, a CFX384 multiple real-time fluorescence
quantitative PCR instrument was used for analysis. The
real-time quantitative PCR (RT-qPCR) system (20μL) was
as follows: power SYBR® Green Master Mix, 10μL;
upstream and downstream primers (10μmol/L), 0.5μL; ster-
ilized distilled water, 8μL; and cDNA template, 1μL. The
reaction conditions were as follows: 95°C for 1min, followed
by 40 cycles of 95°C for 15 sec and 63°C for 25 sec (for
collecting fluorescence data). Finally, the melting curve was
drawn at 55-95°C. The reaction for each sample was
repeated three times, and the relative expression level of each
gene was statistically analyzed as 2 (Ct internal reference
gene-Ct target gene). The primers used for quantification
in the study were designed using Primer-BLAST on the
NCBI website (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/). The gene information for real-time PCR is shown
in Table 1, with GAPDH serving as the internal reference
gene [32].

2.12. Statistical Analysis. Data are expressed as the mean ±
standard error of mean (SEM). All statistical analyses were
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performed in SPSS version 23. All figures are generated in
GraphPad Prism V8.0 and OriginLab 2018. The difference
in liver lipid content and backfat thickness between two
groups was analyzed by unpaired two-tailed Student’s t-test
and considered significant when the P value was no more
than 0.05.

3. Results

3.1. Lipid-Related Phenotypes of Jinhua Pigs. To study the
relationship between backfat thickness and liver lipid, we
conducted a correlation analysis of backfat thickness. The
average backfat thickness and average liver lipid content
were 3:347 ± 0:5567 cm and 5:976 ± 0:664%, respectively
(Figure 1). The linear regression revealed a positive correla-
tion between backfat thickness and liver lipid content
(R = 0:6407, P < 0:001).

For further investigation, we sorted these 60 Jinhua pigs
from high to low according to the liver lipid content and set
the highest 7 pigs and the lowest 7 pigs as group H and
group L, respectively. The mean value of liver content in
the H group was 7.19% while that in the L group was
5.08%, showing a significant difference (P < 0:0001,
Figure 2(a)). As expected, the backfat thickness in group H
was significantly higher than that in group L (P = 0:0003,
Figure 2(b)).

To convince the liver lipid content, we performed the
H.E. staining of liver segments. As shown in Figures 2(c)
and 2(d), it was clear that liver lipid content in group H is
higher than that in group L.

Table 1: Primers for RT-qPCR.

Gene name Primer sequences (5′ to 3′) TM (°C) Product size (bp)

GAPDH
F: CCAGGGCTGCTTTTAACTCTG

60 104
R: GTGGGTGGAATCATACTGGAACAT

APOE
F: GGTGCAGTCCCTGTCTGA

60 79
R: CTCTATCAGCTCCGTCAGTTC

APOC3
F: GACACCTCCCTTCTGGACAAA

60 86
R: GACTCCTTCACGCTGGTTAG

APOA1
F: GAAGGATTTTGCCACCGTGTATG

60 107
R: GGAGTTTCAGGTTGAGGTGTTTTC

LCAT
F: CGGCTGGAGCCCAGTTATATG

60 144
R: CCCAGCAAGCTTCAGGTAGTA

PPARA
F: GTTGCAAGGGCTTCTTTCGG

60 129
R: CCGAGAGGCACTTGTGGAAA

PPARGC1A
F: GCTTGACGAGCGTCATTCAG

60 100
R: GGTCTTCACCAACCAGAGCA

CYP2E1
F: CACAAGGACAAAGGGGTCATTT

60 110
R: TGCTCATTGCCCTGTTTCCC

GPX1
F: TCCAGTGTGTCGCAATGACA

60 102
R: TCGATGGTCAGAAAGCGACG

ROMO1
F: GCGTGAAGATGGGCTTTGTG

60 135
R: TCTGCATCATGGTTTTCCCGA

TXNIP
F: CATGTTCCCGCATTGTGGTG

60 100
R: ACCGATGACAACTTCTGCGT

R = 0.6407
P < 0.0001
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Figure 1: The linear regression analysis between the backfat
thickness and liver lipid content. The round black dots indicate
the 60 Jinhua pigs.
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The average concentration of TG in the serum of group
H was 1.033mmol/L, the average concentration of group L
was 0.649mmol/L, and there was no difference, but group
H was higher than group L (P = 0:0916, Figure 2(e)). The
average concentration of HDL in the serum of group H
was 1.591mmol/L, the average concentration of group L
was 0.5515mmol/L, group H was higher than group L, and
the difference was significant (P = 0:0034, Figure 2(f)).

3.2. Summary of RNA-seq Data. The average number of
original reads for 14 samples was 46996754. After quality
control of the original reads with Q20, sequence duplication
level, and GC content, there was an average of 45809803
clean reads per sample, accounting for 97.48% of the original
reads. The average Q30 value, which is the percentage of
bases for which the recognition accuracy exceeds 99.9%,
was 95.12%. The samples were of good quality, and the
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Figure 2: Lipid-related phenotypes of Jinhua pigs in group H and group L. (a) The liver lipid content of different groups (n = 7). (b) The
thickness of backfat in different groups (n = 7). (c) Liver sections were enlarged to 100μm in group H.(d) Liver sections were enlarged to
100μm in group L. (e) Serum TG concentration in different groups (n = 7). (f) Serum HDL concentration in different groups (n = 7). H:
the high liver lipid content group; L: the low liver lipid content group. Red dots in (c) and (d) indicate lipid droplets. Data were
expressed as mean ± SEM with statistical analysis by unpaired two-tailed Student’s t-test.

5Oxidative Medicine and Cellular Longevity



average number of clean bases was 6.87GB, averaging over
6GB. The percentage of reads aligned to the unique location
of the reference genome was 95.73% to 96.89% among the
clean reads, and the average mapping rate of clean reads
mapped to reference genes was 96.41% (Table 2). In
summary, the sequencing data was qualified for the subse-
quent data analysis. To assess intergroup differences and
intragroup sample duplication, we performed PCA analysis
on readcount of all samples, and the results showed
intragroup aggregation and intergroup isolation (Figure 3).

3.3. Differentially Expressed Genes Analysis. Group H com-
pared with group L, with Padj < 0:05 and ∣log − 2fold
change ∣ >0 as the threshold, a total of 6162 DEGs were iden-

tified. Among them, we identified 2962 upregulated genes
and 3200 downregulated genes when comparing group H
to group L (Figure 4). The DEG expression patterns of each
sample were clustered on the basis of the log2 (fold change)
values of their expression ratios, which exhibited good
repeatability of samples in two groups (Figure 5).

3.4. GO Annotation and Enrichment Analysis of
Differentially Expressed Genes. To further elucidate the func-
tional roles of the 6162 DEGs, GO term enrichment analysis
was performed to search for significantly overrepresented
categories. A total of 178 terms (Table S1) were
significantly enriched in the three categories (P < 0:05),
including biological process, cellular component, and

Table 2: Summary of sequence quality and alignment information from the liver transcriptome analysis of Jinhua pigs.

Sample Read numbers Clean reads Clean ratio (%) Clean bases Q30 (%) Total mapped Mapped ratio (%)

H1 46615168 45213222 96.99 6.85GB 95.29 43613957 96.46

H2 47224788 46062522 97.54 6.76GB 95.22 44406844 96.41

H3 46528606 45425370 97.63 6.72GB 95.36 43487077 95.73

H4 45712164 44501604 97.35 6.77GB 95.24 42959852 96.54

H5 46089942 45064114 97.77 6.88GB 95.33 43422246 96.36

H6 49504486 48370168 97.71 6.79GB 94.72 46645521 96.43

H7 47692912 46119656 96.70 7.24GB 95.43 44351571 96.17

L1 46532476 45643802 98.09 6.78GB 95.31 44141776 96.71

L2 46016438 45069046 97.94 6.91GB 95.45 43475540 96.46

L3 46299018 45354188 97.96 6.83GB 94.81 43944203 96.89

L4 46875078 45157476 96.34 6.68GB 95.03 43471601 96.27

L5 46972136 45833438 97.58 6.76GB 94.99 44268232 96.59

L6 46450896 45277662 97.47 7.26GB 95.16 43693079 96.50

L7 49440452 48244974 97.58 6.92GB 94.37 46387276 96.15
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Figure 3: Differences between transcriptome replicates of the H and L groups’ ducks based on the principal component analysis. Note: the
abscissa is the first principal component, and the ordinate is the second principal component.
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molecular function. The top 20 terms (the 20 with the lowest
P value) which include 10 terms for biological process, 8
terms for cell component, and 2 terms for molecular
function were further analyzed to determine the associated
regulatory functions (Figure 6). Four terms (Table 3) were
related to lipid metabolism, namely, lipid modification
(GO:0030258), cellular lipid metabolic process (GO:0044255),
cholesterol biosynthetic process (GO:0006695), and fatty acid
metabolic process (GO:0006641). And three terms (Table 4)
were related to oxidative stress, oxidoreduction coenzyme
metabolic process (GO:0006733), oxidoreductase activity,
acting on CH-OH group of donors (GO:0016614), and
response to oxidative stress (GO:0006979). In addition, there
were some genes involved in lipid metabolism and oxidative
stress in these terms, such as APOE, APOA1, APOC3, LCAT,
CYP2E1, PPARGC1A, GPX1, ROMO1, and TXNIP.

3.5. KEGG Pathway Analysis of DEGs. To identify the path-
ways those DEGs involved, we integrated the 6162 DEGs
into the KEGG pathway database, and a total of 33 pathways
(P < 0:05) were significantly enriched (Figure 7, Table S2).
There were 2 pathways involved in lipid metabolism

(Table 5), including nonalcoholic fatty liver disease (NAFLD)
(ssc04932) and sphingolipid metabolism (ssc00600). And
oxidative phosphorylation (ssc00190) was related to oxidative
stress (Table 5). There were 10 significantly enriched genes
shown in Table 6 which were related to lipid metabolism and
oxidative stress. Among them, 4 genes, APOE, PPARGC1A,
CYP2E1, and TXNIP, were highly enriched both in GO terms
and significantly expressed in KEGG pathways; 5 genes,
APOA1, APOC3, LCAT, GPX1, and ROMO1, were only
enriched in GO terms; and PPARA was only enriched in
KEGG pathways.

3.6. DEG Expression in the Liver of Jinhua Pigs. To validate
the RNA-seq results, 10 DEGs, including 7 upregulated
genes (APOE, APOA1, APOC3, LCAT, CYP2E1, GPX1, and
ROMO1) and 3 downregulated genes (PPARA, PPARGC1A,
and TXNIP), were selected for RT-qPCR analysis in the liver
of Jinhua pigs. As expected, all the selected DEGs showed a
concordant expression pattern between the RNA-seq and
qPCR results (Figure 8).

3.7. Validation of the Lipid-Related Phenotypes and Gene
Expression in DLY Pigs. In order to validate the results from
trial 1, we determined the liver lipid content of 82 DLY pigs,
and we set the 7 pigs with the highest liver lipid content as
the validation high (VH) group and the 7 pigs with the low-
est liver lipid content as the validation low (VL) group. The
mean of liver lipid content in the VH group was 6.24% while
that in VL group was 4.26%, showing a significant difference
(P < 0:0001, Figure 9(a)). As expected, the backfat thickness
in the VH group was significantly higher than that in the VL
group (P < 0:0001, Figure 9(b)).

In order to verify the reproducibility of the above results
on the other breeds of pigs, RT-qPCR verification of 10
lipid-related genes, namely, APOE, APOA1, APOC3, LCAT,
CYP2E1, GPX1, ROMO1, PPARA, and PPARGC1A, were
performed on the liver tissues of the DLY pigs in the VH
and VL groups. It was found that the expression patterns
of these 10 genes were consistent with those in Jinhua pigs
(Figure 10) with different liver lipid contents.

4. Discussion

As one of the most popular local pig breed in China, Jinhua
pigs are famous for the superior meat quality with a higher
body lipid content than the commercial pig breeds such as
Landrace, Yorkshire, and Duroc [33]. The liver plays an
important role in lipid metabolism, which is capable to
secrete bile and bile acid salt emulsifying lipids to promote
the digestion and absorption of lipids [4]. However, the data
on lipid metabolism in Jinhua pigs is limited. In this study,
transcriptome analysis was performed in the 14 liver sam-
ples to investigate the possible regulation of lipid deposition
in Jinhua pigs. Similarly, Wang et al. [34] used RNA-seq
technology to study the lipid metabolism mechanism in
the liver of Yorkshire pigs and Anqing six-end-white pigs.
Several genes responsible for lipid metabolism have been
identified including PPARA, PCK1, CYP7A1, PLIN1, ACSL3,
and RetSat. Xing et al. [35] conducted RNA-seq analysis on
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Figure 4: Volcano plot of the total expression of genes in both the
H and L groups. A total of 21234 genes were expressed in both the
H and L groups, and there were 6162 differentially expressed genes
(DEGs). The x-axis represents the log2 fold change values for gene
expression, and the y-axis represents the −log10 significance of the
difference in the expression (Padj < 0:05). Red dots indicate 2962
upregulated DEGs, blue dots indicate 3200 downregulated DEGs,
and gray dots indicate 14072 nondifferentially expressed genes.
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the livers of Songliao black pigs with high and low backfat
thickness and identified genes involved in lipid regulation
which played an important role in liver lipid and fatty acid
metabolism, such as FABP1, LCN2, PLIN2, CYP1A1,
CYP1A2, CYP2A6, and CYP26A1. Obesity is caused by
excessive accumulation of lipid and is considered to be the
main potential factor for the onset of many diseases
(diabetes, cardiovascular, liver diseases, etc.), and these
symptoms are all related to oxidative stress [12]. And oxida-
tive stress is one of the factors restricting the pig industry,
which has a certain impact on the production performance
and health of pigs [8]. We used a larger pig population with
60 individuals and analyzed 14 liver samples, making our
results more typical. In order to verify the repeatability of
Jinhua pig lipid-related phenotypes and gene expression in
other pig species, we conducted RT-qPCR to verify the

expression levels of related genes in DLY white pigs, and
the results showed that the expression patterns of related
genes in DLY pigs were consistent with those in Jinhua pigs.
This shows that our study is universal.

Apolipoproteins is a part of plasma lipoprotein, which is
mainly divided into five categories: apolipoproteins A, B, C,
D, and E. The basic function of apolipoproteins is to carry
lipids and stabilize the structure of lipoproteins. Some apoli-
poproteins also have functions such as activating lipoprotein
metabolism enzymes and recognizing receptors. It plays an
important role in lipid transportation and metabolism.
Additionally, apolipoproteins are the main component of
very low-density lipoprotein (VLDL), chylomicrons (CM),
and HDL [36]. Apolipoprotein A1 (APOA1), apolipoprotein
C3 (APOC3), and apolipoprotein E (APOE) were positively
regulated lipid deposition in the liver of Jinhua pigs. Studies
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Figure 5: Liver tissue expression profiles of 6162 differentially expressed genes (DEGs) in the H vs. L groups. Hierarchical clustering analysis
of z-scored FPKM was performed for each DEG between Jinhua pigs in the H and L groups. Colour scale represents FPKM normalized
log10 transformed counts. Horizontal bars represent genes. The vertical column represents samples. Red colour indicates upregulated
genes, while blue colour indicates downregulated genes.

8 Oxidative Medicine and Cellular Longevity



have shown that APOE could also mobilize cholesterol in
cells and tissues. A special class of amphiphilic apolipopro-
teins, like APOA1 and APOE, could combine with ATP to
interact with ATP-binding cassette subfamily A member 1
(ABCA1), forming a discoidal complex of phospholipids
and apolipoproteins [37–39]. The role of this discoidal com-
plex is to dissolve excess cholesterol existing in the plasma

membrane of the cell or cholesterol shed from the cell to
the extracellular matrix [40, 41]. Lecithin cholesterol acyl-
transferase (LCAT) can enhance the ability of this discoidal
complex to dissolve cholesterol [42]. LCAT is an enzyme
secreted by the liver that can esterify cholesterol in the center
of HDL. With the actions of APOA1, APOD, and APOE, it
would result in the further increase in the volume of HDL
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Table 3: The significantly enriched terms associated with lipid metabolism.

Term ID Description P value Gene number

GO:0030258 Lipid modification 0.003820271 14

GO:0044255 Cellular lipid metabolic process 0.029944475 40

GO:0006695 Cholesterol biosynthetic process 0.033857412 8

GO:0006631 Fatty acid metabolic process 0.036584082 21

Table 4: The significantly enriched terms associated with oxidative stress.

Term ID Description P value Gene number

GO:0006733 Oxidoreduction coenzyme metabolic process 0.014110964 13

GO:0016614 Oxidoreductase activity, acting on CH-OH group of donors 0.033328294 18

GO:0006979 Response to oxidative stress 0.038686219 19
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and promote lipid deposition [43]. APOC3 was related to the
regulation of LPL activity. Studies have found that the over-
expression of APOC3 will inhibit the activity of LPL, thereby
increasing the triglyceride content, leading to lipid deposi-
tion [44]. Therefore, it is not surprising to find APOE,
APOA1, APOC3, and LCAT giving a higher expression in
the liver of the pigs in the H group than that in the L group.

Peroxisome proliferator-activated receptor alpha (PPARA)
and PPARG coactivator 1 alpha (PPARC1A) belong to peroxi-
some proliferator-activated receptors (PPARs) family. Among
them, PPARA is mainly expressed in liver cells, cardiomyo-

cytes, and brown adipocytes. PPARA participates in themetab-
olism of sphingolipids in the liver. Sphingolipids are a class of
complex lipids with a ceramide structure, which are essential
for various biological processes including development and
growth [45]. PPARA is not only involved in lipid metabolism
in the liver but also related to the β-oxidation of mitochon-
dria. Studies have shown that the constitutive mitochondrial
β-oxidation activity in the liver of PPARA knockout mice is
significantly reduced [46]. PPARGC1A was first discovered
and reported in the screening of mouse brown lipid cDNA
library [47]. As a key nuclear transcription coactivator,

Table 5: The significantly enriched pathways associated with lipid metabolism and oxidative stress.

Pathway ID Description P value Gene number

ssc04932 Nonalcoholic fatty liver disease (NAFLD) 1:55503E − 05 49

ssc00600 Sphingolipid metabolism 0.021170698 25

ssc00190 Oxidative phosphorylation 2:1411E − 05 73

Table 6: Information of 16 DEGs associated with lipid metabolism and oxidative stress.

Gene name Gene ID log2FoldChange P value Descriptions

APOE 397576 1.34 4:58E − 10 Apolipoprotein E

APOA1 397691 1.26 1:69E − 07 Apolipoprotein A1

APOC3 406187 1.12 4:14E − 08 Apolipoprotein C3

LCAT 100303723 1.04 1:41E − 07 Lecithin-cholesterol acyltransferase

PPARA 397239 -1.67 1:66E − 13 Peroxisome proliferator-activated receptor alpha

PPARGC1A 397013 -0.99 0.001012566 PPARG coactivator 1 alpha

CYP2E1 403216 0.66 0.00042474 Cytochrome P450 family 2 subfamily E member 1

GPX1 397403 0.89 1:49E − 10 Glutathione peroxidase 1

ROMO1 100154394 1.16 2:48E − 08 Reactive oxygen species modulator 1

TXNIP 733688 -1.18 1:89E − 05 Thioredoxin interacting protein

Log2FoldChange of readcount by group H (H readcount) vs. group L (L readcount), of which 7 genes upregulated expression (log 2FoldChange > 0) and 3
genes downregulated expression (log 2FoldChange < 0).
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Figure 8: Validation of 10 DEGs by RT-qPCR in the liver of Jinhua pigs. The log2(fold change) was calculated when each indicated DEGs in
the H group was compared to the L group. For the results of RT-qPCR, the 2−ΔΔCt method was used to determine the relative expression
level of each indicated DEGs in the H group over the L group.
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PPAGC1A can bind to many different transcription factors,
participate in a series of orderly metabolic processes, and
play an important role in regulating mitochondrial biosyn-
thesis, sugar metabolism, fatty acid oxidation, and muscle
fiber type conversion [48–50]. PPARGC1A also plays a key
role in regulating the redox environment of cells by upregu-
lating the functions of antioxidant genes and their deriva-
tives [51] and interacts with PPARs to increase fatty acid
oxidation (FAO) [52]. Studies have shown that lysosomes
can inhibit the expression of PPARA by inhibiting the
expression of PPARGC1A, thereby causing lipid accumula-
tion in the liver [53]. In this experiment, the expression
levels of PPARA and PPARGC1A were both downregulated,
and the lysosomal pathway was enriched and expressed in
the KEGG pathway, so this can regulate lipid metabolism
in the liver through the above process.

Among the members of the cytochrome P-450 family,
the cytochrome P450 family 2 subfamily E member 1
(CYP2E1) has been extensively studied because it is metabo-
lically activated by a variety of xenobiotics and carcinogens
(including nitrosamines, benzene, vinyl chloride, and halo-
genated solvents). It is a key enzyme and has a significant

contribution to the metabolism of ethanol to acetaldehyde
[54]. In the liver, CYP2E1 is mainly expressed in the endo-
plasmic reticulum of hepatocytes in the lobular center,
which has high NADPH oxidase activity, that can lead to
the production of ROS and significantly promote the induc-
tion of oxidative stress in many pathological conditions [55].
CYP2E1 is related to oxidative stress. In this experiment,
CYP2E1 was upregulated in the H group. One of the most
important proteins in the inner mitochondrial membrane
is ROS modulator 1 (ROMO1), which interferes with the
production of ROS, and as the rate of this protein increases,
oxidative stress increases, which ultimately leads to some
diseases [56]. Studies have shown that the increase in Romo1
expression enhances cellular ROS levels and oxidative DNA
damage [57], which consistent with our experimental
results. The thioredoxin-interacting protein (TXNIP) is a
multifunctional adaptor protein for different signaling path-
ways. TXNIP is a multifunctional adaptor protein for differ-
ent signaling pathways [58]. The main role of TXNIP is to
negatively regulate the function of thioredoxin (TRX) by
inhibiting its reducing ability and promoting cellular oxida-
tive stress [59]. Studies have shown that high levels of
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Figure 9: The liver lipid content and backfat thickness of DLY pigs in the VH and VL groups. (a) The liver lipid content of different groups
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TXNIP inhibit the redox activity of cytoplasmic TRX1 and
increase the level of ROS. On the contrary, ROS can nega-
tively regulate the expression of TXNIP. GPX1 is an impor-
tant antioxidant enzyme involved in preventing the
harmful accumulation of hydrogen peroxide in cells [60]. It
is present in all cells and has been found to be more effective
than catalase in removing intracellular peroxides under
many physiological conditions [61]. GPX1 can also reduce
lipid hydroperoxides and other soluble hydroperoxides
[62] and can reduce 1-linoleoyl lysophosphatidylcholine
hydroperoxide, but not tri- or diacylglycerol hydroperoxides
[63]. GPX1 cannot be replaced by any other selenoproteins
in protecting against systemic oxidative stress, and GPX1
has the main antioxidant function in the body [64]. Studies
have shown that overexpression of GPX1 can protect mice
under oxidative stress, but it can still cause obesity and dia-
betes [65].

The accumulation of lipid in the liver is mainly due to a
problem in the balance between lipid acquisition and pro-
cessing [66]. Based on the results above, we summarized
the pathways of the lipid metabolism in the liver of Jinhua
pigs (Figure 11). APOA1 is produced and secreted from
the liver and released into the plasma to combine with free
fatty acids (FFA) to form a ndHDL. Once ndHDL is pro-
duced, it will cause cholesterol efflux, and then, ndHDL will
absorb the efflux cholesterol; then, it will be esterified by
LCAT to produce HDL, which carries with APOA1, APOC3,
and APOE. It is then transported back to the liver by scaven-
ger receptor B1 (SRB1), leading to lipid deposition in the
liver. On the other hand, lysosomes could inhibit the expres-

sion of PPARGC1A, thereby reducing the expression of
PPARA as well as resulting in lipid deposition in the liver.
Excessive lipid deposition as well as overexpression ofCYP2E1
and ROMO1would promote oxidative stress, further inducing
the expression of the antioxidant enzyme GPX1 with high
ROS levels suppressing the expression of TXNIP.

5. Conclusions

In this study, we analyzed the DEGs in pigs with different
liver lipid contents. Through GO enrichment analysis and
KEGG analysis, it is found that 10 DEGs, namely, APOE,
APOA1, APOC3, LCAT, PPARA, PPARGC1A, CYP2E1,
GPX1, ROMO1, and TXNIP, displayed a crucial regulatory
role in lipid metabolism and oxidative stress in the liver of
pigs. This study provided insights into the molecular mech-
anism for regulating lipid metabolism and oxidative stress in
pigs even humans.
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Excessive lipid accumulation and high oxidative stress have become a serious health and economic problem in the pig industry.
Fatness characteristics are crucial in pig production since they are closely related to meat quality. The gut microbiome is well
acknowledged as a key element in fat deposition. But the link between gut microbiota and fat accumulation in pigs remains
elusive. To examine whether there is a link between pigs’ gut microbiome, lipogenic properties, and oxidative stress, we
selected 5 high-fat pigs and 5 low-fat pigs from 60 250-day-old Jinhua pigs in the present study and collected the colon
content, serum sample, and liver and abdominal fat segments from each pig for metagenomic analysis, the oxidative stress
assay, and RT-qPCR analysis, respectively. The backfat thickness and fat content of the longissimus dorsi muscle were
considerably higher in the high-fat pigs than in the low-fat pigs (P < 0:05). An obvious difference in GSH-Px and MDA in the
serum between the high- and low-fat pigs was observed. After RT-qPCR analysis, we found the gene expression of ACC1 and
SREBP1 in the liver and FAS, PPARγ, and LPL in the abdominal fat were significantly higher in high-fat pigs than in low-fat pigs
(P < 0:05). Additionally, metagenomic sequencing revealed that high-fat pigs had a higher abundance of Archaeal species with
methanogenesis functions, leading to more-efficient fat deposition, while low-fat pigs had higher abundances of butyrate-producing
bacteria species that improved the formation of SCFAs, especially butyrate, thus alleviating fat deposition in pigs. Furthermore, a
total of 17 CAZyme families were identified to give significant enrichments in different fat phenotypes of pigs. This study would
provide a detailed understanding of how the gut microbiome influences fat deposition in pigs, as well as a hint for improving
growth performance and fatness traits by manipulating the gut microbiome.

1. Introduction

The gut microbiota is a complex and dynamic ecosystem
composed of trillions of microorganisms living in the diges-
tive tract and acting as a regulator and barrier for other met-
abolic organs [1]. It has been linked to the onset of metabolic
disorders such as obesity and oxidative stress. A chronic
inflammatory process such as oxidative stress and metabolic
disorders may result from the alteration in the structure of
gut microbiota [2].

Fatness traits are not only a characteristic of obesity and
oxidation injury but also very important in pig production
since they are linked to fattening features and meat quality.
The accumulation of excessive fat in animals and humans
has become an increasing threat to the animal production
industry as well as human health, which would lead to obe-
sity and could further set off many other health problems
such as cardiovascular disease, arthritis, and dementia. Fur-
thermore, lipid accumulation and impaired lipid metabolism
are associated with pathophysiological phenotypes in pigs,
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which has turned into a severe economic and health problem
in pig production [3].

Chronic inflammation in adipose tissue due to excessive
fat accumulation would promote proinflammatory status
and oxidative stress [4]. The substantial rise in the genera-
tion of free radicals in humans and animals that disrupts
the antioxidation-oxidation equilibrium is referred to as oxi-
dative stress [5]. A variety of illnesses have been reported to
be pathologically caused by oxidative stress, which has been
shown to be correlated with fat accumulation [4]. In pigs, a
significant number of free radicals are produced because of
oxidative damage, which leads to several diseases [6]. More
importantly, the development of the pig industry would be
hampered by oxidative stress due to oxidative stress directly
limiting the growth performance and health of pigs [5].
Therefore, studying the oxidative stress in pigs is of great sig-
nificance to pig production, as well as other animals and
human health.

Similar to humans, the pig gut microbiota is also a huge,
sophisticated, and dynamic microbial population with a vari-
ety of vital biological functions [7], including energy harvest,
methane synthesis, and the synthesis of short-chain fatty acids
(SCFAs) [8]. Pig fatness phenotypes are closely associated with
the composition and diversity of the microbial community in
the gastrointestinal gut tract. The composition of fatty acids in
the adipose tissues and liver could be altered by the activities of
the gut microbiota [9]. The Jinhua pig in Zhejiang Province,
China, is characterized by its slow growth speed and high
intramuscular fat content, which is considered an excellent
model for studying fat deposition [10]. In the previous study,
we compared the bacterial community structure of obese Jin-
hua pigs and lean Landrace pigs and illustrated a clear causal
connection between gut microbiota and fat deposition by fecal
microbiota transplantation [11].

Most of the related studies focused on the differences in
the structure of the intestinal microflora and fat deposition
among different pig species. However, the relationship
between fat-related phenotypes and the gut microbiome in
pigs is still unclear. Therefore, in this study, fatness charac-
teristics, fat-related gene expression in abdominal fat and
liver, and oxidative stress in serum were measured in high-
and low-fat pigs, respectively. Furthermore, the composi-
tion, diversity, and potential functions of the gut microbiota
between the two groups were studied using a high-
throughput metagenomic sequencing technique, further
analyzing the association between the gut microbiome and
fat deposition. This study will provide basic data for improv-
ing fatness traits in pig production by manipulating the gut
microbiome.

2. Materials and Methods

2.1. Animal Experiments and Sample Collection. A total of 60
newly born Jinhua pigs were fed in 6 pens, 10 pigs per pen,
in a commercial pig facility with a standard corn-soybean-
based diet and water ad libitum as described previously
[12]. Within two months before slaughter, each pig was
healthy and had not been treated with antibiotics. At 250
days of age, pigs were killed to acquire blood samples, liver

segments, and abdominal adipose tissue. Carcass traits,
namely, body weight, loin muscle area, backfat thickness,
and fat content in longissimus dorsi muscle, were analyzed
by a principal component analysis (PCA). These statistics
were utilized to determine which pigs were the most extreme
for the selection of the most extreme pigs [13, 14]. Five high-
fat (H) and five low-fat (L) pigs were chosen to collect lumi-
nal samples from the same colon location. Briefly, the gas-
trointestinal tract was peeled from the enterocoelia. The
luminal samples were collected from the middle section of
each pig’s colon. Within 30min after slaughter, all of the
luminal samples were taken and divided into two parts:
one was for the measurement of SCFAs, and the other one
was placed in a -80°C refrigerator until DNA extraction after
being dipped in liquid nitrogen.

All the procedures for animal experiments were
approved by the Zhejiang Academy of Agricultural Sciences
Institutional Animal Care strictly according to the relevant
rules and regulations (Ethic code: ZAAS-2017-009).

2.2. Luminal DNA Extraction, Metagenomic Sequencing.
According to the manufacturer’s recommendations, the
QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany) was
used to extract the luminal DNA from each colon content
sample. A NanoDrop 1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA) was used to measure
the amount and quality of DNA, and sterile water was used
to dilute the DNA concentration to a final concentration of
1 ng/L. The Illumina TruSeq™ DNA Sample Prep Kit was
used to generate libraries, which were sequenced on an Illu-
mina HiSeq 2500 platform by a commercial sequencing
company, Novogene (Beijing, China).

2.3. De Novo Assembly of Short Reads.We used trimmomatic
[15] for the quality control of raw datasets to remove the 3′-
and 5′-end of reads, eliminate poor quality bases (<20), and
trim containing 10% N of reads, and small segments
(<75 bp). The BWA [16] was performed to align the reads
with the pig genome to filter out the host DNA from the
reads. Megahit [17] (https://github.com/voutcn/megahit)
was used to de novo assemble the filtered reads for each
sample. Contigs were continuous sequences that had clear
linkages between each other.

2.4. Gene Prediction and Functional Annotation. The ORFs
(open reading frames) from each sample’s contigs were pre-
dicted using METAProdigal (http://prodigal.ornl.gov/). We
used cd-hit [18] software (http://www.bioinformatics.org/
cd-hit/) to exclude the redundant genes (parameters for
95% identity; 90% coverage) from all the predicted ORFs.
And then, Salmon [19] (https://github.com/COMBINE-lab/
salmon) was used to determine gene abundances by map-
ping the original sequences to anticipated genes. Finally,
with BLASTP [20] (BLAST Version 2.2.28+, http://blast
.ncbi.nlm.nih.gov/Blast.cgi), the taxonomy of the colon
microbiota was evaluated against the NR database. The rela-
tive abundances of taxa at the domain, phylum, genus, and
species levels were determined using taxonomic profiles.
The NMDS was conducted at the gene level based on the
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Bray-Curtis dissimilarity matrices. The KEGG database
(http://www.genome.jp/kegg/) was used to annotate the con-
tigs with a BLAST E value of 1e − 5. Hmmscan (http://
hmmer.janelia.org/search/hmmscan) was used to annotate
the CAZy functions.

2.5. Real-Time Quantitative PCR (RT-qPCR). Gene expres-
sion was measured in the liver and abdominal adipose tissue.
According to the manufacturer’s instructions, the RNeasy
Plus Mini Kit (Qiagen) was used to isolate the total RNA
from each sample of abdominal fat and liver segments. The
first-strand cDNA was generated using the SuperScript II
Reverse Transcription Kit (Invitrogen). The gene expression
was evaluated by RT-qPCR on the ABI Prism 7700 Sequence
Detector (Applied Biosystems) with gene-specific primers
(see Supplementary Tables S1). The following were the
reaction conditions: 95°C for 5min, followed by 40 cycles
of 15 s at 94°C, 30 s at 63°C, and 1min at 72°C and
fluorescence collection as previously described [11]. The
relative gene expression level was determined by the 2-ΔΔCt

method [21] using the geometric mean of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA as the
housekeeping gene for the data normalization.

2.6. Colonic Butyrate-Producing Functional Gene Analysis.
The qPCR was performed in triplicate for the DNA
extracted from each sample to assess the gene copy number
of the butyrate-producing functional genes, namely, butyrate
kinase and butyryl CoA: acetate CoA transferase, in pig
intestinal contents on an ABI Prism 7700 Sequence Detector
(Applied Biosystems) [22, 23] using gene-specific primers
(see Supplementary Tables S2) and SYBR Green PCR
Master Mix (Takara, Tokyo, Japan). The thermal cycling
system was 95°C for 2min, 35 cycles of 15 s at 95°C, 45 s at
58°C, and 1min at 72°C. The specificity of the reaction for
each gene was verified by a melting curve analysis.
Standard curves from known quantities of plasmid DNA
were used to determine the copy number of each gene. The
data from qPCR experiments was represented as gene
copies per gram of luminal content.

2.7. Oxidative Stress Determination. Serum antioxidant
levels were determined after homogenization with saline
(1 : 9 w/v) followed by centrifugation at 11,000 × g for 15
minutes at 4°C. As recommended by the manufacturer’s
instructions, we used Nanjing Jiancheng Bio (Nanjing,
China) diagnostic kits to detect indicators including malon-
dialdehyde (MDA), superoxide dismutase (SOD), and gluta-
thione peroxidase (GSH-Px).

2.8. SCFA Measurement. As mentioned in our previous
study [24], the gas chromatographic (GC) was used to deter-
mine the levels of SCFAs in each luminal content sample.
Shortly, the 100mg luminal content sample was weighed
into a 1.5mL centrifuge tube and suspended in 9 volumes
of Milli-Q water. Following a 10min centrifugation at
10,000 rpm, 1,000μL of the supernatant was supplemented
with 0.2mL of crotonic acid (internal standard). Finally, fol-
lowing the membrane filtering (0.22μm), the mixture was
put into the GC-2010 plus (Shimadzu, Kyoto, Japan) with

an FID detector operating at 180°C. The chromatographic
conditions were as follows: column 110°C, vaporization
chamber 180°C. The carrier gas was nitrogen at 0.06MPa
while the auxiliary gas was hydrogen and air with the pres-
sure of 0.05MPa and 0.05MPa, respectively.

2.9. Statistical Analysis. All statistical analyses were con-
ducted using the unpaired two-tailed Students’ t-test with a
P value < 0.05 as the level of statistical significance. Data
were presented as mean ± standard deviation (SD).

3. Results

3.1. Fatness Phenotypes between the High- and Low-Fat Pigs.
To determine whether there is a significant difference in the
fatness phenotypes between the two groups, pigs were raised
under standard management and sacrificed at 250 days old
to determine body weight, loin muscle area, backfat thick-
ness, and fat content of longissimus dorsi muscle. The
high-fat pigs showed significantly higher backfat thickness
and fat content of longissimus dorsi muscle than the low-
fat pigs (P < 0:05, see Figures 1(b) and 1(d)). However, the
two groups had no significant differences in body weight
and loin muscle area (see Figures 1(a) and 1(c)).

3.2. Expression of Lipid Metabolism Genes. To further test
the gene expression of lipid metabolism in the liver and
abdominal fat tissue, we collected liver and abdominal fat
segments from each of the high- and low-fat pigs, followed
by RNA isolation and RT-qPCR analysis. In the liver, the
two key lipogenic genes, ACC1 (acetyl-CoA carboxylase-1)
and FAS (fatty acid synthase), showed higher levels in the
high-fat pigs than in the low-fat pigs, with ACC1 being sig-
nificantly higher (P < 0:05, see Figure 2(a)). Additionally,
SREBP1 (Sterol Regulatory Element Binding Protein-1) was
also significantly higher in the liver of high-fat pigs
(P < 0:05), while the gene expression ofMLXIPL (Mlx-inter-
acting protein-like) showed no significant difference (see
Figure 2(a)).

In the abdominal fat tissue, a significant increase in the
gene expression of lipogenesis genes, FAS and LPL (lipopro-
tein lipase), and the adipogenesis gene PPARγ (peroxisome
proliferator-activated receptor-γ) in the high-fat pigs was
observed (P < 0:05). The ACC1 and FABP4 (fat acid-
binding proteins 4) showed higher levels in the high-fat pigs
than the low-fat pigs with no significant difference (P > 0:05,
see Figure 2(b)).

3.3. Oxidative Stress Levels in Pigs with Different Fat
Deposition. To evaluate whether oxidative stress functions
in the lipid metabolism, the key markers of oxidative stress,
including MDA, GSH-Px, and SOD, were further analyzed.
The low-fat pigs had decreased MDA content and increased
GSH-Px activity compared to the high-fat pigs (see Figure 3,
P < 0:05).

3.4. Profiling of the Colon Metagenome in Pigs. Next, the
composition and diversity of the colonic microbiota between
the two groups were investigated by metagenomic sequenc-
ing. For the construction of libraries, we pooled 10 samples
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of luminal DNA from Jinhua pigs. Each DNA pool included
an average of 12.84Gb of raw data (9.94–19.00Gb). Clean
data ranged from 9.33Gb to 17.90Gb after removing low-
quality reads and host contamination. All short sequence

data was assembled by Megahit [25] (https://github.com/
voutcn/megahit). Ten DNA pool samples had a total num-
ber of contigs ranging from 243,029 to 710,018 with a length
greater than 500 bp. METAProdigal [26] (http://prodigal
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Figure 1: Fatness phenotypes in the high- and low-fat pigs. Newly born piglets were fed commercial feed for 250 days before being
sacrificed. The body weight (a), backfat thickness (b), loin muscle area (c), and fat content of longissimus dorsi muscle (d) were
determined. Data are expressed as mean ± SD (n = 5) and analyzed by the unpaired two-tailed Students’ t-test. H: the high-fat pigs; L:
the low-fat pigs. ∗P < 0:05 and ∗∗P < 0:01.
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Figure 2: Relative gene expression levels of lipid metabolism genes in the liver (a) and abdominal fat (b) of Jinhua pigs. The tissue segments
of liver and abdominal fat were collected from the high- and low-fat pigs at 250 days old for RNA isolation. The relative expression level of
each indicated gene was determined by RT-qPCR using the 2-ΔΔCt method. Data normalization employs GAPDH as a housekeeping gene.
Data are expressed as mean ± SD (n = 5) and analyzed by the unpaired two-tailed Students’ t-test. H: the high-fat pigs; L: the low-fat pigs.
∗P < 0:05.
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.ornl.gov/) predicted the open reading frame (ORF) of each
contig. A total of 5,617,408 ORFs that were longer than
60 bp were obtained in the pool of ten samples (see Table 1).

3.5. Comparison of Microbial Domains between High- and
Low-Fat Pigs. Nonmetric multidimensional scaling (NMDS)
revealed a robust separation between high- and low-fat pigs
(see Figure 4(a)). The microbial structure in the colons of the
two groups was compared. The relative abundance of
Archaea in the high-fat group was obviously higher than
that of low-fat pigs (P < 0:05) while eukaryota and viruses
were not significantly different (P > 0:05, see Figure 4(b)).
We then compared the relative abundance of Archaea bacte-
rial genera between the colon microbiomes of the two
groups with distinct fatness. Two genera (see Figure 4(c))
and seven species (see Figure 4(d)) were identified to give a
significant difference in the relative abundances between
the two groups (P < 0:05), which all belong to the methano-
gen genus.

3.6. Significant Difference in Bacterial Community
Compositions of Pigs with Distinct Fatness Phenotypes. As
shown in Supplementary Figure S1, the low-fat pigs
exhibited a higher α diversity of gut microbiota than the
high-fat pigs. Further studies were performed on the
microbial community structures between the two groups

with distinct fatness phenotypes in the colon. Bacteroidetes
were found in significantly higher abundance in the colons
of low-fat pigs than in high-fat pigs (P < 0:05,
Supplementary Figure 2). At the genus level, 13 genera
were significantly different between the two groups.
Prevotella and Bacteroides were significantly more
abundant in the colons of low-fat pigs (P < 0:05).
Prevotella relative abundance was 2.979% and 5.659%
between the two groups, respectively, while Bacteroides
relative abundance was 1.300% and 1.935%, respectively.
Additionally, the relative abundance of Prevotella and
Bacteroides was above 1.0%, whereas most other genera
were below 1.0% in the colon. It is worth noting that
Acidaminococcus was significantly enriched in the low-fat
pigs (P < 0:05, see Figure 5(a)).

At the species level, we discovered 33 bacterial species
giving different enrichments between the two groups.
Among these species, 12 species were enriched in the high-
fat pigs, while the other 21 species were more abundant in
the low-fat pigs (see Figure 5(b)). Furthermore, we observed
that ten of the 12 species with higher abundances in the
high-fat pigs are Firmicutes and Tenericutes. The bacteria
abundant in low-fat pigs have been correlated with fiber fer-
mentation and butyrate production, namely, Ruminococcus
sp. AF12-5 [27], Faecalibacterium sp. OF04-11AC [28],
and Oscillibacter sp. CAG:155 [29].

H L
0

20

40

60

80

100

SO
D

 (U
/m

L)

(a)

H L
0

500

1000

1500

2000

2500

⁎

G
SH

-P
x 

(U
/m

L)

(b)

⁎

H L
0

1

2

3

4

5
M

D
A

 (μ
m

ol
/L

)

(c)

Figure 3: Oxidative stress levels in the high- and low-fat pigs. The serum samples were collected from the high- and low-fat pigs at 250 days
old for the determination of SOD activity (a), GSH-Px activity (b), and MDA content (c) by different assays. Data are expressed as mean
± SD (n = 5) and analyzed by the unpaired two-tailed Students’ t-test. H: the high-fat pigs; L: the low-fat pigs. ∗P < 0:05.
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3.7. Gut Microbiome Functional Capacity in Pigs with
Different Fatness Phenotypes. The functional capacity of the
gut microbiome between the two groups was further ana-
lyzed using KEGG annotation. At Level 2 of KEGG function
analysis, “Glycan biosynthesis and metabolism” was the
most significantly different metabolic function between the
two groups (see Figure 6(a)). At Level 3, “Methane metabo-
lism,” “Other glycan degradation,” and “RNA polymerase”
were found to be the significant markers in the pigs with a
distinct fatness phenotype. More importantly, the relative

abundance in the function pathway profile of “Other glycan
degradation” was higher in the low-fat pigs than in the high-
fat pigs (see Figure 6(b)).

To further study the colonic microbiota’s functional
capacity, we analyzed the enzymes that break down glycans
(CAZymes: Carbohydrate-Active Enzymes) [30]. There were
significant differences in the enrichments of 17 CAZyme
families between the two groups of pigs (P < 0:05, see
Figure 6(c)). We found 2 enriched CAZyme genes, which
function to degrade carbohydrates such as cellulose,

Table 1: Data summary of metagenomics.

Sample Raw bases (Mbp) Clean bases (Mbp) Contigs Contigs bases (bp) N50 (bp) ORFs Average length (bp)

H1 11,300 10,500 277327 345242102 1,337 581,709 619.16

H2 9,940 9,330 243029 303872492 1,315 520,091 603.23

H3 10,300 9,570 249525 280357289 1,151 448,785 619.48

H4 12,400 11,500 298036 321492268 1,026 444,650 574.05

H5 15,000 13,800 710018 626251331 824 526,644 610.65

L1 12,500 11,700 304407 394804127 1,379 797,874 629.86

L2 10,500 9,980 285676 351527843 1,283 586,934 636.42

L3 19,000 17,900 399192 555397511 1,523 458,592 539.68

L4 14,200 13,500 275692 415245171 1,805 492,082 504.58

L5 13,300 12,100 351437 358387739 942 760,047 372.78
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Figure 4: Microbial profiles of the high- and low-fat pigs. The colon content samples were collected at 250 days old for DNA isolation and
metagenome sequencing. (a) NMDS analysis of colon content samples was performed with the abundance of genes. (b) The relative
abundance of microbial domains between the two groups. (c) The relative abundance of Archaea at genus level between the two groups.
∗P < 0:05. (d) The relative abundance of Archaea at species level between the two groups. The heatmap was generated with z-score
calculated from the relative abundance of each Archaea species. Data are expressed as mean ± SD (n = 5) and analyzed by the unpaired
two-tailed Students’ t-test. H: the high-fat pigs; L: the low-fat pigs.
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hemicellulose, and starch, while 6 were enriched in the low-
fat pigs (GH28, GH76, GH81, GH106, CE6, and AA6). GTs
had the function of carbohydrate synthesis. In the present
study, the high-fat pigs had 5 enriched GTs, namely, GT7,

GT66, GT76, GT81, and GT84, while the low-fat pigs had
3 enriched GTs, namely, GT20, GT23, and GT90. In addi-
tion, the carbohydrate-binding modules (CBMs) are nonca-
talytic CAZymes with the function of the breakdown of
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Figure 5: The relative abundance of microbiota in the colon of the high- and low-fat pigs. The colon content samples were collected from 5
high-fat and 5 low-fat pigs at 250 days old for DNA isolation and metagenome sequencing. The genus (a) and species (b) levels of bacteria in
the colons of high- and low-fat pigs were compared. Heatmaps were generated with z-score calculated from the relative abundance of each
bacteria genus (a) or species (b). The top 13 genera and 33 species are shown. H: the high-fat pigs; L: the low-fat pigs.
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complex carbohydrates. The low-fat pigs had 1 enriched
CBMs in the colon, CBM65.

3.8. Changes in Colonic SCFA Levels in the Pigs with
Different Fatness Phenotypes. To examine whether pigs with
different fatness phenotypes would alter the SCFA content in
the colon, we quantified the absolute concentrations of the
total SCFAs, namely, propionate, acetate, and butyrate. In
comparison to the high-fat pigs, the low-fat pigs’ colons
had much higher levels of acetate, propionate, and butyrate
(see Figure 7(a)). Furthermore, the colon of low-fat pigs
had a relatively higher abundance of butyryl-CoA acetate-

CoA transferase (see Figure 7(b)), which functions to modu-
late the butyrate production in the colonic microbiome.

To reveal the potential linkage between gut microbiota
and SCFAs, we correlated between differential gut microbi-
ota and SCFA levels. At the species level, Bacteroides ple-
beius, Bacteroides uniformis, Bacteroides ovatus,
Peptococcus niger, Bacteroides sp. CAG:770, 709, 545, and
Bacteroidales bacterium 43, which belong to the Bacteroi-
detes phyla, were positively correlated with intestinal con-
tents SCFA levels, especially with propionate and butyrate.
Species Firmicutes bacterium CAG:884, 240, 24053 and Clos-
tridium sp. CAG:302 (which belongs to phylum Firmicutes)

Level2
3.00
2.00
1.00
0.00
–1.00
–2.00
–3.00

Cell motility
Traoscription
Infectious diseases: Parasitic
lmmuoe di.seases
Excretory system
Narvous system
Signaling molecules and interaction
Immune system
Substance dependence
Cell growth and death
Signal transduction
Infectious diseases: Bacterial
Infectious diseases: Viral
Digestive system
Cellular community
Development
Sensory system
Transport and catabolism
Circulatory system
Cancers: Overview

Endocrine system
Cancers: Specific types

Cardiovascular diseases
Endocrine and metabolic diseases
Neurodegenerative diseases
Environmental adaptation
Aging
Translation
Nucleotide metabolism

Amino acid metabolism
Energy metabolism
Metabolism of terpenoids and polyketides
Carbohydrate metabolism
Global and overview maps
Metabolism of cofactors and vitamins
Metabolism of other amino acids
Drug resistance
Xenobiotics biodegradation and metabolism
Membrane transport 
Replication and repair
Folding, sorting and degradation
Glycan biosynthesis and metabolism
Lipid metabilism

Biosynthesis of other secondary metabolites

H H H H H L L L L L

(a)

Methane metabolism
Other glycan degradation

RNA polymerase

0.0

0.030
0.048
0.049

1.1 –0.0 5 0.00 0.05 0.10 0.15 0.20 0.25 0.30

p-
va

lu
e (

co
rr

ec
te

d)H L

Mean proportion (%)

95% confidence intervals

Difference in mean proportions (%)

(b)

GT84

2.50
2.00
1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50
-2.00
-2.50

GT7
GT76
GH113
GT81
GT66
AA3
GT20
AA6
GBM65
GT90
GH81
GE6
GT23
GH76
GH28
GH106

H H H H H L L L L L

(c)

Figure 6: Enrichment of CAZymes and KEGG functions in the colon. The colon content samples were collected from 5 high-fat and 5 low-
fat pigs at 250 days old for DNA isolation and metagenome sequencing. (a) The relative abundance of each KEGG pathway (Level 2) in the
high- and low-fat pigs after an enrichment analysis. (b) The relative abundance of each KEGG subsystem (Level 3) in the high- and low-fat
pigs after an enrichment analysis. (c) The relative abundance of each CAZyme functional term after an enrichment analysis. Heatmaps were
generated with z-scores calculated from the relative abundance of each KEGG or CAZyme function. H: the high-fat pigs; L: the low-fat pigs;
GH: Glycoside Hydrolase; GT: Glycosyl Transferase; PL: Polysaccharide Lyase; CE: carbohydrate esterases; CBM: carbohydrate-binding
module; AA: Auxiliary Activities.

8 Oxidative Medicine and Cellular Longevity



10

⁎

⁎⁎

⁎⁎

C
on

ce
nt

ra
tio

n 
(m

M
)

8

6

4

2

0

Total
 V

FA

Acet
ate

Propionate

Iso
butyr

ate

Butyr
ate

Iso
val

era
te

Vale
rat

e

(a)

10

H

L

⁎

G
en

e 
ab

un
da

nc
e 

lo
g1

0 
(c

op
ie

s/
g)

8

6

4

2

0

butyr
yl-

CoA ac
ety

l -

CoA tr
an

sfe
ras

e

butyr
ate

 kinase

(b)

Clostridium.sp..CAG:914
Firmicutes.bacterium.CAG:321
Clostridium.sp..CAG:138
bacterium.1XD8–92
bacterium.0.1xD8–82
Firmicutes.bacterium.CAG:884
Mycoplasma.sp..CAG:877
Clostridium.sp..CAG:302
Firmicutes.bacterium.CAG:240
Firmicutes.bacterium.CAG:24053
Firmicutes.bacterium.CAG:534
Lachnospiraceae.bacterium.10–1
Prevotella.sp..CAG:1092
Prevotella.intermedia
Muribaculaceae.bacterium.Isolate–037.(Harlan)
Bacteroides.plebeius
parabacteroides.merdae
Prevotella.sp..CAG:1031
Bacteroides.uniformis
Bacteroides.ovatus
Muribaculaceae.bacterium.Isolate–001.(NCT)
Muribaculaceae.bacterium.Isolate–036.(Harlan)
Oscillibacter.sp..CAG:155
Faecalibaterium.sp..OF04–11AC
Butyricicoccus.pullicaecorum
Ruminococcus.sp..AF12–5
Peptococcus.niger
Alistipes.sp..CAG:514
Bacteroidales.bacterium.52
Bacteroides.sp.CAG:770
Bacteroides.sp..CAG:709
Bacteroides.sp..CAG:545
Bacteroides.bacterium.43

Acet
ate

Propionate

Butyr
ate

Vale
rat

e

Iso
butyr

ate

Iso
val

era
te

0.5

0

–0.5

–0.32
–0.33
–0.32
–0.35
–0.35
–0.72⁎

–0.68⁎

–0.82⁎⁎

–0.70⁎

–0.64⁎

–0.43
–0.47
0.62
0.64⁎

0.58
0.65⁎

0.58
0.55
0.72⁎

0.65⁎

0.42
0.47
0.33
0.33
0.39
0.37
0.72⁎

0.72⁎

0.61
0.53
0.50
0.54
0.45

–0.53
–0.53
–0.60
–0.38
–0.38

–0.77⁎⁎

–0.60
–0.71⁎

–0.76⁎

–0.75⁎

–0.42
–0.48
0.50
0.52
0.55
0.65⁎

0.60
0.64⁎

0.68⁎

0.68⁎

0.48
0.60
0.68⁎

0.41
0.70⁎

0.60
0.82⁎⁎

0.82⁎⁎

0.75⁎

0.76⁎

0.81⁎⁎

0.79⁎⁎

0.67⁎

–0.58
–0.59
–0.59
–0.43
–0.43
–0.76⁎

–0.53
–0.70⁎

–0.77⁎⁎

–0.76⁎

–0.44
–0.50
0.47
0.49
0.54
0.68⁎

0.62
0.62
0.66⁎

0.70⁎

0.50
0.62
0.75⁎

0.39
0.73⁎

0.67⁎

0.79⁎⁎

0.83⁎⁎

0.72⁎

0.81⁎

0.85⁎⁎

0.84⁎⁎

0.70⁎

–0.25
–0.22
0.02
–0.39
–0.39
–0.56
–0.30
–0.47
–0.60
–0.58
–0.31
–0.39
0.65⁎

0.72⁎

0.56
0.76⁎

0.84⁎⁎

0.68⁎

0.84⁎⁎

0.83⁎

0.38
0.38
0.45
–0.04
0.16
0.15
0.53
0.76⁎

0.61
0.70⁎

0.58
0.62
0.53

–0.45
–0.16
–0.15
–0.26
–0.26
–0.01
0.33
0.09
–0.28
–0.27
–0.07
–0.09
0.25
0.24
0.48
0.35
0.47
0.36
0.16
0.33
0.61⁎

0.58
0.44
–0.14
0.19
0.28
0.16
0.31
0.20
0.41
0.36
0.33
0.24

–0.02
0.13
0.10
–0.14
–0.14
–0.13
0.21
–0.01
–0.26
–0.22
–0.02
–0.08
0.41
0.43
0.49
0.41

0.79⁎⁎

0.62⁎

0.67⁎

0.66⁎

0.37
0.33
0.66⁎

–0.26
–0.01
0.01
0.47
0.60
0.42
0.67⁎

0.53
0.54
0.45

(c)

Figure 7: The association between colonic SCFA levels and colonic microbiome in the high- and low-fat pigs. The colon content samples
were collected from 5 high-fat and 5 low-fat pigs at 250 days old for the determination of SCFA content, DNA isolation, and metagenome
sequencing. (a) Concentrations of SCFAs in the colons of the two groups were examined by GC. Data are expressed as mean ± SD (n = 5)
and analyzed by the unpaired two-tailed Students’ t-test. (b) The gene abundance of the butyrate-producing genes in the colon of the high-
and low-fat groups. Data was expressed as log10 gene copies of total DNA/g colon content. (c) The Spearman correlation between the 33
differentially abundant species and SCFAs in the colon of Jinhua pigs. The X-axis shows SCFAs, whereas the Y-axis shows bacteria
species. The chart’s various colors and numbers reflect the correlation coefficient between the SCFA and bacteria species indicated. H:
the high-fat pigs; L: the low-fat pigs. ∗P < 0:05 and ∗∗P < 0:01.
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were negatively correlated with acetate, propionate, and
butyrate levels. These results revealed the changed composi-
tion and function of the gut microbiota might well have con-
tributed to the SCFA production in the colon (see
Figure 7(c)).

4. Discussion

The gut microbiota is considered essential in the utilization
of nutrients and energy and the maintenance of healthy sta-
tus in farm animals. Thus, the gut microbiota is regarded as
an important component affecting the growth performance
and development of pigs. Nowadays, numerous studies
investigating the structure of the gut microbial community
in pigs by metagenomics have been proposed to reveal the
association between gut bacterial species and porcine fatness
in different breeds [31]. We explored the interaction among
the gut microbiota, lipogenic features, and oxidative stress in
pigs with two different fat phenotypes. Furthermore, we
tried to implicate the possible relationship between the gut
microbiome and fat deposition in pigs using metagenomic
analysis.

The liver and adipose tissue are the main parts of the
body that deposit, metabolize, and transport fat. ACC1,
FAS, SREBP-1, and ChREBP are the key genes in de novo
fat synthesis [32]. The gene expression of ACC1 and
SREBP-1 was significantly higher in the liver of the high-
fat pigs than in the low-fat pigs, indicating that high-fat pigs
might have a stronger ability to synthesize fat than low-fat
pigs. The abdomen and intestines are the main sites of fat
accumulation. The “master regulator” of adipogenesis is
PPARγ, required for fat cell production [33]. The upregula-
tion of PPARγ, LPL, and FAS in the high-fat pigs indicated
enhanced lipid synthesis in the abdomen. Collectively, the
imbalance in lipid metabolism might contribute to the
abnormal fat accumulation in pigs.

On the other hand, the development of the pig industry
would be hampered by oxidative stress due to oxidative
stress directly limiting the growth performance and health
of pigs. MDA is a biomarker for free radical species-related
damage [34]. In the present study, MDA levels in serum
were obviously higher in high-fat pigs than in low-fat pigs.
Increased oxidative stress associated with fat consumption
may alter the bacterial composition and the expression of
lipogenic genes. GSH-Px is a critical enzyme that catalyzes
hydrogen peroxide decomposition, which would protect
the structure and function of the cell membrane [35].
GSH-Px levels were significantly lower in high-fat pigs.
These findings show that high-fat pigs are more susceptible
to oxidative stress than low-fat pigs, and hence more suscep-
tible to obesity.

Consistent with our earlier investigation of 16S rRNA
gene sequencing in pigs [23], the bacterial community of
the two groups showed taxonomic discrepancies. It implies
that bacteria contribute more to host fatness than other
microbial kingdoms. Bacteria, not other microbial king-
doms, are responsible for the majority of the breakdown
and fermentation of feed biopolymers [36]. Interestingly,
the majority of the species with significantly increased abun-

dances in the low-fat pigs were from the Bacteroides genus,
which is one of the most frequent core genera in the pig col-
ony. Bacteroides was able to utilize the fermentation of die-
tary fibers to produce acetate, propionate, and butyrate
[24]. Prevotella and Bacteroides were found to be signifi-
cantly less abundant in the colons of high-fat pigs than in
low-fat pigs. The more Bacteroides–Prevotella–Porphyromo-
nas there are in developing pigs, the better their ability to
ferment polysaccharides to SCFAs [37]. Furthermore, Bac-
teroides-Prevotella was negatively correlated with inflamma-
tion and fat mass development in diet-induced obese mice
[38]. Taken together, these results suggest that enhanced
SCFA production in the low-fat pigs might be linked with
the higher abundance of Prevotella and Bacteroidetes, which
further alleviate host lipid accumulation.

Accordingly, our findings indicated that colonic SCFA
levels were significantly higher in pigs with low-fat in com-
parison to pigs with high-fat traits. Butyrate could directly
activate AMP kinase to prevent mice from having excess
fat deposition in the liver [39]. The mice transplanted from
lean cotwin’s fecal microbiota showed lower fat storage in
adipose tissue compared to the mice transplanted from
obese cotwin’s fecal microbiota [40]. Importantly, we found
correlations between SCFAs and differential gut microbiota
in pigs. The phylum Firmicutes and its subordinate species
were related to reduced SCFAs, whereas the phylum Bacter-
oidetes and its subordinate species were related to increased
SCFAs. All SCFAs showed synchronous correlations with
the differential gut microbiota, suggesting that the differen-
tial gut microbiota and the SCFAs they produced might
work synchronously in fat deposition.

Based on the metagenomics, KEGG analysis revealed the
gut microbiome functional changes in the two groups. The
metagenomes of the high-fat pigs had a significantly higher
enrichment of methane metabolism and RNA polymerase.
Methane metabolism, in particular, has been reported to
produce methane from hydrogen with carbon dioxide, ace-
tate, and various methyl metabolites [41]. Bacterial NADH
dehydrogenases could be suppressed by the improvement
of H2, resulting in a decrease in ATP output [42]. Methane
is able to slow down the gut transport rate, which allows
nutrients to stay in contact with the gut for longer, giving
more time for nutrients and energy to be absorbed. This
might explain why the high-fat pigs gained more weight
than the low-fat pigs.

Since glycan degradation was found to be significantly
enriched in the functional microbiome of low-fat pigs, we
further determined that CAZymes shifted between the two
groups in the present study. The results showed that GH,
CE, PL, AA, and CBM, which exert a function of carbohy-
drate degradation, were enriched in low-fat pigs, implying
that low-fat pigs might have a better ability to deconstruct
complex substrates. For example, the colon of the low-fat
pigs showed a higher relative abundance of GH28, GH76,
GH81, and GH106, which are polygalacturonosidase [43],
α-1,6-mannanase [44], β-1,3-glucanase [45], and α-L-rham-
nosidase [46], respectively.

In contrast to the low-fat pigs, the higher abundance of
GTs in the high-fat pigs showed that the colon microbiomes
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of high-fat pigs might have a better capability to utilize
hydrolytic products to produce SCFAs, thus providing more
energy to high-fat pigs. Generally speaking, feed-efficient
animals generate more SCFAs and less methane [36]. The
higher level of SCFAs and lower abundance of methanogenic
functions in the colon of low-fat pigs suggest that low-fat
pigs may be more feed-efficient than high-fat pigs. To con-
firm our assumptions, further research on feed efficiency
and methane emissions is required in the future.

Notably, the higher relative abundance in genusMethano-
brevibacter and various species, namely, M. millerae, M.
gottschalkii, M. sp. YE315, M. thaueri, M. smithii, M. sp.
A27, andM. oralis, was observed in the colons of high-fat ani-
mals, which suggests that more methane might be produced,
resulting in more efficient fat deposition in the high-fat pigs
[47]. The metagenome gave us a chance to study the gut
microbiome at different kingdom levels, such as eukaryote
and virus, except for bacteria and Archaea. The interactions
between bacteria and eukaryotes or viruses might also change
the status of host fat deposition, because our main concern

was not with eukaryotes or viruses in the present study. Addi-
tional research in the future is needed.

In summary, we found that there were abundant
methanogenic Archaea and relatively lower SCFA-
producing bacteria in the colons of high-fat pigs compared
to low-fat pigs. The increased methane produced by the
Archaea and the decrease of SCFAs would promote fat
deposition in the liver and abdomen, which is manifested
by the high expression of adipogenic genes in the liver
(ACC1 and SREBP1) and abdominal fat (FAS, PPARγ, and
LPL), furthering the oxidative stress injury (see Figure 8).

5. Conclusions

In summary, the high oxidative stress and lipid metabolism
dysbiosis in the high-fat pigs could contribute to the fat
deposition in Jinhua pigs. Host fat deposition is influenced
by both the methanogenesis functions of Archaea and the
short-chain fatty acids produced by bacteria. In addition,
we discovered 17 CAZyme families and 3 KEGG pathways
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Figure 8: Relationship between intestinal microbiome and fat deposition.
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(Level 3) with distinct enrichments in the high-fat and low-
fat pigs. The present study would give a deep insight into
how gut microbiomes influence fat deposition in pigs and
provide a hint for improving growth performance and fat-
ness traits by manipulating gut microbiomes.
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Background. Aglaia (Meliaceae) species are used for treating autoimmune disorders and allergic diseases in Asian countries.
Rocaglamide, an extract obtained from Aglaia species, exhibits suppressive effect by regulating the T cell subset balance and
cytokine network in cancer. However, whether it can be used in organ transplantation is unknown. In this study, we investigated
the antirejection effect and mechanism of action of rocaglamide in a mouse cardiac allograft model. Methods. Survival studies were
performed by administering mice with phosphate-buffered saline (PBS) (n = 6) and rocaglamide (n = 8). Heart grafts were
monitored until they stopped beating. After grafting, the mice were sacrificed on day 7 for histological, mixed lymphocyte reaction
(MLR), enzyme-linked immunosorbent assay (ELISA), and flow cytometric analyses. Results. Rocaglamide administration
significantly prolonged the median survival of the grafts from 7 to 25 days compared with PBS treatment (P < 0:001). On
posttransplantation day 7, the rocaglamide-treated group showed a significant decrease in the percentage of Th1 cells (7:9 ± 0:9%
vs. 1:58 ± 0:5%, P < 0:001) in the lymph nodes and spleen (8:0 ± 2:5% vs. 2:4 ± 1:3%, P < 0:05). Rocaglamide treatment also
significantly inhibited the production of Th17 cells (6:4 ± 1:0% vs. 1:8 ± 0:4%, P < 0:01) in the lymph nodes and spleen
(5:9 ± 0:3% vs. 2:9 ± 0:8%, P < 0:01). Furthermore, the prolonged survival of the grafts was associated with a significant decrease in
IFN-γ and IL-17 levels. Our results also showed that NF-AT activation was inhibited by rocaglamide, which also induced p38 and
Jun N-terminal kinase (JNK) phosphorylation in Jurkat T cells. Furthermore, by using inhibitors that suppressed p38 and JNK
phosphorylation, rocaglamide-mediated reduction in NF-AT protein levels was prevented. Conclusion. We identified a new
immunoregulatory property of rocaglamide, wherein it was found to regulate oxidative stress response and reduce inflammatory
cell infiltration and organ injury, which have been associated with the inhibition of NF-AT activation in T cells.
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1. Introduction

Organ transplantation is an effective therapy for patients
with end-stage organ disease [1]. The oxidative stress caused
by the infiltration of inflammatory cells in cardiac allografts
results in the production of cytokines and proinflammatory
adhesion molecules, which are the main alloantigen-
independent factors leading to allograft vasculopathy and
organ injury [2]. Previous studies have focused on develop-
ing the optimum function of allografts by using immuno-
suppressive drugs, which are important for investigating
the precise cell-mediated immune response and finding a
way to downregulate the specific immunoreaction. Eventu-
ally, these drugs can reduce the secretion and chemotaxis
of inflammatory factors and reduce oxidative stress damage
and protect the allograft.

The differentiation of CD4+ T cells is induced by helper
T cells, including Th1, Th17, Th2, and regulatory T cells
(Tregs). Th1 cells play a key role in triggering immunoreac-
tion, promoting inflammatory infiltration, and exacerbating
oxidative stress, and several studies have shown that these
types of cells increase the risk of allograft injury and allograft
rejection [3, 4].

Naïve CD4+ T cells are usually activated and induced to
differentiate into Th1 and Th17 cells, especially in an inflam-
matory environment. Interleukin-2 (IL-2) and interferon-γ
(IFN-γ) secreted by Th1 cells can upregulate the production
of cytotoxic T lymphocytes, elicit an immune response, and
stimulate the activation of natural killer cells. Several studies
have shown that Th17 cells are involved in triggering various
immune processes such as Th1 cell-mediated inflammation,
disordered oxidative stress, and tissue damage after organ
transplantation [5]. Interleukin-17 (IL-17) secreted by
Th17 cells can induce the production of many cytokines,
thus increasing the count of neutrophilic granulocytes and
promoting the migration of macrophages to the allograft
site. Furthermore, allografts exhibit upregulated levels of
IFN-γ and IL-17 in the serum in case of acute rejection,
which is dangerous and causes inflammatory diseases com-
pared with those with a functional and effective allograft in
a transplant model [6]. Acute rejection is observed within
7 days after transplantation in the transplantation models,
characterized by binding of different cellular immunoreac-
tion and inflammatory factors, as well as natural antibodies
and the oxidation-related epitope malondialdehyde. This
rejection results in vascular endothelial damage, vasculitis,
thrombosis, tissue destruction, and edema [7–9]. Memory
T cells are also an obstacle for transplantation because 40–
50% of T cells circulating in the peripheral blood have mem-
ory phenotypes [10].

Rocaglamide has attracted attention as a new anticancer
drug because it can block the nuclear factor-κB (NF-κB)
pathway [11, 12] and can also be used to treat allergic
inflammatory and skin diseases [13]. Recently, rocaglamide
derivatives have been demonstrated the negatively regulated
effects of T cells [12, 14]. Some studies have shown that these
derivatives play a crucial role in inhibiting the phorbol myr-
istate acetate- (PMA-) induced expression of NF-κB target
genes and sensitizing leukemic T cells to apoptosis induced

by tumor necrosis factor-α (TNF-α) [12]. Interestingly,
rocaglamide suppresses the expression of tumor-related
cytokines in the peripheral blood [12, 15]. Several inducible
transcription factors, including NF-κB and nuclear factor-
AT (NF-AT), can regulate the expression of IL-4, IFN-γ,
and TNF-α [16, 17]. Ca2+-dependent phosphatase calcine-
urin is activated after the activation of T cells, and thus, these
reactions promote the dephosphorylation of NF-AT and
their transfer to the nucleus [18]. In the nucleus, a represen-
tative productive immunoreaction is induced by the NF-AT
protein that synergizes with activator protein 1 (AP1) and
other transcription factors. Interestingly, the impairment of
NFAT1 and NFAT2 in T cells is related to the severe reduc-
tion in the levels of many cytokines such as IFN-γ,
interleukin-4 (IL-4), interleukin-10 (IL-10), colony-
stimulating factor, and TNF. A previous study has shown
that the TH1/TH2 lineage selection is decided by the NF-
AT protein in cooperation with signal transducer and activa-
tor of transcription factors, such as STAT4 downstream of
IFN-γ for TH1 cells and STAT6 downstream of IL-4 for
TH2 cells [19]. Accordingly, the dephosphorylation and
transfer of the NF-AT protein lead to the activation and
differentiation of T cells, promoting secretion, chemotaxis,
and adhesion of corresponding inflammatory factors and
exacerbating the injury of oxidative stress and dysfunction
of the allograft.

Therefore, we hypothesized that rocaglamide could be
used for cell-mediated acute rejection for preventing helper
T cell differentiation and T cell-mediated cytokine secretion.
To confirm this hypothesis, we developed the mouse allo-
cardiac transplantation model, where the donor’s heart was
transplanted to the abdominal vessels of the recipient. We
then studied the effect of rocaglamide treatment on the
immune response elicited by the infiltration of inflammatory
cells and the induction of oxidative stress.

We found that rocaglamide is a potent immunosuppres-
sive agent that can inhibit T cell proliferation and reduce the
infiltration of inflammatory cells. We also found that it can
downregulate the Th1 response and decrease the number
of Th1 and Th17 cells in the spleen and lymph nodes. Fur-
thermore, rocaglamide inhibited the activity of NF-AT; how-
ever, there was no inhibitory effect on the NF-κB activity
when rocaglamide was used at a concentration of 100 nM.
On the other hand, the reduction in IFN-γ and IL-17 levels
could be detected in the peripheral blood.

2. Materials and Methods

2.1. Animals. Female C57BL/6 (B6, H-2b) and BALB/c (H-2d)
mice (age: 8–12 weeks) were purchased from Vital River Lab-
oratory Animal Technology Co., Ltd., Beijing, China. All ani-
mals were bred in a specific pathogen-free facility of the Key
Lab of Organ Transplantation Institute with (22°C, 50% air
humidity, and air change). Unlimited access to food and water
was provided. Mice (weighing: 22–28g) were used as donor
and recipient, respectively. All procedures were approved by
the guidelines of the Institutional Animal Care and Use
Committee (IACUC).
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2.2. Heart Transplantation Model. The hearts from BALB/c
were transplanted into the abdominal vessels of C57BL/6 recip-
ients using the microsurgical technique of Luan et al. [20].
Graft survival was monitored daily by palpation. Rejection
was defined as the complete loss of a palpable heartbeat [21].

2.3. Drug Treatment. Rocaglamide (>98% pure) was procured
from ChromaBio (Chengdu, China). The recipients were
treated with rocaglamide for 2 weeks (2.5μg/g in 50μl
phosphate-buffered saline (PBS); intraperitoneal injection
(ip); n = 8), and the others received PBS alone as control [22].

2.4. Cells and Cell Culture. RPMI-1640 medium supple-
mented with 10% fetal bovine serum (FBS) was used to
maintain the Jurkat T leukemia cells (acquired from Clon-
tech) under a 5% CO2 atmosphere at 37°C [23].

2.5. Histological Analysis. The grafts were resected from the
recipient mice on day 7 after transplantation and analyzed
by light microscopy. The specimens were fixed with 10%
phosphate-buffered formalin, embedded in paraffin, and
sliced into 5μm thick sections. After staining with hematoxy-
lin and eosin (H&E), the samples were analyzed in a blinded
manner. According to the International Society of Heart and
Lung Transplantation (ISHLT) standard, classification was
performed based on the degree of infiltration and the distribu-
tion location of inflammatory cells in the grafts [21, 24].

2.6. Mixed Lymphocyte Reactions (MLR). T lymphocytes iso-
lated from the recipient’s spleens using nylon wool columns
(Wako, Osaka, Japan) were used as responder cells, while
donor mouse spleen cells were used as stimulator cells. The
responder cells (5 × 105 cells) were cocultured with the stim-
ulator cells (5 × 104 cells), which were then treated with
mitomycin (40μg/ml, Amresco, Solon, OH, USA) in 200μl
of RPMI 1640 supplemented with 10% FBS and 1% penicil-
lin and 1% streptomycin. Then, the cells were cultured at
37°C under a humidified atmosphere with 5% CO2 for 3
days. The proliferation of the T cells was detected by using
the BrdU enzyme-linked immunosorbent assay (ELISA)
Kit (MultiSciences, Hangzhou, China). The optical density
(OD) values were quantified by an ELISA reader (Model
680, Bio-Rad, Hercules, California, USA).

2.7. ELISA. Peripheral blood was gathered via cardiac punc-
ture. The expression of IFN-γ, IL-6, and IL-17 were deter-
mined by using a commercial ELISA kit (MultiSciences,
Hangzhou, China) in the culture supernatants and peripheral
blood samples.

2.8. Flow Cytometry. The recipients were sacrificed on day 7
for the test experiments. T lymphocytes from the lymph nodes
of the recipient mice (1 × 106 cells/100 μl) were stained using
fluorochrome-labeled antibodies in accordance with the man-
ufacturer’s instructions. Antibodies used for flow cytometric
analysis were IFN-γ, IL-17, and CD4 (all from eBioscience).
The objective cells harvested per tube ranged from approxi-
mately 15000 to 20000, of which 2000 cells were analyzed
inside the lymphocyte gate. The stained cells were performed
using the Becton-Dickinson FACSCalibur™ System; BD Bio-

sciences, Franklin Lakes, NJ, USA, and analyzed using the
FlowJo software (Tree Star Inc., Ashland, OR).

2.9. Western Blotting. Jurkat T cells were stimulated with PMA
and ionomycin for 2h with or without rocaglamides, which
were added an hour before stimulation. Nuclear proteins were
separated and immunoblotted with the antibody against
NFATc1. The widely used p38 kinase and Jun N-terminal
kinase (JNK) inhibitors, SB203580 and SP600125, were
purchased from Selleck. Western blotting was performed, as
described previously [12, 25]. Anti-NF-ATc1 mAb (7A6; Alexis
Biochemicals) was used for detection purposes.

2.10. Quantitative Real-Time PCR (qRT-PCR). According to
the instruction of manufacturer, RNA was extracted from the
grafts of recipient mice using TRIzol Reagent (Invitrogen,
Carlsbad, CA). The primer sequences used are as follows:
IFN-γ (forward 5′-CGGCACAGTCATTGAAAGCCTA-3′,
reverse 5′-GTTGCTCATGGCCTGATTGTC-3′), IL-10 (for-
ward 5′-GACCAGCTGGACAACATACTGCTAA-3′, reverse
5′-GATAAGGCTTGGCAACCCAAGTAA-3′), and trans-
forming growth factor beta (TGF-β) (forward 5′-TGACGT
CACTGGAGTTGTACGG-3′, reverse 5′-GGTTCATGTCA
TGGATGGTGC-3′). Each gene expression was normalized
with GAPDH mRNA content: R-β-actin (forward 5′-CATC
CGTAAAGACCTCTATGCCAAC-3′, reverse 5′-ATGGAG
CCACCGATCCACA-3′) and ROR-γt (forward 5′-GCTCCC
GGCCTGGTCTGCTC-3′, reverse 5′-AGGTGGCGGGG
TGGTTTCTGA-3′).

2.11. Statistical Analyses. Specimens were analyzed in dupli-
cate or triplicate, and the data were presented as the mean
± standard deviation from one representative experiment
of at least three experiments. The mean survival time of each
group was determined using the Kaplan-Meier method and
log-rank test. Data of statistical significance were analyzed
using a t-test. P < 0:05 was considered to be a statistically
significant; P < 0:01 and P < 0:001 indicated highly signifi-
cant differences. All analyses were performed using the
GraphPad Prism 5.0 software (GraphPad Software, Inc.,
San Diego, CA).

3. Results

3.1. Administration of Rocaglamide Further Prolongs Graft
Survival. First, we performed heterotopic cardiac transplan-
tation. Recipients were treated with rocaglamide (2.5μg/g in
50μl PBS; ip; n = 8), and the control group was treated with
PBS (50μl PBS; ip; n = 6). The median survival of grafts
(time for rejection) in the rocaglamide-treated group was
25 days compared to that in the control group (7 days; P <
0:001). We then determined the effect of rocaglamide on
allograft survival. Grafts harvested from B6 recipients of
the rocaglamide-treated group showed significantly reduced
inflammatory cell infiltration and relatively normal myocar-
dial area on day 7 than that in the control group, in which
we found considerable inflammatory cell infiltration and
morphological damage (Figures 1(a) and 1(b)).
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Figure 1: Administration of rocaglamide further prolongs graft survival. (a, b) Survival of the graft in cardiac transplantation (Kaplan–
Meier plot). Recipients were treated with rocaglamide, and the heart grafts survived for 25 days (median survival). Rocaglamide
treatment revealed significantly reduced inflammatory cell infiltration and protected the myocardial architecture. Photographs shown in
this figure are representative of 3 animals in each group (a, b: 100x, 200x). (c) The International Society of Heart and Lung
Transplantation (ISHLT) scores of the hearts, with each spot representing the score from each slice. The horizontal line represents the
mean for each group (n = 6 in each group; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001).
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We analyzed the ISHLT scores of the hearts
(Figure 1(c)). Allografts from the control group showed
pathological changes such as edema and congestion in myo-
cardial tissues (scores ranged from 3 to 4). However, the
rocaglamide-treated group showed normal histological char-
acteristics, with scores ranging between 1 and 2. These find-
ings revealed that rocaglamide inhibited the infiltration of
inflammatory cells, such as neutrophilic granulocytes, and
also prevented their migration.

3.2. Administration of Rocaglamide Inhibits the T Cell
Activation in Allograft Recipients. Freshly isolated lympho-
cytes and splenocytes were stained for determining CD3,
CD134 (OX40), CD69, and CD44 expression and assayed
for detecting T cell activation in the transplantation recipients.
As shown in Figure 2(a), compared with the number of CD3+

cells in the control group (5.88%), that in the rocaglamide-
treated recipients (19.6%) was suppressed significantly in the
lymph nodes and spleen (29.4% vs. 18.8%; P < 0:05). To
understand how rocaglamide treatment affected T cell activa-
tion, the levels of CD134, CD69, and CD44 were determined.
We found that the levels of CD134 and CD69, considered as
indicators of T cell activation, decreased in the lymph nodes
and spleen of the treatment group than in the control group
(Figures 2(f) and 2(g)). However, there was no significant dif-
ference in the level of CD44 (Figure 2(h)). Therefore, these
findings indicate that during immune activation, rocaglamide
could have suppressed the proliferation of T lymphocytes by
inhibiting the levels of CD134 and CD69.

We also found that in the case of CD11b+ and CD11c+
antigen-presenting cells in the spleen, rocaglamide caused a
slight increase in the number of CD11b+ cells (Figure 2(b)),
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Figure 2: Administration of rocaglamide inhibits the T cell activation in allograft recipients. (a) Freshly isolated lymphocytes and
splenocytes were stained for CD3 and assayed for the incidence of CD3+ cells in the transplantation recipients. Data are presented for a
representative experiment of at least three experiments (n = 3; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). (b, c) Analyzing the proportion
of CD11b+ and CD11c+ antigen-presenting cells in the spleen. (d, e) Proportion of CD11b+ CD80+ cells and CD11c+ CD86+ cells in
the spleen. (f, g, and h). Freshly isolated lymphocytes and splenocytes were stained for CD134 (OX40), CD69, and CD44 expression and
assayed for the evidence of T cell activation in the transplantation recipients (blue represents the fluorescence intensity of the treatment
group, and the red represents the control group).
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but this increase was not statistically significant, and rocagla-
mide treatment had no difference in the number of CD11c+
cells (Figure 2(c)). Furthermore, a slight increase in the num-
ber of CD11b+ CD80+ cells was observed more in the spleen
of the treatment group than that of the control group (8.77%
vs. 12.3%, Figure 2(d)); however, there was no difference in
the number of CD11c+ CD86+ cells (Figure 2(e)). These
effects may have been caused by the inhibition of T cell activa-
tion by rocaglamide, resulting in the ineffective proliferation of
antigen-presenting cells.

3.3. Rocaglamide Administration Decreases the Number of Th1
Cells, Cytokine Expression by Th1 T Cells, and Accumulation of
IFN-γ in Allograft Recipients. To evaluate the effect of rocagla-
mide treatment on the number of Th1 cells, which differenti-
ate from CD4+ T cells in an inflammatory environment,
lymphocytes and splenocytes were isolated and stained with
fluorochrome-conjugated-specific antibodies and analyzed
by flow cytometry. We found that the number of CD4+
IFN-γ+ (Th1) cells in the rocaglamide-treated group was
markedly suppressed. The percentage of Th1 cells in lymph
nodes of the treatment group decreased to 1.33% compared
with that in the control group (7.67%; P < 0:001;
Figure 3(a)). Furthermore, the same decrease in CD4+ IFN-
γ+ (Th1) cells was detected in the spleen (10.7% vs. 2.17%; P
< 0:05; Figure 3(b)).

IFN-γ activates macrophages and causes their aggregation
around Th1 cells, eventually leading to the formation of mature
macrophages that are potent killers. These mature macro-
phages in turn activate more naïve CD4+ cells to differentiate
into Th1 cells, thereby forming a positive feedback loop.

As Th1 cells and type-1 cytokines such as IFN-r play a
key role in allo-reaction, to further support our hypothesis,
we determined the expression of IFN-γ in the culture super-
natants of splenocytes via culturing and analyzing the cells
by ELISA. We found markedly reduced IFN-γ levels in the
culture supernatants of splenocytes in the rocaglamide-
treated group compared with the control group (P < 0:001;
Figure 3(c)). Particularly, we observed a significant decrease
in the serum IFN-γ levels in the treatment group (P < 0:01;
Figure 3(c)), thus indicating that rocaglamide protects the
grafts by suppressing the CD4+ IFN-γ+ (Th1) cells and pre-
venting the secretion of IFN-γ in the peripheral blood.

In addition, we observed lesser lymphocytic infiltration and
changes in the number of myocardial cells previously. Hence,
we determined the expression of graft rejection-related genes
by using mRNA extracted from cardiac allografts and perform-
ing qRT-PCR. As shown in Figure 3(d), the levels of IFN-γ
were suppressed in the treatment group (P < 0:05). Meanwhile,
immunohistochemical staining for IFN-γwas performed in the
grafts. IFN-γ+ cells showed that the extent of IFN-γ infiltration
in the treatment group was lower than that in the control group
(Figure 3(e)), thus indicating that rocaglamide decreased the
accumulation and aggregation of IFN-γ.

3.4. Rocaglamide-Treated Prolong Allograft Survival Is
Associated with Suppressing Th17 Cells, Cytokine Expression
of Th17 T Cells, and IL-17 Infiltration. T helper 17 cells
(Th17) secreting interleukin-17 (IL-17) are a subset of proin-

flammatory T helper cells [26]. Guglani and Khader reported
that solid graft rejection was related to the number of Th17
cells in multiple transplant models [27]. To further confirm
our hypothesis, we examined the number of Th17 cells in
the allografts by flow cytometry. The rocaglamide-treated
group showed a significant decrease in Th17 cells (1.89%) in
the lymph nodes compared with the control group (6.88%; P
< 0:01, Figure 4(a)). Moreover, the number of CD4+ IL-17+
(Th17) cells was reduced to 3.87% in the spleen compared
with that in the control group (6.21%; P < 0:01, Figure 4(b)).

Th17 cells differentiate because naïve T cells are induced
by TGF-β, IL-6, and IL-21 [28]. A previous study suggested
that the Th17 subset is the cause of IL-17-dependent graft
rejection [1]. Consistent with the findings of Deng et al. and
Mandy et al. [1, 29], we found that IL-17 produced by Th17
cells may play a key role in allograft rejection and its secretion
was prevented by rocaglamide. To further confirm this find-
ing, we used an ELISA kit to determine the IL-17 levels in cul-
ture supernatants. The rocaglamide-treated group exhibited a
decrease in IL-17 levels compared with the control group
(P < 0:05, Figure 4(c)). We observed no statistical significance
in serum IL-17 levels between the two groups, but the treat-
ment group showed a slight decrease in IL-17 levels
(Figure 4(c)). Recently, retinoid acid-related orphan receptor
gamma t (ROR-γt) has been shown to play an important role
in the differentiation of Th17 cells, including the secretion of
IL-17 [30, 31]. To determine the role of ROR-γt, we deter-
mined the gene expression of ROR-γt in the grafts. Although
there was no statistical difference, ROR-γt gene expression
was downregulated in the rocaglamide-treated group
(Figure 4(d)), which may be associated with the decrease in
Th17 cells and IL-17 levels.

Furthermore, to evaluate the contribution of Th17 cells
within the acute rejection infiltrates, we performed immuno-
histochemical analysis, which showed that the extent of IL-
17 infiltration was markedly reduced in the rocaglamide-
treated group (Figure 4(e)).

3.5. Rocaglamide Decreases the Memory T Cells but No Effect
on Tregs. Memory T cells, including CD4+ and CD8+ sub-
sets, play a crucial role in accelerated rejection [32]. More-
over, several studies have suggested that memory T cells
also play a key role in accelerated rejection [33, 34]. To
determine whether rocaglamide administration affected the
production of effector memory T cells (CD40highCD62low),
we analyzed the T lymphocytes obtained from the spleen of
recipient mice by flow cytometry.

Interestingly, we found that the CD4+ memory T cells
(CD40highCD62low) in the rocaglamide group were sup-
pressed compared with the control group (17.0% vs. 24.2%,
P < 0:05, Figure 5(a)). In addition, as several studies indi-
cated that the CD4+ Foxp3+ T cells (Tregs) regulate
immune response and induce tolerance, we determined the
expression of Tregs but no statistically significant difference
was observed (Figure 5(b)).

3.6. Rocaglamide Treatment Changes Cytokine Expression of
Allograft Recipients. In our previous study, we demonstrated
that rocaglamide suppresses the expression of IFN-γ and IL-
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17. Interleukin-6 (IL-6) is also a key factor involved in the
differentiation of Th17 formation, and hence, we detected
its levels in the culture supernatants of splenocytes and
serum samples by ELISA. The IL-6 levels in the culture
supernatants of the treatment group were significantly lower
compared with that in the control group (P < 0:001,
Figure 6(a)). Moreover, their levels were decreased in the
serum (P < 0:001, Figure 6(a)). Interleukin-4 (IL-4) is associ-
ated with Th2 responses. However, we found no statistical dif-
ference in the IL-4 levels between the two groups (Figure 6(b)).
We also did not observe statistically significant differences in
the interleukin-10 (IL-10) levels in the serum and culture
supernatants (Figure 6(c)). Transforming growth factor-beta
(TGF-β) is produced by regulatory T cells (Tregs) and sup-
presses immune responses. Moreover, TGF-β contributes to
the formation of Th17 cells [35]. We found no significant dif-
ferences between the two groups but found a decrease in TGF-
β levels in the rocaglamide-treated group, both in the culture
supernatants and serum (Figure 6(d)), indicating that low
expression of TGF-β is good for suppressing Th17 cells but
has no positive effect on the formation of Tregs.

These findings may indicate that rocaglamide suppresses
the differentiation of naïve CD4+ cells into Th1 cells and
Th17 cells and inhibits the secretion of cytokines such as
IFN-γ, IL-6, and IL-17.

3.7. Rocaglamide Affects the Immune Response Ability of T
Cells to the Same Identical Gene Tissues. Next, we deter-
mined the effect of rocaglamide on the spleen of recipients.
After posttransplantation day 7, splenic T cells were isolated
for MLR assays, and spleen cells from BALB/c mice (no pro-
liferation ability was noticed after treatment with mitomycin
C) were used as the antigen. Our results showed that the
proliferation of T lymphocytes in the treatment group was
significantly inhibited compared with that in the control
group (P < 0:001) (Figure 6(e)).

3.8. Rocaglamide Suppresses the Nuclear Expression of NF-
AT but Not of NF-κB. The inducible transcription factors
NF-AT and NF-κB, which are ubiquitous, affect the activa-
tion of many inflammatory cytokine genes. Furthermore,
according to the previous data, rocaglamide treatment
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Figure 3: Rocaglamide administration decreases Th1 cells, cytokine expression of Th1 T cells, and accumulation of IFN-γ in allograft
recipients. (a) Analyzing the proportion of CD4+ IFN-γ+ cells (Th1) in the lymph nodes using fluorochrome-conjugated-specific
antibodies detected by flow cytometry. Data are presented for a representative experiment of at least three experiments (n = 3; ∗P < 0:05,
∗∗P < 0:01, and ∗∗∗P < 0:001). (b) Proportion of CD4+ IFN-γ+ cells (Th1) in splenic lymphocytes. (c) Expression of IFN-γ in the
peripheral blood and culture supernatants detected by ELISA kits. (d) mRNA extracted from cardiac grafts and analyzed by qRT-PCR.
The rocaglamide-treated group showed decreased IFN-γ in allografts when compared with the control group (∗P < 0:05). (e)
Rocaglamide decreases the accumulation and aggregation of IFN-γ (a: 100x, 200x) in cardiac grafts. Immunohistochemical staining was
performed, and the data showed the infiltration of IFN-γ was diminished in the rocagalmide-treated group.
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inhibited the proliferation of Th1 and Th17 cells. We
hypothesized that rocaglamide might inhibit NF-ATc1,
AP-1, and NF-κB expression, which might reversely regulate
mTOR expression and negatively regulate the immune
response. To determine whether rocaglamide affects the
nuclear expression levels of NF-AT and the NF-κB subunit
p65 in activated T cells, we extracted nuclear proteins from
Jurkat T cells that were stimulated by PMA/ionomycin for
2 h with or without rocaglamide. The nuclear levels of NF-
AT caused dose-dependent downregulation of T cell
activation (Figure 6(f)). However, at this concentration,
rocaglamide had no inhibitory effect on NF-κB activity
(Figure 6(g)).

3.9. Rocaglamide Inhibits NF-AT via Activation of the MAPKs,
JNK, and p38. There are two different ways to activate the NF-
AT family of proteins: one is activation via the calcium/cal-
modulin-dependent phosphatase calcineurin, which phos-
phorylates and promotes nuclear translocation of NF-AT.
However, a recent study [36] suggested that rocaglamide has
no direct inhibitory effect on calcineurin activity. Previous

studies indicated that the cellular MAPKs, JNK, and p38 can
also regulate the nuclear expression of NF-AT. Therefore, to
determine the mechanism of the rocaglamide-mediated inhi-
bition of NF-AT activity, we determined the effect of rocagla-
mide on p38 and pJNK expression. Jurkat T cells were treated
with PMA/ionomycin for 2h with or without rocaglamide.
We found that rocaglamide promoted the phosphorylation
of p38 without stimulation and enhanced the phosphorylation
of pJNK and p38 in the stimulatory environment (Figure 6(h);
Figures 7(a) and 7(b)).

To demonstrate whether the activation of MAPKs by
rocaglamide induced the reduction in NF-AT activity, Jurkat
T cells were treated under the same conditions described pre-
viously. The p38 kinase and JNK inhibitors “SB203580” and
“SP600125” were, respectively, used depending on the differ-
ent groups. Group Awas administered with normal treatment,
group B was treated with the p38 kinase inhibitor (SB 203580),
and group C was treated with the JNK inhibitor (SP600125).
Data analysis showed that these inhibitors significantly inhib-
ited the rocaglamide-enhanced phosphorylation of p38
(Figures 8(a) and 8(b), the first row). The phosphorylation of
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Figure 4: Rocaglamide-treated prolonged allograft survival is associated with suppressing Th17 cells, cytokine expression of Th17 T cells,
and IL-17 infiltration. (a) Flow cytometric analysis rocaglamide-treated prolonged allograft survival is associated with suppressing Th17 cells
in lymph nodes (n = 3, ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). (b) Th17 cells in splenic lymphocytes were also suppressed. (c). Expressions
of IL-17 in the peripheral blood and culture supernatants were tested by ELISA kits (n = 3, ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). (d)
mRNA was extracted from cardiac grafts and analyzed by qRT-PCR. The rocaglamide-treated group showed decreased ROR-γt in
allografts when compared with the control group. (e) Rocaglamide decreases the accumulation and aggregation of IL-17 (b: 100x, 200x)
in cardiac grafts. Immunohistochemical staining was performed, and the data showed that the infiltration of IL-17 was diminished in the
rocagalmide-treated group.
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pJNK was also inhibited by these inhibitors (Figures 8(a) and
8(c), the second row; Figure 7(b)); however, rocaglamide did
not promote the phosphorylation of ERK, and there were no
significant differences in ERK activities in these three groups
(Figures 8(a), 8(b), and 8(c), the third row). The inhibitors
inhibited p38 and JNK phosphorylation and prevented the
rocaglamide-induced decrease in NF-AT levels (Figures 8(a),
8(b), and 8(c), the fourth row). At the same time, as a control,
we examined the nuclear levels of the NF-κB subunit p65 and
found no differences in the same experiments (Figures 8(a),
8(b) and 8(c), the fifth row). Therefore, the inhibition of p38
and JNK phosphorylation prevented a rocaglamide-mediated
decrease in NF-AT nuclear export. These results demon-
strated that rocaglamide-mediated inhibition of NF-AT activ-
ity is correlated with the upregulation of JNK/p38.

4. Discussion

The production, differentiation, and activation of T cells play
a key role in the immune responses that mediate acute rejec-
tion by secreting different types of cytokines. Oxidative
stress responses along with the inflammatory cell infiltration
of allografts result in the production of cytokines and proin-
flammatory adhesion molecules, which are the main factors
causing vasculopathy and organ injury [37]. First, IFN-γ is
secreted by Th1 cells at the start of immunoreaction and
oxidative stress damage. Second, IFN-γ is not only an
important activator of macrophages and inducer of class II
major histocompatibility complex molecule expression but
also an inducer of more undifferentiated naïve CD4+ cells

(Th0 cells) that differentiate into Th1 cells [38, 39]. There-
fore, a positive feedback loop is formed. Some studies have
demonstrated that rocaglamide blocks inducible NF-κB
DNA-binding activity and IkBa degradation, which in turn
downregulates NF-κB gene expression in T lympho-
cytes [12].

To the best of our knowledge, this is the first study to
report that during transplantation, rocaglamide prolongs
allograft survival by reducing the number of CD4+ IFN-γ+
(Th1) cells by not only decreasing the number of Th1 cells
in the lymph nodes but also in the spleen. Th1-type cyto-
kines such as IFN-γ and TNF-α stimulate cell-mediated
immunoreaction, which causes cytokine production and
inflammatory cell aggregation, resulting in more oxidative
stress damage and vasculopathy. Thus, the expression of
these cytokines is harmful to grafts and causes their rejec-
tion. Some recent studies showed that rocaglamide sup-
presses the secretion of IFN-γ and IL-4 in vitro [11, 40].
Interestingly, we first demonstrated that rocaglamide has a
suppressive effect on the expression of IFN-γ in culture
supernatants, peripheral blood samples, and allografts. By
analyzing the MLR, we assumed that rocaglamide sup-
pressed the proliferation of T lymphocytes, and eventually,
low levels of IFN-γ led to lower levels of cytotoxic mediators,
lower activation of T cells, and lower differentiation of naïve
CD4+ T cells into the Th1 cells. This sequence of events thus
formed another positive feedback loop.

Moreover, Becker et al. reported that rocaglamide pro-
motes mitochondria-mediated apoptosis in leukemia cells
[11], which is associated with CD95/CD95L-mediated
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Figure 5: Rocaglamide decreases the memory of T cells, but no effect was noted on Treg. (a) Flow cytometric analysis of memory T cells
(CD40highCD62low) considers the proportion of lymphocytes (n = 3; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). (b) Flow cytometric
analysis of CD4+ Foxp3+ regulatory T cells (Tregs).
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Figure 6: Rocaglamide treatment changes the cytokine expression of allograft recipients, affects the immune response ability of T cells to the
same identical gene tissues, and suppresses the nuclear expression of NF-AT, but not that of BF-Kb. (a–d) The levels of IL-6 (a), IL-4 (b), IL-
10 (c), and TGF-β (d) in the serum and supernatants curve from MLR were detected by using commercially available ELISA kits. Each
reaction was conducted in triplicate (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). (e) To investigate the effectiveness of rocagalmide on the
proliferation of T cells, both in the spleen and lymph nodes, and we performed mixed lymphocyte reaction assays. Data from three
separate wells were dedicated to each responder-stimulator, and each experiment was repeated thrice (n = 3; ∗P < 0:05, ∗∗P < 0:01, and
∗∗∗P < 0:001). (f) T cell activation induced by the nuclear expression of NF-AT was downregulated. Jurkat T cells were stimulated with
PMA and ionomycin for 2 h with or without rocaglamides (added 1 h before stimulation). Nuclear proteins were extracted and
immunoblotted with mAb against NFATc1. (g) The nuclear proteins were immunoblotted with Abs to p65. (h) Rocaglamides activate
MAPKs, p38, and JNK. Jurkat T cells were stimulated with PMA and ionomycin for 2 h in the absence or presence of various
concentrations of rocaglamides (added 1 h before stimulation). Total cell lysates were immunoblotted with Abs against phosphorylated
p38 (p-p38) and phosphorylated JNK.
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Figure 7: Rocaglamide inhibits Th1/Th17 cell differentiation and prolonged graft survival through NF-AT pathway downregulation. (a)
Recipients were treated with PBS (n = 6) and rocaglamide (n = 8) for survival studies. Heart grafts were monitored until they stopped
beating. Grafts were performed, and recipients were sacrificed on day 7 for histological, MLR, ELISA, PCR, and flow cytometric analysis.
RNA was extracted from the grafts of recipient mice. (b) Rocaglamides inhibit NF-AT via the activation of MAPKs, and rocaglamide can
enhance the phosphorylation of pJNK and p38 in the simulation environment. Rocaglamide suppresses the nuclear expression of NF-AT
in activated T cells. Rocaglamide suppresses the activation of T cells and reduces naive CD4+ T cell differentiation into Th1/Th17 cells.
Moreover, it decreases the secretion of IFN-γ and IL-17; thus, in turn, low-level expression of IFN-γ leads to lower cytotoxic mediators,
lower activation of T cells, and lower differentiation of naive CD4+ T cells into the Th1 cells. A feedback loop then begins. However, the
inhibition of p38 and JNK phosphorylation prevented rocaglamide-mediated decrease of NF-AT nuclear export.
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Figure 8: Rocaglamide inhibits NF-AT via activation of the MAPKs, JNK, and p38. Jurkat T cells were treated with same condition
described previously, and p38 kinase and JNK inhibitors (SB 203580 and SP 600125) were used, respectively, depending on the different
group. Group A was normal treated, group B was treated with p38 kinase inhibitor (SB 203580), and group C was treated with JNK
inhibitors (SP600125).

11Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

RE
TR
AC
TE
D

apoptosis in T cells. And CD95L is a known NF-AT target
gene [41]. A previous study also showed that mTOR directly
affects NF-AT-P, and mTOR signaling plays a key regulatory
role in the differentiation and activation of Th1 cells [42].
According to our data, rocaglamide downregulated the
expression of NF-ATc1, which is correlated with the inhibi-
tion of Th1 cell differentiation.

Baumann et al. and Goriely also reported that rocagla-
mide could inhibit IL-4 production in Jurkat T cells [12,
36]. However, we found no statistical significance of IL-4
levels between the two groups. Another study suggested that
the Th17 subset is crucial for rejection and myocardial injury
[27]. Th17 cells generate proinflammatory cytokines such as
IL-17A, IL-21, and IL-22 [43]. Sica et al. also demonstrated
that decreased Th17 cells promote graft survival by reducing
the production of interleukin-17 (IL-17) [44]. Several induc-
ible transcription factors such as AP-1 (Fos/Jun) and NF-AT
regulate the secretion of IL-4, IFN-γ, and TNF-α [45, 46].
We also first reported that rocaglamide could inhibit the dif-
ferentiation of CD4+ cells into Th17 cells in our cardiac
transplantation model. Furthermore, a reduction in IL-17
levels was observed in culture supernatants, serum samples,
and allografts. Meanwhile, as shown previously [31], we
found that the expression of IL-6, which is associated with
proliferation of Th17 cells, was decreased significantly.

Allograft rejection is promoted, and allograft tolerance is
prevented via memory T cells in hosts’ immune repertoire
[34]. Consistent with the findings of previous studies, Pep-
per et al. reported that the inhibition of CD27/70 reduced
the generation of memory T cells [47]. Naïve CD4+ T cells
sustainably proliferate and differentiate into different types
of helper T cell lineages, including Th1, Th2, and Th17,
when exposed to an antigen. Th1 memory cells are produced
in vivo after exposure to infection and are differentiated
from T-bet and IFN-c-expressing Th1 effector cells [48].
Th1 memory cells showed minimal (or possibly delayed)
reexpression of CD62L and CCR7, indicating that these cells
are Th1 effector memory cells [47]. Pepper et al. also found
that 60% of T-bet+ CXCR5- Th1 memory cells produced
IFN-γ and IL-2 [47]. A few recent studies showed that
IFN-γ, IL-17, and IL-4 affect the differentiation and func-
tions of helper T cells of different lineages to some extent.
However, the mechanisms by which helper T cells and cyto-
kines promote memory T cells are still unclear. Interestingly,
consistent with previous results describing the inhibition of
Th1 cells and the expression of IFN-γ and IL-17, we found
that rocaglamide suppressed the production of effector
memory T cells (CD40highCD62low) in the lymph nodes.

Regulatory T cells are usually required for the prolonga-
tion and tolerance of a transplant; however, we found that
rocaglamide did not affect CD4+ Foxp3+ T cells. Growth
factor-beta (TGF-β) and IL-10, which inhibit helper T cells,
also showed no statistical significance.

In summary, our present findings showed that rocaglamide
therapy led to a significant prolongation of allograft survival,
which was associated with significantly reduced Th1 cells and
IFN-γ, low levels of IFN-γ that led to lower cytotoxic media-
tors, lower activation of T cells, and lower differentiation of
naïve CD4+ T cells into Th1 cells. Furthermore, this is the first

study to report that rocaglamide suppressed the differentiation
of naïve CD4+ T cells into Th17 cells, thereby also inducing
the marked decrease in IL-17 levels, which might be associated
with the inhibition of IL-6. We also found that the phosphor-
ylation of JNK and p38, which are key regulators of NF-AT
and indispensable for activating the transcription of cytokine
genes, was enhanced by rocaglamide treatment. However,
the inhibitory role was nullified when the p38 kinase
(SB203580) and JNK inhibitors (SP600125) were used. Over-
activation of p38 and JNK may lead to rocaglamide-
mediated inhibition of NF-AT activity.

These results indicated that the suppression of Th1 cell
proliferation, activation, and differentiation, which might
be associated with the expression of NF-AT, was inhibited.
Although the mechanisms of the effect of rocaglamide on
antigen-presenting cells in oxidative stress injury and trans-
plantation immunity need to be determined, our findings
may facilitate the development of a new therapy for IFN-γ-
and IL-17-mediated rejection and inflammation.

5. Conclusion

We found that rocaglamide could be potentially used for
preventing cell-mediated acute rejection and alleviating oxi-
dative stress because it prevents T helper cell differentiation
and T cell-mediated cytokine secretion. We also found that
the suppressive effect of rocaglamide on T helper cell prolif-
eration, activation, and differentiation could be associated
with the inhibition of NF-AT expression.

Our results clearly demonstrate a novel immunoregula-
tory property of rocaglamide, wherein it regulates oxidative
stress response and reduces inflammatory cell infiltration
and organ injury. Our findings could be useful for surgeons
performing organ transplantation and immunologists study-
ing transplantation immunity and inflammatory factors.
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Supplementary Materials

Supplementary 1. Supplemental Figure 1: rocaglamide
decreased the expression of AP-1. Rocaglamides activate
MAPKs, p38, and JNK. Jurkat T cells were stimulated with
PMA and ionomycin for 2 h in the absence or the presence
of various concentrations of rocaglamides (added 1h before
stimulation). Total cell lysates were immunoblotted with
Abs against c-Jun.

Supplementary 2. Supplemental Figure 2: rocaglamide had
no effect on apoptosis in the activated condition flow cyto-
metric analysis rocaglamide-treated cells. We measured apo-
ptosis levels with and without rocaglamide in activated
conditions. As shown in the figure below, we found that
rocaglamide had no effect on apoptosis in the activated con-
dition. This phenomenon has been discussed in our article.

Supplementary 3. Supplemental Figure 3: rocaglamide had
no effect on B cells in the recipients. A. Analyzing the propor-
tion of CD19+ using fluorochrome-conjugated-specific anti-
bodies detected by flow cytometry. Data are given one
representative experiment of at least three experiments
(n = 3; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). B. Serum
alloantibody measurement, IgG, and IgM antibodies were
analyzed by ELISA. We found that rocaglamide therapy could
not reduce the number of CD19+ B cells (A). We found that
there was slightly decrease tendency on IgG of recipients
treated with rocaglamide, but there was no statistical signifi-
cance; meanwhile, there were no differences on IgM also (B).
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Hepatocellular carcinoma (HCC) is a common malignant tumor that is characterized by aggressiveness and poor prognosis.
Accumulating evidence indicates that oxidative stress plays a crucial role in carcinogenesis, whereas the potential mechanism
between oxidative stress and carcinogenic effects remains elusive. In recent years, long noncoding RNAs (lncRNAs) in cancers
have attracted extensive attention and have been shown to be involved in oxidative stress response and carcinogenesis.
Nevertheless, the roles of lncRNA AL033381.2 in regulating the development and progression of HCC still remain unclear.
The purpose of our study was to evaluate the potential effects and molecular mechanisms of AL033381.2 that may be involved
in oxidative stress response in HCC. Using bioinformatics analyses based on the TCGA database, we screened and identified a
novel lncRNA AL033381.2 in HCC, which may be involved in oxidative stress responses. qRT-PCR analysis revealed that
AL033381.2 is upregulated in HCC tissues. Through in vitro and in vivo experiments, we found that AL033381.2 dramatically
facilitates the growth and metastasis of HCC. Mechanistically, RNA pull-down experiments, mass spectrometry, PathArray™,
and RIP were used to determine that AL033381.2 binds to PRKRA and may be involved in AL033381.2-mediated oncogenic
functions in HCC cells. Moreover, rescue experiments demonstrated that PRKRA overexpression rescues the abilities of HCC
cell proliferation, migration, and invasion that were affected by AL033381.2 knockdown. Furthermore, we produced a
nanoparticle-based siRNA delivery system and tested its therapeutic effects in vivo. The results showed that the in vivo growth
rate of the tumors treated with the nanoparticle/AL033381.2 siRNA complexes was dramatically lower than those treated with
the nanoparticle/scramble siRNA complexes. Taken together, our results suggest that the novel lncRNA AL033381.2 may be
involved in oxidative stress response by targeting oxidative stress-related genes in HCC. AL033381.2 plays vital oncogenic roles
in HCC progression and may be a novel therapeutic marker for HCC diagnosis and treatment.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the major causes
of cancer mortality around the world, and the occurrence of
HCC continues to increase in China [1, 2]. As most HCC
patients are commonly diagnosed at the advanced stage,
and effective therapies and molecular targeted drugs are

lacking, the prognosis of HCC patients remains poor [3, 4].
In recent years, a growing body of research has focused on
targeted therapy for HCC [5]. The pathogenesis of HCC is
a multistep process that is related to the gradual accumula-
tion of genetic changes that accurately locate various cellular
and molecular events, such as oxidative stress, endoplasmic
reticulum stress, and abnormal cell cycles [6]. Oxidative
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stress is considered to play a crucial role in the initiation and
promotion of carcinogenesis, and it can accelerate the pro-
gression of HCC through endogenous or exogenous injury
and excessive production of reactive oxygen species (ROS)
and active nitrogen (RNS), as well as reduced antioxidant
defense [7]. More specifically, oxidative stress injury can
affect the expression of cell survival genes, and its products
promote the growth and differentiation of normal cells and
eventually lead to the reduction of cell apoptosis and the
formation of tumor cells [8]. Therefore, the level of oxidative
stress can be a promising predictor of HCC diagnosis and
treatment. Hence, it is crucial to clarify the mechanism
of HCC progression and identify the valuable therapeutic
targets for HCC.

Increasing evidence has demonstrated that several
lncRNAs that are nonprotein-coding RNAs with a length
of more than 200 nucleotides can be induced by oxidative
stress, and thus, they are considered to be potential thera-
peutic targets in various cancers [9, 10]. In recent years,
extensive evidence has revealed that lncRNA expression
profiles are dysregulated in multiple malignancies and play
a vital role in facilitating cancer progression through various
molecular mechanisms [11]. LncRNAs are associated with
regulating gene expression, chromatin remodeling, tran-
scription control, splicing regulation, mRNA stabilization,
microRNA processing, and protein stability maintenance
[12]. Therefore, lncRNAs play vital roles in tumor growth,
invasion, and metastasis [13]. Nevertheless, numerous
lncRNAs have yet to be functionally characterized. Hence,
a comprehensive understanding of the roles of lncRNAs in
the occurrence and development of HCC will help to enrich
our knowledge of the molecular mechanisms of HCC pro-
gression and also provide new insights into the development
of therapeutic for HCC.

We identified oxidative stress-responsive lncRNA
AL033381.2, which is a newly discovered lncRNA involved
in tumor progression. In our study, we first report that
AL033381.2 is notably elevated in HCC tissues, thereby
implying that AL033381.2 plays a tumor-promoting role in
HCC progression. Additionally, AL033381.2 enhances the
abilities of HCC cell proliferation, migration, and invasion
by regulating PRKRA. Moreover, we investigated the poten-
tial of AL033381.2 siRNA as a possible therapeutic target in
HCC using a PLGA-based nanoparticle delivery system and
tested its therapeutic effect in vivo. Our findings suggest
that AL033381.2 can be potentially utilized as a diagnostic
molecular biomarker and novel therapeutic target for HCC
patients.

2. Materials and Methods

2.1. RNA-Sequencing Data Download and Analysis. For liver
hepatocellular carcinoma (LIHC), the TCGA database [14]
contains 374 samples with available data, including 50
samples with paired tissue (cancer and normal) RNA-
sequencing (RNA-seq) data. A total of 317 patients were
sampled with RNA-seq data and pathological data. Statisti-
cally significant differentially expressed lncRNAs (DElncR-
NAs) were screened out by R language analysis. The cut-

off value was ∣log2FC ðfold changeÞ ∣ >1 and FDR ðfalse
discovery rateÞ < 0:05.

2.2. Cell Culture and Clinical Specimens. Hep3B, Huh-7,
HepG2, and SK-HEP-1 cell lines were obtained by the Cell
Bank of the Chinese Academy of Sciences, which were
authenticated by STR profiling. Cells were maintained in
DMEM supplement with 10% FBS (Gibco) and cultured at
37°C under 5% CO2.

Besides, matched pairs of fresh HCC tissues and adjacent
normal tissue samples (n = 30) from HCC patients were
collected from January 2020 to January 2021 for Western
blot analysis, with informed consent. Our study was
approved by the Institutional Research Ethics Committee
of the Affiliated Hospital of Nantong University.

2.3. Cell Transfection. The recombinant lentivirus of lncRNA
AL033381.2 knockdown (shAL033381.2), negative control
(shCtrl), and lentiviruses expressing PRKRA (LV-PRKRA)
were synthesized by GeneChem (Shanghai). Hep3B and
Huh-7 cells were infected with lentivirus at a MOI of
10 using Eni.S+polybrene. The target sequences of
shAL033381.2 are as follows: 5′-GGAAAGAATAGTAG
ACATAATAGC-3′ (forward) and 5′-GAGCCGACACG
GGTTAGGATCC-3′ (reverse).

2.4. Fluorescence In Situ Hybridization (FISH). The
subcellular localization of AL033381.2 in cells was tested
by the FISH kit (RiboBio) following manufacturer’s instruc-
tion, which was employed as previously described [15]. The
AL033381.2 probe for FISH is 5′-CACGACTCTGGCAA
GGTGAT-3′. The fluorescence was detected and photo-
graphed under a laser confocal microscope.

2.5. Immunohistochemistry (IHC). The IHC staining assay
was implemented as previously described [16]. Caspase-3
was detected with primary antibody (Abcam, ab184787) at
1 : 2400 dilution; E-cadherin was detected with primary anti-
body (Proteintech, 20874-1-AP) at 1 : 1800 dilution; Ki67
was detected with primary antibody (Abcam, ab15580) at
1 : 9600 dilution; MMP2 was detected with primary antibody
(Proteintech, 10373-2-AP) at 1 : 100 dilution; MMP-9 was
detected with primary antibody (CST, #13667) at 1 : 50 dilu-
tion; N-Cadherin was detected with primary antibody
(Abcam, ab18203) at 1 : 600 dilution; PCNA was detected
with primary antibody (CST, #2586) at 1 : 200 dilution; and
PRKRA was detected with primary antibody (Affinity Bio-
sciences, DF7334) at 1 : 500 dilution.

2.6. Quantitative Real-Time PCR. Total RNA was extracted
by TRIzol (Invitrogen), which was then subjected to reverse
transcriptase reaction with M-MLV reverse transcriptase
(Takara). qPCR was carried out by SYBR Master Mixture
(TaKaRa) and conducted using the LightCycler 480 II
Detection System (Roche). The relative RNA levels were cal-
culated by the 2−ΔΔCt method, and GAPDH was applied for
internal control. Primer sequences are listed: AL033381.2,
5′-CTGTAAGAAGTAAGGTCGGG-3′ (forward) and 5′-
GCGTCCTCCTCCATAAGAT-3′ (reverse).
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2.7. Western Blot Analysis. Western blot was conducted
according to the previous protocol [17]. The primary anti-
bodies were diluted to 1 : 500 for MMP9 (CST, #13667);
diluted to 1 : 1000 for PRKRA (Affinity Biosciences,
DF7334), P-eIF2α (CST, #3398), PKR (Abcam, ab32052),
UBE2I (Abcam, ab75854), P-p53 (Abcam, ab33889), and
MMP2 (CST, #40994); diluted to 1 : 2000 for N-cadherin
(Proteintech, 22018-1-AP); and diluted to 1 : 5000 for eIF2α
(CST, #5324), E-Cadherin (Proteintech, 20874-1-AP), and
β-actin (Santa Cruz, sc-69879). Then, secondary antibodies
were diluted to 1 : 10000 for Rabbit IgG (CST, #7074) and
Mouse IgG (CST, #7076). The protein bands were visualized
using the ECL detection kit (ECL, Thermo).

2.8. Cell Proliferation Assay. For cell counting assay,
lentivirus-infected (shCtrl and shAL033381.2) cells were
seeded at 96-well plates and cultured with 3000 cells/well.
The plate was then tested by Celigo Image Cytometer (Nex-
celom) for five days, and the proliferation curve was then
created. For MTT assay, lentivirus-infected (shCtrl and
shAL033381.2) cells were seeded into 96-well plates at 2 ×
103 cells/well and incubated for 5 days at 37°C. Subse-
quently, 20μL MTT solution (5mg/mL) was added to each
well and cultured at 37°C for 4 h. Cell viability was detected
at the absorbance of 490 nm. For EdU assay, the positive
cells in each group were counted and analyzed under the
fluorescence microscope after using Cell-LightTM EdU
Apollo567 kit (Ribo) in vitro according to manufacturer’s
instruction.

2.9. Colony Formation Assay. Cells were plated in 6-well
plates with 5% CO2 at a density of 1000 cells/dish at 37°C.
Two weeks later, colonies were fixed with 4% paraformalde-
hyde for 30 minutes and stained for 10 minutes with crystal
violet. All colonies were washed several times with ddH2O,
dried, and photographed.

2.10. Transwell Assay. Cell migration or invasion abilities
were conducted by Transwell chambers (Corning, 8μm pore
size) uncoated or coated with Matrigel, respectively. Firstly,
1 × 105 cells per well suspended in 100μL FBS-free culture
medium was seeded to the upper chamber, with a lower
chamber filled with 600μL 30% FBS culture medium. After
24 hours, the filters were fixed and stained. In each chamber,
the field of view was randomly selected for microscope pho-
tography, and cell number was calculated.

2.11. Flow Cytometry. Cells were seeded in six-well plates for
cell apoptosis and cell cycle analyses and cultured overnight
until reaching 70%-80% confluency. For cell apoptosis, cells
were collected and stained with 10μL Annexin V-APC
(eBioscience) and incubated in darkness for 15 minutes.
For cell cycle, cells were resuspended and stained with PI
(Sigma, 50 ng/mL) and RNase (Thermo Fisher Scientific,
10 ng/mL) for 20 minutes in darkness. Finally, cells were
analyzed with Flow Cytometer (BD, C6 PLUS). Data analysis
was performed by using the Novo Express software.

2.12. Tumor Xenograft Experiment. Huh-7 cells (1 × 107)
were injected subcutaneously into the right flank of BALB/

c nude mice (4-week-old). Tumor sizes and mice weights
were detected every three days. Tumor volume (mm3) was
determined: tumor volume = width2 × length/2. Forty-five
days after cell injection, the mice were euthanized, and the
tumor tissues were weighed. Ethical approval for the animal
experiments was obtained from the Animal Ethics Commit-
tee of Affiliated Hospital of Nantong University.

2.13. RNA Immunoprecipitation Assay (RIP). RIP experi-
ments were employed using the Magna RIP RNA-Binding
Protein Immunoprecipitation Kit following manufacturer’s
protocol. Antibodies against snRNP70 and normal IgG were,
respectively, used as positive and negative controls. qRT-
PCR was utilized to determine the RNA enrichment of
AL033381.2, which was normalized to the amount of the
enriched U1 RNA. Then, the qRT-PCR products were col-
lected for agarose gel electrophoresis, and the existence of
AL033381.2 and PRKRA was directly observed.

2.14. RNA Pull-down Assay and Mass Spectrometry Analysis.
AL033381.2 was transcribed using T7 RNA polymerase
in vitro, followed by purification with an RNeasy Plus mini
kit. Purified RNAs were labeled with Biotin RNA labeling
Mix. Proteins extracted from cells were mixed with bioti-
nylated AL033381.2 or antisense RNA probe that was syn-
thesized by GeneChem and incubated with streptavidin
agarose beads. The related proteins were separated by gel
electrophoresis and then visualized by silver staining.
LncRNA-binding proteins were eluted and subjected to mass
spectrometry. LC-MS/MS data were analyzed for protein
identification and quantification using PEAKS Studio 8.5.
Finally, the eluted proteins were analyzed byWestern blotting.

2.15. Preparation and Characterization of Nanoparticle/
siRNA Complexes. As previously described [18], PLGA
nanoparticles were produced by oil-in-water solvent evapo-
ration technology with minor modifications. First, a 10%
polymer solution was formed by dissolving 100mg PLGA
in 1mL dichloromethane. Three milliliters of 7% polyvinyl
alcohol aqueous solution was then added to the polymer
solution and emulsified by sonication for 120 s. Subse-
quently, the emulsion was added into 50mL of a 1% polyvi-
nyl alcohol aqueous solution. These mixtures were sonicated
for 180 s and stirred for 24h to vaporize the dichlorometh-
ane. After that, the nanoparticle suspension was washed,
centrifuged at 13,000 rpm for 5min, and resuspended in
ddH2O. Approximately 100μL of the nanoparticle aqueous
solution was mixed with 2μL of polyethyleneimine polymer
aqueous solution to form polyethyleneimine-modified nano-
particles. Then, we performed a gel retardation assay to test
the best proportion of nanoparticles and siRNA. Subse-
quently, the polyethyleneimine-modified nanoparticle sus-
pension was added to the siRNA solution of polymer
nitrogen and RNA phosphate, gently mixed, and cultured
for 15min to yield nanoparticle/siRNA complexes. Finally,
the ultrastructure of the nanoparticle/siRNA complexes
was examined by scanning electron microscopy. The average
hydrodynamic diameter of nanoparticle/siRNA complexes
was measured by dynamic light scattering. Finally, Zetaplus
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was used to detect the zeta potential of the complexes at
25°C with a 90° scattering angle.

2.16. In Vivo Tumor Inhibition of AL033381.2 siRNA-Loaded
Nanoparticles. Huh7 cells were inoculated into the armpit of

18–22 g nude mice to establish a tumor xenograft model.
The animals were weighed and randomly divided into two
groups, namely, nanoparticle/scramble siRNA complexes
and nanoparticle/AL033381.2 siRNA complexes, when the
tumor volume of the animals reached about 50mm3.

Normal
P < 0.001

Tumor
0

5

10

Re
la

tiv
e e

xp
re

ss
io

n 
of

A
L0

33
38

1.
2 15

20

Normal Tumor
0

2

4

Re
la

tiv
e e

xp
re

ss
io

n 
of

A
L0

33
38

1.
2

6

8

(f)

U6 GAPDH AL033381.2

Huh7

U6

RNA

DAPI

Merge

GAPDH AL033381.2

Hep3B

(g)

Figure 1: LncRNA-AL033381.2 expression is upregulated in HCC tissues. (a, b) Heatmaps and volcano plots of the differential expressed
lncRNAs between LIHC tissues (n = 374) and normal controls (n = 50) in TCGA, including the increased levels of AL033381.2. (c) The
differential expression of AL033381.2 in the original data of each TCGA RNA-seq sample can be represented by a line graph. The
vertical axis is the original data of the expression level of each sample, and the horizontal axis is the cancer tissue and normal tissue of
the sample, with one broken line for each sample. (d) The differential expression of AL033381.2 in cancer (n = 50) and normal tissue
samples (n = 50) can be demonstrated by log2FC, P value, and FDR in the TCGA database. (e) Differential gene expression can also be
shown in a histogram. The vertical axis is the log2FC, and the horizontal axis is different samples, and the log2FC of each sample is
represented by a column diagram. (f) The relative expression of AL033381.2 between HCC samples and corresponding normal tissues
was compared by qRT-PCR analysis (n = 30). (g) The subcellular location of AL033381.2 in Hep3B and Huh7 cells was determined by
FISH analysis after transfection. Nuclei were stained with DAPI. U6 or GAPDH was used as nuclear and cytosolic markers, respectively.
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Subsequently, the tumor sizes were observed with a Vernier
caliper every other day and calculated as Volume =Width2
× Length/2. The mice were euthanized 16 days later, and
tumors were dissected and weighed. The animal ethical
statement was previously described.

2.17. Statistical Analysis. All statistical analysis was con-
ducted using SPSS 25.0. All data are presented as means ±
standard deviation from at least 3 independent experiments.
Then, Student’s t-test (two-tailed), chi-squared tests, and
one-way ANOVA were performed to compare the signifi-
cance of differences between groups. Statistically significance
was chosen as P < 0:05.

3. Results

3.1. LncRNA AL033381.2 Is Upregulated in HCC Tissues. To
investigate novel lncRNAs that play a key role in HCC, we
analyzed the DElncRNAs between tumor and normal tissues
in the TCGA database and identified AL033381.2 as one
of the highly upregulated candidates in HCC that has

not been reported and studied to date (Figures 1(a) and
1(b)). Then, bioinformatics analysis of TCGA data revealed
that AL033381.2 expression is highly upregulated in liver
cancer tissues relative to paired adjacent normal tissues
(Figures 1(c)–1(e), P < 0:05). To further assess the roles of
AL033381.2 in HCC, we evaluated the expression level of
AL033381.2 in a cohort of 30 HCC tissue samples and
matched adjacent normal samples by qRT-PCR analysis.
Our results showed that the AL033381.2 expression level is
upregulated in HCC tissues compared to paired adjacent
normal tissues (Figure 1(f), P < 0:001). Moreover, as shown
in Supplementary Figure S1, qRT-PCR analysis showed that
AL033381.2 is expressed in Hep3B, Huh-7, HepG2, and
SK-HEP-1 cell lines.

To investigate the mechanism by which AL033381.2 acts
as an oncogenic lncRNA by driving tumorigenesis in HCC,
we analyzed the subcellular distribution by FISH. The
results indicated that AL033381.2 exhibited a predomi-
nantly cytoplasmic localization in Hep3B and Huh-7 cells
(Figure 1(g)), which suggests that AL033381.2 might exert
regulatory functions in the cytoplasm.

Table 1: Analysis of the significant difference of AL033381.2 expression level in clinicopathologic characteristics.

Clinical parameters
AL033381.2 expression

Total P value
Low expression High expression

Pathological grade

G1/2 149 83 232

0.119G3/4 75 59 134

Total 224 142 366

T stage

T1 121 60 181

0.032
T2 53 41 94

T3/4 51 42 93

Total 225 143 368

TNM

Stage I 115 56 171

0.011
Stage II 51 35 86

Stage III/IV 46 44 90

Total 212 135 347

Statistical analyses were performed by the Mann-Whitney U test. ∗P value < 0.05 was considered statistically significant.

Table 2: Correlation analysis of clinicopathologic characteristics with AL033381.2 expression.

AL033381.2 expression T stage Pathological grade

AL033381.2 expression

Correlation coefficient 1.000 0.095 0.117

Significance (double tail) 0.070 0.029

T stage

Correlation coefficient 0.095 1.000 0.981

Significance (double tail) 0.070 0.000

Pathological grade

Correlation coefficient 0.117 0.981 1.000

Significance (double tail) 0.029 0.000 .

Statistical analyses were performed by Spearman’s test. ∗P value < 0.05 was considered statistically significant.
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We also performed the Mann-Whitney U test to analyze
the significance of different expression levels of AL033381.2
in various clinical data at different levels. As we can see from
the significance index of the test, the expression of
AL033381.2 was markedly different in the cancer tissues of
patients with different T stages and pathological stages at
the significance level of 0.05. It is suggested that the
AL033381.2 expression level may be correlated to T stage
and pathological stage (Table 1). Moreover, Spearman’s
test was used to statistically analyze the correlation
between the AL033381.2 expression level in cancer tissues
and clinical data to preliminarily explore the potential role
of these clinical data in the genesis and development of
liver cancer. The significance index of the test indicated
that the AL033381.2 expression level in tumor tissues
was remarkably correlated to the pathological stage of
the patients at a significance level of 0.05, suggesting that
the expression level of this gene might be used as an indi-
cator for clinical diagnosis of the pathological stage. The
AL033381.2 expression was positively associated with the
pathological stage level, suggesting that the AL033381.2
expression level gradually increased with the progression
of liver cancer (Table 2).

3.2. Knockdown of AL033381.2 Suppresses Cell Proliferation,
Migration, and Invasion and Promotes Apoptosis. The roles
of AL033381.2 in cell proliferation, cell viability, colony
formation ability, cell migration, and invasion abilities were
analyzed by MTT, Celigo Imaging Cytometry System, col-
ony formation, EdU, and Transwell assays, respectively.
First, compared to the shCtrl group, mRNA expression of
AL033381.2 in Hep3B and Huh-7 cells was downregulated
after transduction with lentivirus shAL033381.2 (Figures 2(a)
and 2(c)). MTT assays revealed that the viability of Hep3B
and Huh-7 cells was notably reduced in the shAL033381.2
group compared with the shCtrl group (Figures 2(b) and
2(d)). Furthermore, Celigo cell counting assays revealed
that cell proliferation was remarkably suppressed in the
shAL033381.2 group compared with the shCtrl group in
Hep3B and Huh-7 cells (Figures 2(e) and 2(f)).

Additionally, colony formation assays showed that fewer
colonies were formed by Hep3B and Huh-7 cells in the
shAL033381.2 group compared with the shCtrl group
(Figure 3(a)). Moreover, we assessed the effects of
AL033381.2 on the abilities of HCC cell migration and inva-
sion by Transwell assays. Our results demonstrated that the
number of migrating and invasive cells was markedly
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Figure 2: Knockdown of AL033381.2 suppressed the proliferation of HCC cells. (a, c) The mRNA expression level of AL033381.2 in Hep3B
and Huh-7 cells was determined by qRT-PCR analysis. (b, d) The proliferative rates of Hep3B and Huh-7 cells were assessed by MTT
assay. (e, f) After infection of lentivirus shAL033381.2 or shCtrl, celigo cell counting assay was employed to assess the viability of
Hep3B and Huh-7 cells. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001.
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reduced upon transfection with lentivirus shAL033381.2
compared to the shCtrl group (Figures 3(b) and 3(c)). Addi-
tionally, EdU proliferation assays were performed to assess
the effects of AL033381.2 on the DNA replication of HCC
cells. We found that cell proliferation was inhibited after

transfection with lentivirus shAL033381.2 in Hep3B and
Huh-7 cells (Figures 3(d) and 3(e)).

To further explore the mechanisms of AL033381.2 on
cell proliferation, we conducted flow cytometry to detect
the distribution of the cell cycle and the apoptosis rate of
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Figure 3: Knockdown of AL033381.2 suppressed the proliferation, migration, and invasion of HCC cells and induced cell apoptosis and
regulates the cell cycle process. (a) Colony formation assay was employed to examine the effects of AL033381.2 knockdown on the
proliferation of Hep3B and Huh-7 cells. (b, c) Transwell assay was employed to measure the effects of AL033381.2 knockdown on cell
migration and invasion of Hep3B and Huh-7 cells. (d, e) EdU incorporation assay was used to evaluate the abilities of DNA replication
on Hep3B and Huh-7 cells after infection of lentivirus shAL033381.2 or shCtrl. (f–i) The apoptosis and cell cycle distribution of Hep3B
and Huh-7 cells were analyzed by flow cytometry after shAL033381.2 or shCtrl lentivirus transfection. ∗P < 0:05; ∗∗P < 0:01.
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HCC cells transfected with lentivirus shAL033381.2. Cell
cycle analysis indicated that the cell percentage in the
G0/G1 phase was obviously elevated, and the percentage
of Hep3B and Huh-7 cells in the S phase markedly
decreased after transfection with lentivirus shAL033381.2
(Figures 3(f) and 3(h)). Furthermore, we found that the
rate of apoptosis in Hep3B and Huh-7 cells increased after
transfection with lentivirus shAL033381.2 (Figures 3(g) and
3(i)). Collectively, these results suggest that AL033381.2 plays
a pivotal role in regulating HCC pathogenesis.

3.3. Knockdown of AL033381.2 Suppresses Tumor Growth In
Vivo. To further verify the roles of AL033381.2 in tumor
growth of HCC cells in vivo, we calculated the weight and
volume of tumors using the xenograft model. Our results
revealed that the shAL033381.2 group showed dramatically
reduced tumor volume and weight compared with those in
the shCtrl group (Figures 4(a)–4(c)). IHC staining revealed
reduced expression of Ki-67, PCNA, caspase-3, E-cadherin,
N-cadherin, MMP2, and MMP9 in the shAL033381.2 group,
while H&E staining indicated more extensive focal necrosis
in the shAL033381.2 group (Figure 4(d)). In parallel, the ele-
vated expression level of E-cadherin and reduced expression
level of N-cadherin, MMP2, and MMP9 at the protein levels
in the Hep3B and Huh-7 cells were found to be associated
with the shAL033381.2 group (Figure 4(e)). Our above
results confirm that AL033381.2 plays a vital role in in vivo
HCC tumorigenesis.

3.4. AL033381.2 Binds to the PRKRA Protein. Bioinformatics
analysis was performed to predict the secondary structure of
AL033381.2 (Supplementary Figure S2). To further elucidate
that the molecular mechanism of AL033381.2 involves
tumor promotion, we performed an RNA pull-down assay

using biotin-labeled RNA to identify potential proteins
binding to AL033381.2 in Huh-7 cells. The remaining bands
specific to AL033381.2 were subjected to LS/MS mass
spectrometry (Figures 5(a) and 5(b)). According to the list
of differential genes in the results of mass spectrometry
(Supplementary Figure S3, S4), the subcellular localization
of genes was matched through the IPA database, and the
genes identified as cytoplasmic were selected to draw a net-
work diagram together with cell proliferation and apoptosis
(Figure 5(c)). The direct interaction between AL033381.2
and its RNA-binding proteins was further confirmed by
Western blotting of Huh-7 cell lysate using antibodies
against STAU1, PRKRA, PRDX2, RNH1, KRT8, and ETFB
(Supplementary Figure S5). Then, RIP assay followed by
qRT-PCR demonstrated that the enrichment of AL033381.2
precipitated by antibodies against PRKRA, PRDX2, RNH1,
and ETFB dramatically increased compared with the control
IgG in Huh-7 cells (Figure 5(d)). Consistently, Western blot-
ting followed by RIP assays confirmed the capability of
PRKRA, PRDX2, RNH1, and ETFB to bind to AL033381.2
in Huh-7 cells (Figure 5(e)). Moreover, we employed an addi-
tional RNA pull-down assay followed by Western blotting
using the PRKRA antibody to determine the interaction of
AL033381.2 with PRKRA. The results showed that labeled
AL033381.2, but not antisense, indicated the ability to specifi-
cally retrieve PRKRA from cell extracts (Figure 5(f)). Further-
more, the RIP assay verified that AL033381.2 was precipitated
by the PRKRA antibody (Figure 5(g)). In addition, to explore
the effects of AL033381.2 on PRKRA, we assessed the
protein expression level of PRKRA in Huh-7 cells trans-
fected with shAL033381.2 or shCtrl lentivirus. Western
blotting confirmed that PRKRA protein expression notably
decreased with shAL033381.2 transfection (Figure 5(h)).
The above findings suggest that AL033381.2 interacts with
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Figure 4: Knockdown of AL033381.2 inhibited tumor growth in vivo. (a) Typical images of xenograft tumors formed by Huh-7 cells
transfected with shCtrl or shAL033381.2 from each group of mice. (b, c) Tumor volume and tumor weight in each group of mice.
(d) Typical H&E staining and IHC staining images of Ki-67, PCNA, Caspase 3, E-cadherin, N-cadherin, MMP2, and MMP9 in
xenograft tumor tissues from each group of mice. ∗∗P < 0:01. (e) The expression of E-cadherin, N-cadherin, MMP2, and MMP9 at
the protein level in transfected cells with shCtrl or shAL033381.2 were examined by Western blot analysis.
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PRKRA protein, which in turn contributes to the regulation
of HCC progression.

3.5. Restoration of PRKRA Rescues AL033381.2 Knockdown-
Mediated Suppression of Cell Proliferation, Migration, and
Invasion. Following the determination that the downstream
targets of AL033381.2 are PRKRA, PRDX2, RNH1, and
ETFB, we performed in vitro experiments to explore
whether these genes could mediate the inhibitory effects
of AL033381.2 knockdown. According to Celigo cell count-
ing assays, only PRKRA overexpression could partially
abrogate the inhibition of the cell proliferation induced
by AL033381.2 knockdown compared with the controls
(Figure 6). To further investigate whether AL033381.2
functions in a PRKRA-mediated manner in HCC progres-
sion, we conducted additional experiments to verify the
recovery effects of PRKRA overexpression lentivirus and len-
tivirus shAL033381.2 coinfected HCC cells. MTT and colony
formation assays demonstrated that PRKRA overexpression
partially abrogated the decreased viability and clonogenicity
of Hep3B and Huh7 cells caused by AL033381.2 knockdown
(Figures 7(a)–7(d)). Furthermore, Transwell assays showed
that knockdown of AL033381.2 suppressed the migration
and invasion of Hep3B and Huh7 cells, whereas PRKRA
overexpression partially abolished these effects (Figures 7(e)
and 7(f)). Meanwhile, EdU assays indicated that overexpres-
sing PRKRA rescued the reduction in the proliferation of
Hep3B and Huh7 cells caused by AL033381.2 knockdown
(Figures 7(g) and 7(h)).

To further confirm whether AL033381.2 is related to the
EMT pathway via modulating PRKRA, we transfected HCC
cells with lentivirus shAL033381.2 and PRKRA overexpres-
sion lentivirus. As presented in Figure 7(i), shAL033381.2
upregulated E-cadherin expression and downregulated N-
cadherin, MMP2, and MMP9 expression in Hep3B and

Huh-7 cells, whereas overexpression of PRKRA abolished these
effects. Our results consistently indicated that AL033381.2
inhibits HCC progression via activation of PRKRA.

3.6. In Vivo Antitumor Efficacy of Nanoparticle/siRNA
Complexes. The morphology of the nanoparticle/siRNA
complexes was analyzed by SEM, which presented represen-
tative images of the empty nanoparticles and nanoparticle/
siRNA complexes (Figure 8(a)). As shown in Figure 8(b),
the hydrodynamic diameter of complexes demonstrated that
the mean diameter of the empty nanoparticles and nanopar-
ticle/siRNA complexes was ~103nm and 108nm, respec-
tively. A gel retardation assay showed that nanoparticles
containing siRNA exhibited the best retarding effect when
the N/P ratio was 6 : 1 (Figure 8(c)). Then, we performed a
slower sustained release profile of siRNA from the nanopar-
ticle/siRNA complexes, and we observed that about 90% of
the loaded siRNA were released within 27 days (Supple-
mentary Figure S6). The zeta potential of the empty nano-
particles and nanoparticle/siRNA complexes was about
−15.2mV and 23.1mV, respectively. Moreover, we per-
formed flow cytometry to test the transfection efficiency
of nanoparticle/FAM-siRNA complexes. FAM-siRNA was
delivered into the Huh7 cells, with a transfection efficiency
of about ~70% (Figures 8(d) and 8(e)), indicating that the
nanoparticle/siRNA complexes possess good transfection
efficiency in Huh7 cells.

Furthermore, to evaluate the in vivo antitumor efficacy of
the nanoparticle/AL033381.2 siRNA complexes, we calcu-
lated the weight and volume of tumors after different formu-
lations were administrated into nude mice. The mice treated
with nanoparticle/AL033381.2 siRNA complex group exhib-
ited lower tumor volume and weight compared with the
scrambled group, thus demonstrating that AL033381.2
siRNA-loaded nanoparticles presented better anticancer
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Figure 5: AL033381.2 interacts with PRKRA. (a, b) The specific biotin-labeled AL033381.2 probe was added to the cell lysate, and the
precipitated proteins were resolved by SDS-PAGE and then stained with silver. The AL033381.2 probe was analyzed by using SDS-
PAGE. The antisense of AL033381.2 and the beads serve as the control. The AL033381.2-specific bands (red rectangle) were excised and
analyzed using mass spectrometry. (c) IPA analysis identified the genes located in the cytoplasm were associated with cell proliferation
and apoptosis. (d) RIP assay showed that STAU1, PRDX2, ETFB, PRKRA, KRT8, and RNH1 interacted with AL033381.2 in Huh-7 cells
by RT-qPCR analysis. (e) Western blot results exhibited the capability of PRKRA, PRDX2, RNH1, and ETFB binding to AL033381.2 in
Huh-7 cells. (f) RNA pull-down assay was conducted in Huh-7 cells using biotinylated AL033381.2 or antisense RNA probe transcribed
in vitro and measured by western blots. (g) RIP assay was employed in Huh-7 cells using an antibody against PRKRA to determine
AL033381.2 RNA enrichment in immunoprecipitated complexes with IgG as a negative control. (h) Western blot analysis was applied to
determine the protein level of PRKRA after transfection of the cells with shAL033381.2 or shCtrl.
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efficacy (Figures 8(f)–8(h)). In addition, we assessed the
expression of AL033381.2 at the mRNA level from tumor
samples of mice treated with several complexes using qRT-
PCR, which indicated that AL033381.2 expression in mice
treated with the nanoparticle/AL033381.2 siRNA complex
group was dramatically lower than those in the scrambled
group (Figure 8(i)). The above results demonstrated that
AL033381.2 may potentially be utilized as a therapeutic tar-
get, and the nanoparticle drug delivery system can be an
effective therapeutic alternative.

4. Discussion

Emerging research has revealed that the vital roles of
lncRNAs in tumorigenesis and tumor progression in several
cancers have attracted increasing attention [19]. The accu-
mulation of lncRNAs has been associated with tumorigene-
sis, including HCC [20, 21]. For instance, Wen et al. showed

that the lncRNA ANCR accelerates the EMT and migration
and invasion of HCC cells by modulating HNRNPA1 [22].
Zhang et al. demonstrated that lncRNA UPK1A-AS1
indicates poor prognosis in HCC and interacts with EZH2
to promote cell growth [23]. Most recently, Zhang et al. have
shown that LIN28B-AS1 is associated with IGF2BP1 and
promotes human HCC cell progression in vitro and
in vivo. [24]. Although accumulating studies have shown
the potential oncogenic roles of lncRNAs in a variety of can-
cers [25, 26], AL033381.2 is still a novel lncRNA molecule,
and its role in tumor progression remains unclear.

In this study, we attempted to determine the expression
profile and biological effects of AL033381.2 in HCC and
elucidate its potential molecular mechanism. Then, we
identified the differentially expressed lncRNAs in the TCGA
database in both cancer tissues and normal tissues by inte-
grating bioinformatics analysis. Our results indicated that
in liver cancer, AL033381.2 is markedly upregulated and
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Figure 7: Continued.
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Figure 7: Overexpression of PRKRA rescued the inhibitory effects mediated by AL033381.2 knockdown in HCC cells. (a–h) The inhibitory
functions of AL033381.2 silencing on cell viability, proliferation, migration, and invasion were measured by MTT (a, c), colony formation
assays (b, d), Transwell (e, f), and EdU staining assays (g, h) in Hep3B and Huh-7 cells transfected with the PRKRA overexpressed
lentivirus or control vector, respectively. (i) The expressions levels of E-cadherin, N-cadherin, MMP2, and MMP9 were detected by
Western blot analysis in Hep3B and Huh-7 cells that were transfected with shCtrl, shAL033381.2, or shAL033381.2+PRKRA groups,
respectively. ∗P < 0:05.

20 Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

(a)

0
20
40
60
80

100
120
140

30 60

NP

90 120
Diameter (nm)

In
te

ns
ity

150 180

0
20
40
60
80

100
120
140

30 60

NP-siRNA

90 120
Diameter (nm)

In
te

ns
ity

150 180

(b)

Marker siRNA 1 3 6 9

Nanoparticle/siRNA
complexes
N/P ratio

(c)

Huh-7

(d)

Figure 8: Continued.

21Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

closely correlated to some clinicopathological parameters,
including T stage, TNM stage, and pathological grade. To
further verify the sequencing results, we investigated the
expression of AL033381.2 using qPCR in a cohort of 30
HCC tissues and corresponding normal tissues, and we
found that AL033381.2 expression was observably increased
in HCC tissues compared to matched normal tissues. In
addition, numerous studies have revealed that owing to the
involvement of lncRNAs in the regulation of tumor-related
genes, lncRNAs are involved in several cell processes, includ-

ing cell proliferation, growth, differentiation, and apoptosis
[27]. Based on our experimental findings, AL033381.2 con-
sistently acts as an oncogene that promotes the proliferation
and metastasis of HCC cells in vivo and in vitro.

Epithelial-to-mesenchymal transition (EMT) is a bio-
logical process wherein epithelial cells lose the requirements
for physical contact with adjacent cells and acquire mesen-
chymal characteristics, including enhanced migratory and
invasive behaviors [28]. In particular, lncRNAs positively reg-
ulate the EMT process in HCC [29]. Here, we demonstrate
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Figure 8: Characterization, transfection efficiency, and in vivo antitumor efficacy of nanoparticle/siRNA complexes. (a) Representative scanning
electron microscopy images of the empty nanoparticles and nanoparticle/siRNA complexes; magnification 10,400x. (b) Hydrodynamic diameter
distribution of the empty nanoparticles and nanoparticle/siRNA complexes. (c) A gel retardation assay of nanoparticle/siRNA complexes at
different N/P ratios. (d, e) Representative fluorescent images, matched bright images, and transfection efficiency of Huh7 cells transfected
with empty nanoparticles and nanoparticle/siRNA complexes. (f) The representative images of tumor growth in the subcutaneous xenograft
model of Huh7 cells in nude mice. (g, h) In vivo antitumor results revealed the effects of tumor volume and weight after the treatment with
nanoparticle/scramble siRNA complexes (scramble) and nanoparticle/AL033381.2 siRNA complexes (AL033381.2 siRNA). ∗P < 0:05. (i) The
relative mRNA expression level of AL033381.2 between the scramble and AL033381.2 siRNA Huh7 cell lines.
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that AL033381.2 promotes EMT progression inHCC cells and
thus could be utilized as a new target for molecular targeted
therapy of HCC. Consequently, the abnormal expression and
crucial functions of AL033381.2 in HCC prompted us to fur-
ther elucidate its potential regulatory mechanism.

LncRNAs exert their functions in multiple mechanisms,
including scaffolding nuclear and cytoplasmic complexes,
gene expression modulation, and cotranscriptional regula-
tions [30]. Moreover, the function of lncRNAs is often
related to their subcellular location [31]. Cytoplasmic
lncRNAs may be involved in regulating protein stability
and translational modification [32]. In this study, to further
evaluate the molecular mechanisms of AL033381.2 in pro-
moting HCC tumorigenesis, we first performed FISH assays,
which indicated that AL033381.2 is predominantly cytoplas-
mic and possibly exerts in biological function at the
posttranscriptional level. Mechanically, RNA pull-down
and mass spectrometry analysis finally identified PRKRA
as one of several proteins bound to AL033381.2. Moreover,
we demonstrated that PRKRA interacts with AL033381.2
using RIP and RNA pull-down assays. PRKRA, which is a
known cellular protein activator of PKR kinase [33], partic-
ipates in microRNA processing and interacts with members
of the RNAi pathway such as Dicer and Ago2 [34]. A previ-
ous study has shown that PRKRA is upregulated in lung ade-
nocarcinoma [35]. Recent studies have also demonstrated
that treatment with siPRKRA plus oxaliplatin imparts a sig-
nificant antitumor effect on mucinous ovarian cancer cells
[33]. Furthermore, in our study, functional analyses indi-
cated that AL033381.2 knockdown markedly suppresses
HCC cell proliferation and metastasis and that this effect is
partially rescued by simultaneous PRKRA overexpression.
Additionally, our studies have shown that AL033381.2 could
promote the EMT pathway by regulating PRKRA.

Recent studies have shown that nonviral vectors, nano-
particle gene vectors in particular, have low toxicity and bio-
degradability [36]. In our study, PLGA nanoparticles were
prepared as siRNA transfection vectors. The growth rate of
AL033381.2 siRNA-loaded nanoparticle-Huh-7 tumors in
nude mice was notably slower than the control group, indi-
cating that nanoparticle/AL033381.2 siRNA complexes sig-
nificantly inhibit tumorigenesis in vivo and thus impart
positive therapeutic effects.

5. Conclusions

This is the first report that shows that lncRNA AL033381.2
imparts carcinogenic effects on HCC by interacting with
PRKRA. Nanoparticle/AL033381.2 siRNA complexes also
exhibit favorable therapeutic effects in vivo and have the
potential to become a novel therapeutic target worthy of fur-
ther investigation. This study provides a novel investigation
of the potential therapeutic target of AL033381.2 and pro-
vides a better understanding of the pathogenesis and molec-
ular treatment strategies of HCC. Consequently, further
research is needed to elucidate the regulatory mechanisms
of the AL033381.2/PRKRA axis and identify particular tar-
gets for therapeutic applications to HCC.
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Antioxidant polyphenols from plants are potential dietary supplementation to alleviate early weaning-induced intestinal disorders
in piglets. Recent evidences showed polyphenol quercetin could reshape gut microbiota when it functioned as anti-inflammation
or antioxidation agents in rodent models. However, the effect of dietary quercetin supplementation on intestinal disorders and gut
microbiota of weanling piglets, along with the role of gut microbiota in this effect, both remain unclear. Here, we determined the
quercetin’s effect on attenuating diarrhea, intestinal damage, and redox imbalance, as well as the role of gut microbiota by
transferring the quercetin-treated fecal microbiota to the recipient piglets. The results showed that dietary quercetin
supplementation decreased piglets’ fecal scores improved intestinal damage by increasing tight junction protein occludin, villus
height, and villus height/crypt depth ratio but decreased crypt depth and intestinal epithelial apoptosis (TUNEL staining).
Quercetin also increased antioxidant capacity indices, including total antioxidant capacity, catalase, and glutathione/oxidized
glutathione disulfide but decreased oxidative metabolite malondialdehyde in the jejunum tissue. Fecal microbiota
transplantation (FMT) from quercetin-treated piglets had comparable effects on improving intestinal damage and antioxidative
capacity than dietary quercetin supplementation. Further analysis of gut microbiota using 16S rDNA sequencing showed that
dietary quercetin supplementation or FMT shifted the structure and increased the diversity of gut microbiota. Especially,
anaerobic trait and carbohydrate metabolism functions of gut microbiota were enriched after dietary quercetin
supplementation and FMT, which may owe to the increased antioxidative capacity of intestine. Quercetin increased the relative
abundances of Fibrobacteres, Akkermansia muciniphila, Clostridium butyricum, Clostridium celatum, and Prevotella copri but
decreased the relative abundances of Proteobacteria, Lactobacillus coleohominis, and Ruminococcus bromii. Besides, quercetin-
shifted bacteria and carbohydrate metabolites short chain fatty acids were significantly related to the indices of antioxidant
capacity and intestinal integrity. Overall, dietary quercetin supplementation attenuated diarrhea and intestinal damage by
enhancing the antioxidant capacity and regulating gut microbial structure and metabolism in piglets.

1. Introduction

Early weaning is a critical strategy for improving the effi-
ciency of modern swine breeding system but usually results
in physiological, environmental, and social stress for piglets
[1]. These stresses occur particularly during the initial post-
weaning period, which is frequently characterized by tran-
sient anorexia, gut microbiota dysbiosis, severe intestinal

damage, infections, and diarrhea, compromising the antidi-
sease’s ability of young piglets [2, 3]. The disturbed gastroin-
testinal functionality during the first two weeks triggers
oxidative stress, which, characterized by an imbalance
between the production of free radicals and the scavenging
ability of the antioxidant defense system, has been involved
in the initiation and pathogenesis of early weaning-induced
intestinal disorders [1, 4, 5]. Therapy for piglets’ weaning
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stress mainly relies on the use of zinc and copper beyond
nutritional requirements and the excessive use of antimicro-
bials, which raised major concerns for environmental bur-
den and antimicrobial resistance [6]. In the quest for
sustainable alternatives, the appropriate nutrients with
favorable antioxidant activity could alleviate intestinal dam-
age in weaning piglets.

Antioxidant compounds, specifically polyphenols from
plants, can scavenge free radicals and alleviating intestinal
disorders associated with oxidative stress [7]. Quercetin as
a flavonoid polyphenol molecule is commonly found in veg-
etables, fruits, and Chinese herbs [8]. Quercetin showed
excellent assets among the six antioxidants investigated
in vitro for supplementation in pig diet [9]. Only 5–10%
ingested quercetin is absorbed in the small intestine, and
thus, 90–95% reach the colon [10, 11]. Mammalian gut har-
bors trillions of microbes, especially in the hindgut caecum
and colon, namely gut microbiota, which have intimate,
ancient, and/or mutualistic associations with hosts [12, 13].
Combination of quercetin and resveratrol can reduce obesity
by restoring the gut microbiota dysbiosis in high-fat diet-fed
rats [14]. Besides, dietary quercetin improved the oxidative
stress in association with its ability to recover the gut micro-
biota diversity in mice with dextran sodium sulfate-induced
colitis [15]. Compared to the considerable amount of
researches in rodent models, there however is a lack of
research focused on quercetin’s beneficial effects on pigs
[16]. The causality between gut microbiota and quercetin’s
antioxidative function is also unclear.

We hypothesized dietary quercetin can attenuate intesti-
nal damage and redox imbalance, and gut microbiota is a
potential pharmacodynamic target for quercetin in weaning
piglets. Fecal microbiota transplantation (FMT) is to estab-
lish a donor-like gut microbiome by transferring donor fecal
microbiota to a recipient [17]. FMT provides an effective
approach to uncover the role of gut microbiota in the pharma-
codynamic effect of plant-derived active ingredients [18, 19].
To test our hypothesis, we determined the quercetin’s effect
on improving intestinal damage, redox imbalance, and gut
microbial dysbiosis after supplying weanling piglets with die-
tary 0.1% quercetin supplementation and meanwhile trans-
ferred their fecal microbiota to the FMT recipient piglets.

2. Materials and Methods

2.1. Experimental Design and Animals. This animal experi-
ment was approved by the Scientific Ethics Committee of
Huazhong Agricultural University (approval numbers
HZAUSW2018015). We allotted 60 early weaned piglets
(Duroc × Landrace × Yorkshire) with age of 21 days into
three groups randomly (20 piglets each group): control
group fed basal diet and 2mL saline every other day (Ctrl);
quercetin group fed diet supplemented with 0.1% quercetin
[20, 21] (content 95.18%, Hengrui Tongda, Chengdu,
China) and 2mL saline every other day (QT); and fecal
microbiota transplantation group received 2mL fecal micro-
biota suspension from QT group every other day (FQT).
These piglets were free to diet and water for 14 days. The
basal diet was formulated to meet the pigs’ nutrients need

(NRC, 2012, Table S1), and the dose of dietary quercetin
supplementation was based on the literature and our prior
pretrial [20]. At d14 postweaning, we randomly selected 20
piglets (six from Ctrl and seven from QT and FQT,
respectively) for sampling.

2.2. Fecal Microbiota Transplantation. The fecal suspension
was prepared using our previous protocol with minor opti-
mization [22]. Briefly, fresh feces samples were obtained
from piglets of QT group and immediately homogenized in
sterile and O2-free saline. The fecal microbiota suspension
that passed through the sterilized gauze and then a
0.224mm stainless cell strainer was centrifugated at
3500×g for 10min to get fecal microbial precipitate. We then
resuspended the fecal microbial precipitate in saline and
then fed piglets from FQT group by oral administration
from day 2 to day 10 post weaning (2mL each piglet every
other day).

2.3. Piglet Growth Performance and Fecal Scores. The growth
performance of piglets was determined by the average daily
gain (ADG) and average daily feed intake (ADFI). Mean-
while, we recorded fecal scores with a scale: 1, normal, solid
feces; 2, soft, looser than normal feces, slight diarrhea; 3,
moderate diarrheic feces; and 4, liquid, severe diarrheic feces
for all pigs daily [23].

2.4. Histomorphology Examination of the Jejunum Tissue.
We sampled 2 cm of jejunum tissue and then fixed it with
4% paraformaldehyde overnight. We evaluated the histo-
morphology of jejunum tissue examination by examining
hematoxylin- and eosin-stained (H&E) jejunum tissue sec-
tions (10μm) using an Olympus BX51 microscope with
integrated digital imaging analysis system (Olympus Co.,
Tokyo, Japan).

2.5. Apoptosis Assessment of Jejunal Epitheliums. The termi-
nal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay was used to mark apoptotic jejunal epithe-
liums [24]. The average optical density (AOD) was used to
determine the apoptotic jejunal epitheliums in the sections.
The AOD of TUNEL (green) in the sections was determined
by ImageJ [25].

2.6. Antioxidant Capacity Evaluation of the Jejunum Tissue.
We determined the activities of total antioxidant capacity
(T-AOC, BC1315), catalase (CAT, BC0205), malondialde-
hyde (MDA, BC0025), glutathione (GSH, BC1175)/oxidized
glutathione disulfide (GSSG, BC1185), and nitric oxide (NO,
BC1475) in jejunum tissue using commercial kits from
Solarbio Science & Technology (Beijing, China) according
to the manufacturer’s instructions, respectively.

2.7. Tight Junction Protein Determination of the Jejunum
Tissue. We determined the tight junction proteins of the
jejunum tissue using western blotting as described before
[26]. Briefly, the total protein of jejunum tissue was
extracted and then preserved at −80°C for subsequent anal-
ysis. We quantified the concentration of total protein using
BCA assays (Thermo Scientific, 23250), separated them
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using sodium dodecyl sulfate-polyacrylamide gel electropho-
resis, and then transferred them to membranes for western
blotting. Polyclonal antibodies occludin (Cell Signaling
Technology, 91131S, 1: 1000) and Claudin-1 (ProteinTech,
13050-1-AP, 1 : 1000) were used as primary antibodies and
incubated with membranes overnight at 4°C. The mem-
branes were then incubated with secondary antibodies. The
western blot results were analyzed using the ImageJ
software.

2.8. Microbial DNA Extraction and PCR Amplification.
Microbial community genomic DNA was extracted from
fecal samples (stool from the rectum) using the TGuide
S96 Magnetic Soil/Stool DNA Kit (TIANGEN, China)
according to manufacturer’s instructions. The hypervariable
region V4 of the bacterial 16S rRNA gene was amplified with
primer pairs 515F (5′-GTGYCAGCMGCCGCGGTAA-3′)
and 806R2 (5′-GGACTACNVGGGTWTCTAAT-3′). The
PCR amplification of 16S rRNA gene was performed as fol-
lows: initial denaturation at 95°C for 3min, followed by 25
cycles of denaturing at 95°C for 30 s, annealing at 50°C for
30 s, extension at 72°C for 40 s, single extension at 72°C for
7min, and end at 4°C. Purified amplicons were pooled in
equimolar and paired end (PE) sequenced (2 × 250) on an
NovaSeq 6000 platform (Illumina, San Diego, USA) at Bio-
marker Technologies Co, Ltd. (Beijing, China).

2.9. Illumina NovaSeq Sequencing and Processing of
Sequencing Data. According to quality of single nucleotide,
raw data was primarily filtered by Trimmomatic [27] (ver-
sion 0.33). Identification and removal of primer sequences
were process by Cutadapt [28] (version 1.9.1). PE reads
obtained from previous steps were assembled by USEARCH
[29] (version 10) and followed by chimera removal using
UCHIME [30] (version 8.1). USEARCH [29] (version 10.0)
was applied to cluster sequences into operational taxonomic
units (OTUs) with similarity over 97%. The taxonomy of
each OTU representative sequence was analyzed by RDP
Classifier against the 16S rRNA database Silva [31]
(Release132) and Greengenes [32] (version 13.5).

2.10. Function Prediction and Metabolites Determination of
Gut Microbiota. We employed PICRUSt2 to predict the
functional composition of gut bacterial communities [33].
We determined the gut microbial metabolites SCFAs includ-
ing acetic acid, propionic acid, butyric acid, valeric acid, iso-
butyric acid, and isovaleric acid in the stools of the jejunum
and colon using gas chromatography with our previous
method [26, 34]. Briefly, 1 g of the stool sample was weighed
into a 2mL centrifuge tube with 1mL of methanol added.
After being vortexed for 30 s, the sample was centrifuged
for 10min (12,000 g, 4°C). The supernatant (1mL) was
transferred into centrifuge tubes (2mL) and mixed with
0.2mL 25% metaphosphoric acid. After 30min at 4°C, the
tubes were centrifuged for 10min (12,000 g, 4°C) again. Ali-
quots of the supernatant (1mL) were analyzed using a gas
chromatography method.

2.11. Phenotype Prediction of Gut Microbiota. We employed
BugBase to determine the biologically relevant gut micro-
biome phenotype at organism level [35]. Firstly, BugBase
normalizes OTU by predicting 16S copy number. Microbial
phenotype is predicted based on given precalculated files.
For biological data of each sample, relative abundance of
trait is estimated in full range of coverage thresholds (0 to
1, increment: 0.01). Subsequently, for each trait in users’
data, the coverage threshold with the highest variance in all
samples is selected. With such threshold, BugBase can gen-
erate a table with organism-level phenotype predictions,
which contains relative abundance of predicted phenotype
in each sample. Based on specified metadata, an automated
hypothesis test is performed and can be visualized as taxa-
contribution plots depicting the relative abundances of
trait-possessing taxa.

2.12. Data Processing and Statistics Analysis. Experimental
data were analyzed by one-way ANOVA and the Duncan
multiple comparison test with the GraphPad 8.0 software.
The results were presented as the mean± SEM. Significance
was presented as ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:01.

3. Results

3.1. Dietary Quercetin Supplementation and FMT
Attenuated Diarrhea, Intestinal Barrier Function, and
Redox Imbalance in Weanling Piglets. To determine the
effect of dietary quercetin supplementation on piglets’ wean-
ing stress and the role of gut microbiota, we fed weaning pig-
lets with diet supplemented with QT and then transferred
their fecal microbiota to recipient piglets. The results indi-
cated that quercetin decreased piglets’ fecal scores at d7
(P < 0:01) and d14 postweaning (P < 0:05), as well as FQT
at d7 (P < 0:05) but not at d14 postweaning (Figure 1(a)).
Dietary quercetin supplementation and FMT also both
increased ADFI (P < 0:05, Figure S1(a)) and ADG
(P < 0:01, Figure S1(b)) of piglets at d7-d14 postweaning.
QT and FQT increased the expression of tight junction pro-
tein occludin in the jejunum tissue (P < 0:05) (Figure 1(b)).
Besides, QT increased antioxidant indices including T-AOC
(P < 0:05) (Figure 1(c)), CAT (P < 0:01) (Figure 1(d)), and
GSH/GSSG (P < 0:01) (Figure 1(f)), but decreased oxidative
metabolite MDA (P<0.01) (Figure 1(e)) in the jejunum tissue.
FQT also increased antioxidant indices including T-AOC
(P < 0:05) (Figure 1(c)), CAT (P < 0:05) (Figure 1(d)), and
GSH/GSSG (P < 0:05) (Figure 1(f)) but decreased oxidative
metabolite MDA (P < 0:01) (Figure 1(e)) in the jejunum tis-
sue. QT and FQT had no significant effect on NO in the jeju-
num tissue (Figure 1(g)). These results suggested that dietary
quercetin supplementation and FMT attenuated diarrhea,
intestinal barrier function, and redox imbalance in weanling
piglets.

3.2. Dietary Quercetin Supplementation and FMT Improved
Intestinal Morphology and Intestinal Epithelial Apoptosis in
Weanling Piglets. Further histomorphological analysis and
intestinal epithelial apoptosis analysis showed that QT
improved the morphology of jejunum (Figure 2(a)) by
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increasing villus height (P < 0:05) (Figure 2(b)) and villus
height/crypt depth ratio (P < 0:001) (Figure 2(d)), but
decreasing crypt depth (P < 0:05) (Figure 2(c)) and the
AOD of TUNEL staining (P < 0:01) (Figure 2(e)) of the jeju-
num tissue than those of Ctrl. Compared with Ctrl, FQT also
improved the morphology of the jejunum (Figure 2(a)) by

increasing villus height (P < 0:05) (Figure 2(b)) and villus
height/crypt depth ratio (P < 0:01) (Figure 2(d)) but had
no significant effect on crypt depth (P < 0:05) (Figure 2(c))
and decreasing the AOD of TUNEL staining (P < 0:05)
(Figure 2(e)) of the jejunum tissue. These results suggested
that dietary quercetin supplementation and FMT improved
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Figure 1: The effect of dietary quercetin supplementation and FMT on diarrhea, intestinal damage, and redox imbalance in weanling piglets.
(a) Fecal scores of piglets. (b) Western blot of tight junction proteins Claudin-1 and occludin in the jejunum tissue. (c–g) Antioxidant indices
including T-AOC, CAT, MDA, GSH/GSSG, and NO in the jejunum tissue. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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Figure 2: The effect of dietary quercetin supplementation and FMT on intestinal morphology and intestinal epithelial apoptosis in weanling
piglets. (a) Representative H&E or TUNEL stained jejunum sections. (b) Villus height. (c) Crypt depth. (d) Villus height/crypt depth ratio.
(e) AOD of TUNEL staining (green). Scale bar 500 μm (H&E) and 100 μm (TUNEL); ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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intestinal morphology and intestinal epithelial apoptosis in
weanling piglets.

3.3. Dietary Quercetin Supplementation and FMT Shifted the
Structure and Diversity of Gut Microbiota in Weanling
Piglets. To explore the role of gut microbiota in the improve-
ment of jejunum damage and oxidative stress by dietary
quercetin supplementation and FMT in weanling piglets,
we profiled the gut microbiota using 16S rDNA amplicon
high-throughput sequencing. Rarefaction curve of OTU
number gradually becomes flat indicating that sequencing
data was adequate to present most species in the sample
(Figure 3(a)). The beta diversity among groups presented
by PCoA (PC1 and PC2 explained 48.85% of the variation)
illustrated that the QT group (P < 0:01) and FQT group
(P < 0:05) formed a distinct cluster markedly away from
the Ctrl group, respectively (Figure 3(b)). For single sample,
QT increased alpha diversity indices of observed species
(P < 0:01) (Figure 3(c)), Chao1 (P < 0:05) (Figure 3(d)),
ACE (P < 0:05) (Figure 3(e)), and PD_whole_tree (P < 0:01)
(Figure 3(h)) but had no effect on Shannon (Figure 3(f)),
Simpson (Figure 3(g)), and Coverage (Figure 3(i)) than those
of Ctrl. Compared with Ctrl, FQT increased ACE (P < 0:05)
(Figure 3(e)). These results suggested that dietary quercetin
supplementation and FMT shifted the structure and diversity
of gut microbiota in weanling piglets.

3.4. Dietary Quercetin Supplementation and FMT Altered the
Taxon Abundance of Gut Microbiota in Weanling Piglets.
The linked bar plots illustrated that dietary quercetin supple-
mentation and FMT markedly shifted the relative abun-
dance of bacteria at different taxon levels including phylum
(Figure 4(a)), species (Figure 4(b)), family (Figure S2(a)),
order (Figure S2(b)), and genus (Figure S2(c)). In detail,
QT increased the relative abundances of Fibrobacteres
(P < 0:05) (Figure 4(c)), Akkermansia muciniphila (P < 0:01)
(Figure 4(e)), Clostridium butyricum (P < 0:01) (Figure 4(f)),
Clostridium celatum (P < 0:01) (Figure 4(g)), and Prevotella
copri (P < 0:05) (Figure 4(i)) but decreased the relative abun-
dances of Proteobacteria (P < 0:01) (Figure 4(d)), Lactobacil-
lus coleohominis (P < 0:01) (Figure 4(h)), and Ruminococcus
bromii (P < 0:05) (Figure 4(j)) than those of Ctrl. FQT
increased the relative abundances ofAkkermansia muciniphila
(P < 0:05) (Figure 4(e)) but decreased the relative abundances
of Proteobacteria (P < 0:05) (Figure 4(d)) than those of Ctrl.
These results suggested that dietary quercetin supplementa-
tion and FMT altered the taxon abundance of gut microbiota
in weanling piglets.

3.5. Dietary Quercetin Supplementation and FMT Altered the
Phenotype of Gut Microbiota in Weanling Piglets. We deter-
mined the biologically relevant gut microbiome phenotype
at organism level using BugBase [35]. The results showed
that QT and FQT had no effect on the relative abundance
of aerobic trait (Figure 5(a)) and facultatively anaerobic trait
(Figure 5(c)) but significantly increased the relative abun-
dance of anaerobic trait (P < 0:01 for Ctrl vs. QT and P <
0:05 for Ctrl vs. FQT) (Figure 5(b)). Taxa-contribution plots
that depicted the relative abundances of trait-possessing taxa

showed that genera, including Campylobacter and Lactoba-
cillus, mainly contribute to the aerobic trait (Figure 5(d));
genera including Blautia, Dorea, Oscillospira, Parabacter-
oides, Phascolarctobacterium, Prevotella, Roseburia, Rumino-
coccus, Treponema, Prevotella, Ruminococcus, Eubacterium
biforme, Prevotella copri, Faecalibacterium prausnitzii, and
Prevotella stercorea mainly contribute to the anaerobic trait
(Figure 5(e)); genera (Catenibacterium, Streptococcus, and
p-75-a5), phylum 1630-c5, and species Lactobacillus reuteri
mainly contribute to the facultatively anaerobic trait
(Figure 5(f)). These results suggested that dietary quercetin
supplementation and FMT significantly increased the anaer-
obic trait of gut microbiota in weanling piglets.

3.6. Dietary Quercetin Supplementation and FMT Altered the
Function and Metabolites of Gut Microbiota in Weanling
Piglets.We investigated the function alteration of gut micro-
biota using PICRUSt2 and further analyzed their difference
with the software STAMP [36]. Compared with Ctrl, QT
increased the functions of membrane transport, carbohy-
drate metabolism, translation, replication and repair, and
nucleotide metabolism but decreased the functions of global
and overview maps, amino acid metabolism, metabolism of
cofactors and vitamins, and energy metabolism (Figure 6(a)).
FQT increased the functions of carbohydrate metabolism,
membrane transport, translation, nucleotidemetabolism, lipid
metabolism, replication and repair, and xenobiotics biodegra-
dation and metabolism but decreased the functions of global
and overview maps, metabolism of cofactors and vitamins,
amino acidmetabolism, energymetabolism, glycan biosynthe-
sis, and metabolism than those of Ctrl (Figure 6(b)). Among
these shifted functions of the gut microbiota, carbohydrate
metabolism function is responsible for the gut microbial fer-
mentation of carbohydrates under a strictly anaerobic envi-
ronment to produce SCFAs which benefit the host [37].
Compared with Ctrl, QT increased the SCFAs concentrations
of colonic stool and jejunal stool including propionic acid
(P < 0:01) and butyric acid (P < 0:05) (Figures 6(c) and
6(d)). FQT also increased the SCFA concentrations including
propionic acid (P < 0:05) in colonic stool (Figure 6(c)), as well
as propionic acid (P < 0:01) and butyric acid (P < 0:05) in
jejunal stool (Figure 6(d)). These results suggested that dietary
quercetin supplementation and FMT altered the function and
metabolites of gut microbiota in weanling piglets.

3.7. The Identified Differential Bacteria were Notably
Corrected with the Indices of Antioxidant Capacity and
Intestinal Integrity in Weanling Piglets. We employed Spear-
man’s rank correlation coefficient and significance testing to
determine the correlation between the identified differential
bacteria and the indices of antioxidant capacity and intesti-
nal integrity. With LDA value > 4, we identified Oscillospira
as marker taxon of Ctrl; Veillonellaceae, Phascolarctobacter-
ium, Clostridia, Clostridiales, and Prevotella copri as marker
taxon of QT; and Erysipelotrichaceae, Erysipelotrichi, and
Erysipelotrichales as marker taxon of FQT (Figure 7(a)).
Cladogram based on LEfSe analysis helps visualize the most
importance microbial communities in each group. Clado-
gram plot indicated that Oscillospira was the marker taxon
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Figure 3: The effect of dietary quercetin supplementation and FMT on gut microbiota in weanling piglets. (a) Multisamples’ rarefaction
curves of OTU numbers that detected from a randomly sampled sequence. (b) The structure shifts (beta diversity) presented by PCoA
plot based on unweighted UniFrac. (c–i) The alpha diversity indices of observed species, Chao1, ACE, Shannon, Simpson, PD_whole_
tree, and Coverage. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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of Ctrl; Prevotella copri, Phascolarctobacterium, Veillonella-
ceae, and Clostridiales were the marker taxon of QT; Erysipe-
lotrichaceae and Erysipelotrichales were the marker taxon of
FQT (Figure 7(b)). For the indices of antioxidant capacity
(Figure 7(c)), Fibrobacteres (P < 0:001), Erysipelotrichales
(P < 0:05), Erysipelotrichaceae (P < 0:05), Erysipelotrichi
(P < 0:05), jejunal propionic acid (P < 0:01), jejunal butyric
acid (P < 0:01), colonic propionic acid (P < 0:05), and
colonic butyric acid (P < 0:05) were positively associated
with T-AOC, but Oscillospira (P < 0:001) and Lactobacillus

coleohominis (P < 0:001) were negatively associated with T-
AOC. Fibrobacteres (P < 0:05), Clostridium butyricum
(P < 0:05), Prevotella copri (P < 0:05), jejunal propionic acid
(P < 0:001), colonic propionic acid (P < 0:05), and colonic
butyric acid (P < 0:05) were positively associated with
CAT, but Oscillospira (P < 0:001) and Lactobacillus coleoho-
minis (P < 0:001) were negatively associated with CAT.
Oscillospira (P < 0:001), Proteobacteria (P < 0:05), and Lac-
tobacillus coleohominis (P < 0:001) were positively associated
with MDA, but jejunal propionic acid (P < 0:01) and jejunal
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Figure 4: The effect of dietary quercetin supplementation and fmt on the taxon abundance of gut microbiota in weanling piglets. The
relative abundance of gut microbiota at levels of phylum (a) and species (b), respectively. (c–j) The relative abundance changes of
differential bacteria. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.

10 Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

Ctrl QT FQT
0.00

0.05

0.10

0.15

0.20

Aerobic trait

Re
la

tiv
e a

bu
nd

an
ce

(a)

Ctrl QT FQT
0.0

0.5

1.0

1.5

Anaerobic trait

Re
la

tiv
e a

bu
nd

an
ce

⁎

⁎⁎

(b)

Ctrl QT FQT
0.00

0.05

0.10

0.15

Facultatively anaerobic trait

Re
la

tiv
e a

bu
nd

an
ce

(c)

Ctrl QT FQT
0.00

0.02

0.04

0.06

Re
lat

iv
e a

bu
nd

an
ce

 (%
)

Aerobic trait

g__Campylobacter
g__Lactobacillus
Other

(d)

Figure 5: Continued.

11Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

butyric acid (P < 0:05) were negatively associated with
MDA. Fibrobacteres (P < 0:05), Erysipelotrichales (P < 0:05
), Erysipelotrichaceae(P<0.05), Erysipelotrichi (P < 0:05),
jejunal propionic acid (P < 0:01), and colonic propionic acid
(P < 0:01) were positively associated with GSH/GSSG. For
the indices of intestinal integrity, Fibrobacteres (P < 0:05),
jejunal propionic acid (P < 0:01), and colonic butyric acid
(P < 0:05) were positively associated with villus height/villus
depth. Oscillospira was positively associated with TUNEL_
AOD (P < 0:01), but Clostridium butyricum, jejunal propio-
nic acid (P < 0:01), and colonic propionic acid (P < 0:05)
were negatively associated with TUNEL_AOD (P < 0:05).
Akkermansia muciniphila was positively associated with
Claudin-1 (P < 0:01). Jejunal propionic acid (P < 0:01), jeju-
nal butyric acid (P < 0:05), and colonic butyric acid (P < 0:05
) were positively associated with occludin, but Oscillospira
was negatively associated with occludin (P < 0:01). Overall,
the identified differential bacteria and increased SCFAs were
closely correlated with the indices of antioxidant capacity
and intestinal integrity.

4. Discussion

Early weaning stress-induced intestinal damage and further
oxidative stress triggered gut microbiota dysbiosis and intes-
tinal function disorder [1]. The gut microbiota dysbiosis
emerges as a leading cause of enteric infections and post-
weaning diarrhea because of gut microbiota’s function on
digestion and fermentation of dietary nutrients, mainte-
nance of normal functions of the intestine, regulation of
the immune responses, and protection from pathogenic bac-
teria [1, 38, 39]. Recent studies indicated that dietary antiox-
idant supplementation can effectively improve redox status,
gut microbiota, and intestinal function of piglets in response
to early weaning stress [40, 41]. Quercetin, as a flavonoid
polyphenol, showed excellent antioxidative capacity tested
in vitro for supplementation in pig diet [9]. Studies with
rodent models showed that quercetin could reduce obesity
and improve the oxidative stress by restoring the gut micro-
biota dysbiosis [14, 15]. However, there is a lack of research
focused on quercetin’s beneficial effects on pigs [16]. For
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Figure 5: The effect of dietary quercetin supplementation and FMT on the phenotype of gut microbiota in weanling piglets. Gut microbial
phenotype prediction using BugBase including aerobic (a), anaerobic (b), and facultatively anaerobic (c), respectively. Taxa-contribution
plots depicting the relative abundances of trait-possessing taxa at species level including aerobic species (d), anaerobic species (e), and
facultatively anaerobic species (f), respectively. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. g, genus; s, species; p, phylum.
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Figure 6: Continued.
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weaning piglets, the weaning stress-induced intestinal
inflammation and damage triggered the release of reactive
species such as NO and oxygen into the intestinal lumen
which result in the apoptosis of intestinal epithelial cell
and serve diarrhea [1]. Here, we found that dietary 0.1%
quercetin supplementation (1000mg/kg diet) or FMT from
quercetin-treated piglets could improve diarrhea, intestinal
barrier function, redox balance, intestinal morphology, and
intestinal epithelial apoptosis in weanling piglets. Compared
well with our results, the Psidium guajava leaf extract with
quercetin as active constituent relieved infectious diarrhea
induced by enteropathogenic Escherichia coli in rats [42].
Weaning transition generally results in small intestine atro-
phy, reduction in nutrient and electrolyte absorption, and
decreased barrier function [1]. We found that dietary quer-
cetin not only improved the barrier function indicated by
increased the expression of tight junction protein occludin
but also relieved small intestine atrophy by improving villus
height, crypt depth, and villus height/crypt depth ratio in the
jejunum tissue. These benefits of dietary quercetin were fur-
ther confirmed by the increased ADG and ADFI. As antiox-
idant compounds, polyphenols are capable of scavenging
free radicals and alleviating intestinal disorders associated
with oxidative stress [7]. Given that weaning stress triggers
oxidative stress, which is characterized by an imbalance
between the production of free radicals and the scavenging
ability of the antioxidant defense system, has been involved
in the intestinal disorders [1, 4, 5], we further determined
the oxidative indices and found that dietary quercetin
increased antioxidant capacity of the jejunum indicated by
increased T-AOC, CAT, and GSH/GSSG but decreased oxi-
dative metabolite MDA. Similarly, polyphenol extracted
from wild Lonicera caerulea berry can effectively enhance

antioxidant capacity in vitro and in vivo [43]. Therefore, die-
tary quercetin could attenuate intestinal damage and redox
imbalance in weanling piglets.

Earlier research found that pig cecal microbiota had the
capacity to degrade quercetin monoglycosides [44]. Besides,
increasing evidences indicated that the gut microbiota con-
tributes to the beneficial effect of polyphenols, especially
quercetin [11, 45, 46]. In this study, fecal microbiota from
quercetin-treated piglets had a comparable effect on attenu-
ating intestinal damage and redox imbalance, indicating that
gut microbiota mediated quercetin’s beneficial effect in
weanling piglets. These beneficial effects of quercetin-
shifted gut microbiota indicated that dietary quercetin could
by regulating gut microbiota not just by the direct involve-
ment of antioxidant/anti-inflammatory pathways to play its
pharmacological effects. Similarly, Jang et al. demonstrated
that cocoa-derived polyphenols can contribute to gut health
in association with gut microbiota in pigs [47]. We further
discovered the shift of gut microbiota using 16S rDNA
high-throughput sequencing and beta diversity presented
by PCoA among groups showed that quercetin or FMT from
quercetin-treated piglets not only significantly shifted the
structure of gut microbiota but also increased their alpha
diversity in weanling piglets. This gut microbiota-shift effect
had been also found in tea polyphenols, which improved the
diversity of gut microbiota dysbiosis induced by antibiotic in
mice [48]. Compared with untreated piglets, quercetin
increased the SCFA-producing bacteria (Fibrobacteres, Clos-
tridium butyricum, Clostridium celatum, and Prevotella
copri) ([37, 49]) and anti-inflammation Akkermansia mucini-
phila [50] but decreased the relative abundances of Lactobacil-
lus coleohominis, Ruminococcus bromii, and Proteobacteria
that is a microbial signature of dysbiosis in gut microbiota
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Figure 6: The effect of dietary quercetin supplementation and FMT on the function and metabolites of gut microbiota in weanling piglets.
The significant difference of functional composition of gut microbiota for Ctrl vs. QT (a) and Ctrl vs. FQT (b). The gut microbial metabolite
SCFAs including acetic acid, propionic acid, butyric acid, isobutyric acid, isovaleric acid, and valeric acid in colonic stool and jejunal stool,
respectively. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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Figure 7: Continued.
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[51]. Comparable with quercetin treatment, FMT from
quercetin-treated piglets increased the relative abundances of
Akkermansia muciniphila but decreased the relative abun-
dances of Proteobacteria than those of untreated piglets. These
results suggested that dietary quercetin supplementation or
FMT from quercetin-treated piglets increased the diversity of
gut microbiota and enriched beneficial bacteria but decreased
potential pathogenic bacteria in weanling piglets.

Given that reactive oxygen species (ROS) enriched in
inflamed intestine is able to trigger gut microbiota dysbiosis
[1, 52–54], we employed BugBase, a novel method for ana-
lyzing complex microbiome data and providing biologically
relevant microbiome phenotype predictions, to determine
the effect of quercetin on gut microbiome phenotype [35].
We found that dietary quercetin supplementation or FMT
from quercetin-treated piglets significantly increased the rel-
ative abundance of anaerobic trait. The gut microbes are
extremely oxygen sensitive, and therefore, they have own
individual ecological niche along the gut lumen [55, 56].
Nitrate and ROS derived from the intestine confer the aero-
bic and facultative anaerobic microbes with growth superi-

ority than obligate anaerobic bacteria in the inflamed gut
[54, 57]. Therefore, the shift of gut microbiome phenotype
was compared well with the enhanced anticapacity by die-
tary quercetin supplementation or FMT from quercetin-
treated piglets. Further analysis of the relative abundances
of trait-possessing taxa indicated that genera including
Blautia, Dorea, Oscillospira, Parabacteroides, Phascolarcto-
bacterium, Prevotella, Roseburia, Ruminococcus, Treponema,
Prevotella, Ruminococcus, Eubacterium biforme, Prevotella
copri, Faecalibacterium prausnitzii, and Prevotella stercorea
mainly contribute to the anaerobic trait. The anaerobic envi-
ronment in hindgut contributes to the fermentation of car-
bohydrates to produce the SCFAs, which generally benefit
host [37, 49]. Therefore, dietary quercetin supplementation
or FMT from quercetin-treated piglets increased anaerobic
trait and improved the dysbiosis of gut microbiota in wean-
ling piglets.

We further determined the effect of dietary quercetin
supplementation or FMT from quercetin-treated piglets on
gut microbial function using PICRUSt2 and found that they
both increased the functions of carbohydrate metabolism,
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Figure 7: The correlation between the identified differential bacteria and the indices of antioxidant capacity and intestinal integrity. (a) LDA
value distribution histogram. (b) Cladogram based on LEfSe analysis. Circles from inner to outer layers represent taxonomic level from
phylum to species. The dots on circles represent a term on corresponding taxonomic level. The size of the dots indicates relative
abundance. Species with certain color means the abundance of this species is the highest in corresponding group. (c) Heat map of
Spearman’s rank correlation coefficient and significant test between the differential bacteria/marker bacteria and the antioxidant indices/
intestinal integrity indices, respectively. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. p, phylum; c, class; f, family; g, genus; s, species.
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membrane transport, translation, and nucleotide metabo-
lism but decreased the functions of global and overview
maps, metabolism of cofactors and vitamins, amino acid
metabolism, and energy metabolism. Among these shifted
functions of the gut microbiota, carbohydrate metabolism
function is responsible for the gut microbial fermentation
of carbohydrates under a strictly anaerobic environment to
produce SCFAs which benefit the host [37]. These results
were compared well with the increased the relative abun-
dance of anaerobic trait, which were further supported by
the increased SCFA concentrations in colonic stool and jeju-
nal stool. Propionic acid could improve intestinal barrier
function and reduce inflammation and oxidative stress via
the signal transducer and activator of transcription 3 signal-
ing pathway in dextran sulfate sodium-induced colitis mice
[58]. Besides, stimulation of G-protein-coupled receptor 43
by SCFAs was necessary for the normal resolution of intesti-
nal inflammatory responses [59]. Therefore, the increased
SCFAs by dietary quercetin supplementation and FMT
may contribute to the improvement of diarrhea and intesti-
nal damage in weanling piglets. This role of SCFAs was fur-
ther validated by the significantly positive correlation among
the increased SCFA concentration and antioxidative indices.
Besides, dietary quercetin supplementation or FMT from
quercetin-treated piglets shifted bacteria were significantly
in correlation with the indices of antioxidant capacity and
intestinal integrity. Overall, dietary quercetin supplementa-
tion attenuated intestinal damage by improving the antioxi-
dant capacity and regulating gut microbial structure and
metabolism in piglets.

5. Conclusion

Our results revealed dietary quercetin supplementation
attenuated diarrhea and intestinal damage by enhancing
the antioxidative capacity and thereby increased gut micro-
biota’s anaerobic trait and carbohydrate metabolism func-
tion, which promoted the SCFA production. Further, FMT
suggested that gut microbiota mediated the beneficial effect
of dietary quercetin supplementation on attenuating diar-
rhea and intestinal damage in weanling piglets.

Data Availability

The datasets used and/or analyzed during the current study
are available from the corresponding author on reasonable
request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

Baoyang Xu and Libao Ma designed the experiment. Wenxia
Qin, Yunzheng Xu, Wenbo Yang, Yuwen Chen, Jianan
Zhao, and Juncheng Huang performed the experiment and
analyzed the experimental data. Baoyang Xu, Wenxia Qin,

and Libao Ma wrote this paper. All authors critically
reviewed and approved the manuscript. Baoyang Xu and
Wenxia Qin contributed equally to this work.

Acknowledgments

This work was supported by the National Natural Science
Foundation Regional Innovation and Development Joint
Fund Project (U20A2055) and School Independent Innova-
tion Fund (2662019PY059).

Supplementary Materials

Supplementary 1. Figure S1: the effect of dietary quercetin
supplementation and FMT on the ADFI and ADG of piglets.
(a) ADFI at d0-d7 and d7-d14 postweaning of piglets. (b)
ADG at d0-d7 and d7-d14 postweaning of piglets. ∗P < 0:05,
∗∗P < 0:01, and ∗∗∗P < 0:001.
Supplementary 2. Figure S2: the effect of dietary quercetin
supplementation and FMT on the taxon abundance of gut
microbiota in weanling piglets. Linked bar plot of the rela-
tive abundance of gut microbiota at levels of Family (a),
Order (b), and Genus (c), respectively.

Supplementary 3. Table S1: ingredients and nutrients com-
position of the basal diet offered to piglets.

References

[1] R. Gresse, F. Chaucheyras-Durand, M. A. Fleury, T. Van de
Wiele, E. Forano, and S. Blanquet-Diot, “Gut microbiota dys-
biosis in postweaning piglets: understanding the keys to
health,” Trends in Microbiology, vol. 25, no. 10, pp. 851–873,
2017.

[2] J. M. Campbell, J. D. Crenshaw, and J. Polo, “The biological
stress of early weaned piglets,” Journal of Animal Science and
Biotechnology, vol. 4, no. 1, p. 19, 2013.

[3] J. P. Lallès, P. Bosi, H. Smidt, and C. R. Stokes, “Nutritional
management of gut health in pigs around weaning,” The Pro-
ceedings of the Nutrition Society, vol. 66, no. 2, pp. 260–268,
2007.

[4] J. Yin, M. M. Wu, H. Xiao et al., “Development of an antioxi-
dant system after early weaning in piglets,” Journal of Animal
Science, vol. 92, no. 2, pp. 612–619, 2014.

[5] L. H. Zhu, K. L. Zhao, X. L. Chen, and J. X. Xu, “Impact of
weaning and an antioxidant blend on intestinal barrier func-
tion and antioxidant status in pigs,” Journal of Animal Science,
vol. 90, no. 8, pp. 2581–2589, 2012.

[6] S. Yazdankhah, K. Rudi, and A. Bernhoft, “Zinc and copper in
animal feed - development of resistance and co-resistance to
antimicrobial agents in bacteria of animal origin,” Microbial
Ecology in Health and Disease, vol. 25, 2014.

[7] T. Hussain, B. Tan, Y. Yin, F. Blachier, M. C. Tossou, and
N. Rahu, “Oxidative stress and inflammation: what polyphe-
nols can do for us?,” Oxidative Medicine and Cellular Longev-
ity, vol. 2016, Article ID 7432797, 9 pages, 2016.

[8] M. Harwood, B. Danielewska-Nikiel, J. F. Borzelleca, G. W.
Flamm, G. M. Williams, and T. C. Lines, “A critical review of
the data related to the safety of quercetin and lack of evidence
of in vivo toxicity, including lack of genotoxic/carcinogenic

17Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2021/6221012.f1.pdf
https://downloads.hindawi.com/journals/omcl/2021/6221012.f2.pdf
https://downloads.hindawi.com/journals/omcl/2021/6221012.f3.docx


RE
TR
AC
TE
D

properties,” Food and Chemical Toxicology, vol. 45, no. 11,
pp. 2179–2205, 2007.

[9] H. Vergauwen, S. Prims, J. Degroote et al., “In vitro investiga-
tion of six antioxidants for pig diets,” Antioxidants, vol. 5,
no. 4, 2016.

[10] R. Santangelo, A. Silvestrini, and C. Mancuso, “Ginsenosides,
catechins, quercetin and gut microbiota: current evidence of
challenging interactions,” Food and Chemical Toxicology,
vol. 123, pp. 42–49, 2019.

[11] U. Shabbir, M. Rubab, E. B. Daliri, R. Chelliah, A. Javed, and
D. H. Oh, “Curcumin, quercetin, catechins and metabolic dis-
eases: the role of gut microbiota,” Nutrients, vol. 13, no. 1,
p. 206, 2021.

[12] P. S. Cooke, T. E. Spencer, F. F. Bartol, and K. Hayashi, “Uter-
ine glands: development, function and experimental model
systems,” Molecular Human Reproduction, vol. 19, no. 9,
pp. 547–558, 2013.

[13] M. C. Wu and P. J. Dziuk, “Ovarian influence on uterine
growth in prepubertal gilts,” Journal of Animal Science,
vol. 66, no. 11, pp. 2893–2898, 1988.

[14] L. Zhao, Q. Zhang, W. Ma, F. Tian, H. Shen, and M. Zhou, “A
combination of quercetin and resveratrol reduces obesity in
high-fat diet-fed rats by modulation of gut microbiota,” Food
& Function, vol. 8, no. 12, pp. 4644–4656, 2017.

[15] Z. Hong and M. Piao, “Effect of quercetin monoglycosides
on oxidative stress and gut microbiota diversity in mice
with dextran sodium sulphate-induced colitis,” BioMed
Research International, vol. 2018, Article ID 8343052, 7
pages, 2018.

[16] M. Luehring, R. Blank, and S. Wolffram, “Vitamin E-sparing
and vitamin E-independent antioxidative effects of the flavo-
nol quercetin in growing pigs,” Animal Feed Science and Tech-
nology, vol. 169, no. 3, pp. 199–207, 2011.

[17] A. Khoruts and M. J. Sadowsky, “Understanding the mecha-
nisms of faecal microbiota transplantation,” Nature Reviews
Gastroenterology & Hepatology, vol. 13, no. 9, pp. 508–516,
2016.

[18] S. Dong, M. Zhu, K. Wang et al., “Dihydromyricetin improves
DSS-induced colitis in mice via modulation of fecal-bacteria-
related bile acid metabolism,” Pharmacological Research,
vol. 171, article 105767, 2021.

[19] M. Wu, P. Li, Y. An et al., “Phloretin ameliorates dextran sul-
fate sodium-induced ulcerative colitis in mice by regulating the
gut microbiota,” Pharmacological Research, vol. 150, article
104489, 2019.

[20] P. Ader, A. Wessmann, and S. Wolffram, “Bioavailability and
metabolism of the flavonol quercetin in the pig,” Free Radical
Biology & Medicine, vol. 28, no. 7, pp. 1056–1067, 2000.

[21] J. Degroote, H. Vergauwen, N. Van Noten et al., “The effect of
dietary quercetin on the glutathione redox system and small
intestinal functionality of weaned piglets,” Antioxidants,
vol. 8, no. 8, p. 312, 2019.

[22] B. Xu, W. Qin, Y. Yan et al., “Gut microbiota contributes to the
development of endometrial glands in gilts during the ovary-
dependent period,” Journal of Animal Science and Biotechnol-
ogy, vol. 12, no. 1, p. 57, 2021.

[23] G. F. Yi, J. A. Carroll, G. L. Allee et al., “Effect of glutamine and
spray-dried plasma on growth performance, small intestinal
morphology, and immune responses of Escherichia coli
K88+-challenged weaned pigs,” Journal of Animal Science,
vol. 83, no. 3, pp. 634–643, 2005.

[24] Y. Gavrieli, Y. Sherman, and S. A. Ben-Sasson, “Identification
of programmed cell death in situ via specific labeling of nuclear
DNA fragmentation,” The Journal of Cell Biology, vol. 119,
no. 3, pp. 493–501, 1992.

[25] C. A. Schneider, W. S. Rasband, and K. W. Eliceiri, “NIH
Image to Image J: 25 years of image analysis,” Nature Methods,
vol. 9, no. 7, pp. 671–675, 2012.

[26] B. Xu, Y. Yan, B. Yin et al., “Dietary glycyl-glutamine supple-
mentation ameliorates intestinal integrity, inflammatory
response, and oxidative status in association with the gut
microbiota in LPS-challenged piglets,” Food & Function,
vol. 12, no. 8, pp. 3539–3551, 2021.

[27] A. M. Bolger, M. Lohse, and B. Usadel, “Trimmomatic: a flex-
ible trimmer for Illumina sequence data,” Bioinformatics,
vol. 30, no. 15, pp. 2114–2120, 2014.

[28] A. Kechin, U. Boyarskikh, A. Kel, and M. Filipenko, “cutPri-
mers: a new tool for accurate cutting of primers from reads
of targeted next generation sequencing,” Journal of Computa-
tional Biology, vol. 24, no. 11, pp. 1138–1143, 2017.

[29] R. C. Edgar, “UPARSE: highly accurate OTU sequences from
microbial amplicon reads,” Nature Methods, vol. 10, no. 10,
pp. 996–998, 2013.

[30] R. C. Edgar, B. J. Haas, J. C. Clemente, C. Quince, and
R. Knight, “UCHIME improves sensitivity and speed of chi-
mera detection,” Bioinformatics, vol. 27, no. 16, pp. 2194–
2200, 2011.

[31] C. Quast, E. Pruesse, P. Yilmaz et al., “The SILVA ribosomal
RNA gene database project: improved data processing and
web-based tools,” Nucleic Acids Research, vol. 41, pp. D590–
D596, 2013.

[32] T. Z. DeSantis, P. Hugenholtz, N. Larsen et al., “Greengenes, a
chimera-checked 16S rRNA gene database and workbench
compatible with ARB,” Applied and Environmental Microbiol-
ogy, vol. 72, no. 7, pp. 5069–5072, 2006.

[33] G. M. Douglas, V. J. Maffei, J. R. Zaneveld et al., “PICRUSt2 for
prediction of metagenome functions,” Nature Biotechnology,
vol. 38, no. 6, pp. 685–688, 2020.

[34] Y. Yan, B. Xu, B. Yin et al., “Modulation of gut microbial com-
munity and metabolism by dietary glycyl-glutamine supple-
mentation may favor weaning transition in piglets,” Frontiers
in Microbiology, vol. 10, article 3125, 2019.

[35] T. Ward, J. Larson, J. Meulemans et al., “BugBase predicts
organism-level microbiome phenotypes,” 2017.

[36] D. H. Parks, G. W. Tyson, P. Hugenholtz, and R. G. Beiko,
“STAMP: statistical analysis of taxonomic and functional pro-
files,” Bioinformatics, vol. 30, no. 21, pp. 3123-3124, 2014.

[37] G. den Besten, K. van Eunen, A. K. Groen, K. Venema, D.-
J. Reijngoud, and B. M. Bakker, “The role of short-chain fatty
acids in the interplay between diet, gut microbiota, and host
energy metabolism,” Journal of Lipid Research, vol. 54, no. 9,
pp. 2325–2340, 2013.

[38] C. G. Buffie and E. G. Pamer, “Microbiota-mediated coloniza-
tion resistance against intestinal pathogens,” Nature Reviews
Immunology, vol. 13, no. 11, pp. 790–801, 2013.

[39] N. Kamada, S. U. Seo, G. Y. Chen, and G. Nunez, “Role of
the gut microbiota in immunity and inflammatory disease,”
Nature Reviews Immunology, vol. 13, no. 5, pp. 321–335,
2013.

[40] J. Xu, C. Xu, X. Chen et al., “Regulation of an antioxidant blend
on intestinal redox status and major microbiota in early
weaned piglets,” Nutrition, vol. 30, no. 5, pp. 584–589, 2014.

18 Oxidative Medicine and Cellular Longevity



Review Article
Emerging Pathological Engagement of Ferroptosis in Gut Diseases

Weihua Gao ,1,2,3 Ting Zhang ,1,3,4 and Hao Wu 1,3,4

1Hubei Hongshan Laboratory, Wuhan, Hubei 430070, China
2State Key Laboratory of Agricultural Microbiology, College of Animal Science and Technology, Huazhong Agricultural University,
Wuhan 430070, China
3Interdisciplinary Sciences Institute, Huazhong Agricultural University, Wuhan, Hubei 430070, China
4State Key Laboratory of Agricultural Microbiology, College of Veterinary Medicine, Huazhong Agricultural University,
Wuhan 430070, China

Correspondence should be addressed to Hao Wu; whao.1988@mail.hzau.edu.cn

Weihua Gao and Ting Zhang contributed equally to this work.

Received 18 June 2021; Accepted 6 October 2021; Published 25 October 2021

Academic Editor: Alin Ciobica

Copyright © 2021 Weihua Gao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Inflammatory bowel disease (IBD), including ulcerative colitis and Crohn’s disease, is mainly characterized by chronic and
progressive inflammation that damages the gastrointestinal mucosa. Increasing studies have enlightened that dysregulated cell
death occurs in the inflamed sites, leading to the disruption of the intestinal barrier and aggravating inflammatory response.
Ferroptosis, a newly characterized form of regulated cell death, is driven by the lethal accumulation of lipid peroxides catalyzed
by cellular free iron. It has been widely documented that the fundamental features of ferroptosis, including iron deposition,
GSH exhaustion, GPX4 inactivation, and lipid peroxidation, are manifested in the injured gastrointestinal tract in IBD patients.
Furthermore, manipulation of the critical ferroptotic genes could alter the progression, severity, or even morbidity of the
experimental colitis. Herein, we critically summarize the recent advances in the field of ferroptosis, focusing on interpreting the
potential engagement of ferroptosis in the pathogenesis of IBD. Moreover, we are attempting to shed light on a perspective
insight into the possibility of targeting ferroptosis as novel therapeutic designs for the clinical intervention of these
gastrointestinal diseases.

1. Introduction

Ferroptosis, a novel nonapoptotic form of regulated cell
death driven by the lethal accumulation of iron-catalyzing
lipid peroxides, was firstly defined by Dixon and colleagues
in 2012 [1]. Since then, ferroptosis has been widely charac-
terized in a wide spectrum of cultured cells and animal
models. Distinct from other well-understood forms of regu-
lated cell death, ferroptosis relies on the dedicated executing
machinery constituted of the peroxidation of polyunsatu-
rated fatty acid- (PUFA-) containing phospholipids (PLs),
the availability of redox-active iron, and the inactivation of
the lipid peroxide repair system [2]. Morphologically, fer-
roptosis is typically manifested by the shrinkage of mito-
chondria with increased membrane density and reduction

in mitochondrial cristae [1, 3]. However, the hallmarks of
apoptotic cell death, including plasma membrane blebbing
and chromatin condensation, as well as the morphological
character of necroptosis, swelling of cytoplasmic organelles,
are rarely observed during ferroptotic cell death [4, 5]. Bio-
chemically, the cytochrome c release, caspase activation,
and poly(ADP-ribose) polymerase 1 cleavage (the biochem-
ical hallmarks of apoptosis), as well as the activation of
receptor-interacting protein 1, receptor-interacting protein
3, and mixed lineage kinase-like (the biochemical hallmarks
of necroptosis), are dispensable for ferroptosis.

Over the years, extensive progress has been achieved in
the field of ferroptosis. Specifically, the identification of
potent inducers (e.g., Erastin, RSL3, FIN56, and FINO2)
and specific inhibitors (e.g., DFO, Fer-1, and Lip-1) and
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the characterization of core regulatory components (e.g.,
SLC7A11, GPX4, FSP1, P53, and NRF2) support the funda-
mental understanding of the ferroptotic cell death (Figure 1).
Moreover, emerging pieces of evidence suggest the patholog-
ical implication of dysregulated ferroptosis in the occurrence
or progression of various human diseases. Herein, we sum-
marize the recent advances of ferroptosis and dissect the
potential engagement of ferroptosis in the pathogenesis of
gastrointestinal diseases, attempting to elaborate the possi-
bility of targeting ferroptosis in the therapeutic designs for
the clinical intervention of gastrointestinal diseases.

2. Ferroptosis

Numerous pioneering studies have enlightened the funda-
mental characteristics of ferroptosis prior to the concept
termed. In 1955, Eagle found that cystine deprivation trig-
gers cell death with a distinct microscopic morphology com-
pared to the deprivation of other amino acids [6, 7]. In the
following decades, increasing pieces of evidence emerged
that cystine deprivation leads to oxidative cell death in fibro-
blasts [8], embryonic cortical neurons [9, 10], and hepato-
cytes [11]. Besides, this cell death could be mitigated by the
lipophilic antioxidant vitamin E [8] and the iron chelator
deferoxamine (DFO) [12].

In 2003, Dolma and colleagues performed a lethal com-
pound screen of genotype-selective antitumor agents and
found that Erastin performs specific lethal cytotoxicity of
engineered cells expressing oncogenic RAS. However, this
cell death sharply differs from apoptosis. Specifically, neither
caspase activation nor nuclear fragmentation was observed
[4]. In 2008, two RAS-selective lethal compounds, RSL3
and RSL5, were identified in another compound screen
[13]. RSL3 and RSL5 induce similar nonapoptotic cell death.
Importantly, RSL3- and Erastin-mediated cell death could be
alleviated by DFO and vitamin E but not by the apoptosis
inhibitor z-VAD or necroptosis inhibitor necrostatin-1.
Therefore, ferroptosis was coined to describe this iron- and
lipid peroxidation-dependent cell death [1].

2.1. Ferroptosis Inducers and Inhibitors. Potent ferroptosis
inducers and specific ferroptosis inhibitors have been identi-
fied during the last decade. According to the respective
mechanisms of action, ferroptosis inducers are currently
classified into four groups:

(1) Glutathione (GSH) Scavengers. Erastin depletes GSH by
suppressing cystine uptake via restraining the cystine/gluta-
mine antiporter system XC

- [13]. Additionally, two metabol-
ically stable derivatives, Piperazine Erastin [14] and
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Figure 1: Key regulators and major signaling circuits of ferroptosis. Iron homeostasis directly influences ferroptotic sensitivity. Once
absorbed by cells, ferric iron (Fe3+) can be reduced into ferrous iron (Fe2+) and chelated by ferritin or existed as labile iron. The build-up
of LIP directly facilitates lipid peroxidation of PUFAs (especially AA or AdA) containing PE via the Fenton reaction. ACSL4 and
LPCAT3 are indispensable for motivating and esterifying the PUFAs into PE for the next peroxidation. LOX families also catalyze the
dioxygenation of PUFA-PE, which ultimately lead to the accumulation of lipid peroxides and cell membrane rupture. GPX4 acts as a
master regulator of ferroptosis by detoxifying lipid peroxides into lipid alcohol in support of its cofactor GSH. GSH synthesis relies on
multiple processes, especially the cysteine supply mediated by system XC

-. Besides, the FSP1-CoQ10-NADPH axis and GCH1-BH4 axis
function as lipophilic antioxidant systems parallel to the GPX4-GSH axis. The inducers and inhibitors of ferroptosis are indicated in red.
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Imidazole Ketone Erastin [15], equip better water solubility
and perform better antitumor activity in the xenograft
tumor model. Likewise, sulfasalazine [16], sorafenib [17],
and artesunate [18] also drive ferroptosis through exhaust-
ing GSH.

(2) Glutathione Peroxidase 4 (GPX4) Inhibitors. GPX4 is the
sole peroxidase for catalyzing lipid peroxides into the corre-
sponding lipid alcohols with the assistance of its cofactor
GSH [19]. This class of inducers, including RSL3, Altreta-
mine [20], and DPI17 [14], could directly inhibit GPX4.

(3) FIN56. FIN56 initiates ferroptosis via two distinct mech-
anisms. FIN56 induces GPX4 degradation in an elusive
manner. Alternatively, FIN56 activates squalene synthase
to deplete coenzyme Q10 (CoQ10) in the mevalonate path-
way and thus impair the cellular antioxidant capacity [21].

(4) FINO2. FINO2 represents a unique type of organic lipo-
philic peroxide, which oxidizes cellular labile iron preferen-
tially, leading to extensive oxidation of PUFAs. In addition,
indirect inactivation of GPX4 also contributes to the lethal
potency of FINO2 [22].

Similarly, the specific ferroptosis inhibitors could antag-
onize ferroptosis via different mechanisms. Firstly, iron che-
lators could confine labile free iron, leading to the
deceleration of lipid peroxidation. Secondly, β-mercap-
toethanol subverts Erastin-induced ferroptosis through
forming disulfide with cystine and facilitating cystine uptake
bypass system XC

- [23]. Thirdly, radical-trapping antioxi-
dants, including vitamin E and aromatic amine-based
ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1), could halt
the cascade of propagating lipid radicals and protect lipids
from autoxidation [3, 24]. Fourthly, lipoxygenase (LOX)
inhibitors, such as Zileuton (5-LOX inhibitor), Baicalein
(12-LOX inhibitor), and NDGA (general LOX inhibitor),
could counteract lipid peroxidation catalyzed by LOXs [25,
26]. Moreover, thiazolidinedione, the inhibitor of acyl-CoA
synthetase long-chain family member 4 (ACSL4), represses
the activation of PUFA esterification and consequently
reduces the oxidizable substrates addicted by ferroptosis
[27]. The identification of these inducers and inhibitors sup-
ported the primary understanding of the principal program
of ferroptosis.

2.2. Iron and Ferroptosis. The trace element iron is critically
important for tremendous biochemical processes, including
oxygen transport, DNA synthesis, transcription, damage
repair, redox reactions, and mitochondrial electron trans-
port [28]. Iron also acts as a redox-active toxicant when
excessive labile iron is available, which catalyzes reactive
oxygen species (ROS) generation via the Fenton reaction.
In general, most circulating iron is bound to the transferrin
(TF) in the form of ferric iron (Fe3+). TF-Fe is captured by
transferrin receptor 1 (TFR1) on the cell membrane and
absorbed through endocytosis. Fe3+ is then escaped from
the TF, reduced to ferrous iron (Fe2+) mediated by the endo-
some reductase (e.g., six-transmembrane epithelial antigen

of the prostate 3), and subsequently released to the cytosol
by divalent metal transporter 1 (DMT1/SLC11A2). Cytosolic
iron is persistently sequestered by ferritin or transported
into mitochondria for the biosynthesis of the iron-sulfur
cluster or heme, two vital iron-containing cofactors for hun-
dreds of proteins. The excessive cellular iron could be
exported by ferroportin (FPN) [28].

Iron-dependent lipid peroxidation is one of the most
fundamental characteristics of ferroptosis. It is thus expect-
able that manipulation of cellular iron metabolism or avail-
ability could change the ferroptotic sensitivity. Importantly,
knockdown of iron regulatory proteins 1 and 2 (IRP1/2),
the master cellular iron sensors and regulators, sharply
decreases the labile iron pool (LIP) and antagonizes ferrop-
tosis [1, 29]. Similarly, knockdown of TFR1 or ectopic over-
expression of FPN impairs effective intracellular iron
accumulation and abrogates ferroptosis [30, 31]. In addition,
phosphorylation of heat shock protein beta-1 was reported
to combat Erastin-induced ferroptosis by hindering TFR1
traffic through sustaining actin filaments and thus antago-
nizing iron uptake [32]. Recent studies revealed that ferri-
tinophagy, a selective autophagy to degrade ferritin for
iron motivation, plays a crucial role in ferroptosis initia-
tion. Nuclear receptor coactivator 4 (NCOA4) acts as the
selective cargo receptor responsible for recruiting and
delivering ferritin to lysosomes for degradation [33]. Knock-
down of autophagy-related genes (e.g., Atg5 and Atg7) or
ferritinophagy-specific Ncoa4 impairs ferritinophagy and
reduces the cellular labile iron, leading to ferroptotic insensi-
tivity in various cell lines [34, 35]. Burgeoning pieces of evi-
dence have put forward an indispensable involvement of
iron in ferroptosis. At least two potential mechanisms includ-
ing the Fenton reaction and activation of the enzymatic activ-
ity of iron-containing LOXs are implicated in iron facilitating
the ferroptotic program [36].

2.3. Lipid Peroxides and Ferroptosis. As the cornerstone of
cell membranes, lipid composition directly determines the
biomembrane properties including fluidity, permeability,
and integrity [37]. Increasing studies suggest that lipid
peroxidation serves as the ultimate executor for ferroptotic
cell death, although the exact mechanism is vague [38].
Lipid peroxidation leads to lipidomic alteration and com-
promise of the biomembrane properties (increased mem-
brane curvature and permeability, formation of structured
lipid pores, and micellization) [39, 40], which initiate exac-
erbating feedback to destruct biomembrane structure and
dynamics. Furthermore, 4-hydroxy-2-nonenals (4-HNEs)
and malondialdehydes (MDAs), two major secondary lipid
peroxidation products generated by the decomposition of
oxidized PUFAs, could bring out abnormal covalent mod-
ifications in proteins and nucleic acids, which could also
initiate the death program [41, 42].

PUFAs, rather than saturated fatty acids or monounsat-
urated fatty acids (MUFAs), are preferentially oxidized by
reactive radicals [26, 43, 44]. By utilizing redox lipidomic
assay, it was reported that only PLs containing PUFAs (espe-
cially arachidonoyl (AA) and adrenoyl (AdA)) are the lipid
precursors to undergo peroxidation preceding ferroptosis
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[45]. Exposure to exogenous PUFAs increases ferroptotic
sensitivity. In striking contrast, supplementation of deuter-
ated PUFAs, which are inactive to hydrogen abstraction, or
administration of exogenous MUFAs (oleic acid (OA)),
which competitively reduce PUFA incorporation into PLs,
remodels the lipidomic composition, decelerates the accu-
mulation of lipid peroxides, and thus potently protects cells
from ferroptosis [45–47]. Furthermore, pharmacological or
genetic suppression of lysophosphatidylcholine acyltransfer-
ase 3 (Lpcat3) and Acsl4, which are responsible for PUFA
activation and subsequent esterification for membrane inser-
tion, sharply prevents ferroptosis [1, 27, 45, 48, 49].

LOXs are nonheme, iron-containing dioxygenases with
diverse isoforms, which oxygenate AA at different carbon
positions [43, 50]. Early studies had demonstrated that defi-
ciency or silence of arachidonate-15-lipoxygenase (Alox15)
(encoding 12/15-LOX) or arachidonate-15-lipoxygenase
type B (Alox15b) and arachidonate lipoxygenase 3 (Aloxe3)
leads to dramatic resistance to GSH depletion-induced cell
death [47, 51, 52]. Moreover, supplementation of 5-, 12-,
and 15-hydroperoxyeicosatetraenoic acid, the production
of LOX catalysis, accelerates the ferroptotic program elicited
by GPX4 depletion [5]. Furthermore, inactivation of Alox15
is not sufficient to rescue the embryonic lethality of Gpx4−/−

mice [5, 50, 53]. One potential assumption is that LOX-
mediated lipid peroxidation mainly contributes to the initial
build-up of the cellular lipid peroxide pool, while lipid
autoxidation dominates the subsequent ferroptotic execu-
tion [25]. The alternative assumption is that other enzymes
exist to catalyze lipid peroxidation bypass LOXs. Specifically,
it was recently reported that NADPH-cytochrome P450
reductase (POR) and NADH-cytochrome b5 reductase
(CYB5R1) could mediate the peroxidation of PUFAs of
membrane PLs. By transferring electrons from the donor
NADPH, POR and CYB5R1 support the generation of
hydrogen peroxides, which subsequently react with iron to
generate reactive hydroxyl radicals for the PUFA peroxida-
tion [54, 55].

2.4. Antioxidant Defense Systems and Ferroptosis. To date,
three major antioxidant defense systems have been elabo-
rated to protect cells from ferroptosis including the GPX4-
GSH axis, FSP1-CoQ10-NADPH axis, and GCH1-BH4 axis.

The selenoprotein GPX4 is the sole peroxidase that
reduces the deleterious lipid peroxides to nontoxic lipid
alcohols within biomembranes at the cost of oxidizing two
GSH to GSSG [14, 56]. GSH, a thiol-containing tripeptide
(γ-glutamate-cysteine-glycine) serving as an indispensable
cofactor of GPX4, is recycled by NAD(P)H and glutathione
reductase [57]. In this regard, disruption of GSH synthesis
could initiate ferroptosis in diverse circumstances. Pharma-
cological inhibition of system XC

-, the antiporter composed
of solute carrier family 7 member 11 (SLC7A11) and solute
carrier family 3 member 2 (SLC3A2), essential for exchang-
ing intracellular glutamate and extracellular cystine, was
reported to trigger ferroptosis in multiple types of cultured
cells [1, 58, 59]. Notably, P53 facilitates ferroptosis by tran-
scriptionally downregulating SLC7A11 [60]. CD8+ T cells
enhance ferroptosis of tumor cells through releasing inter-

feron gamma (IFNγ) and repressing the expression of
SLC3A2 and SLC7A11 in tumor cells [61]. Moreover,
nuclear factor erythroid 2-related factor 2 (NRF2) was
reported to combat ferroptotic cell death via upregulating
SLC7A11 and thus facilitating GSH synthesis [62]. Collabo-
ratively, these studies illuminate the core role of the GPX4-
GSH axis in scavenging lipid peroxides and counteracting
ferroptosis.

The FSP1-CoQ10-NADPH pathway was recently char-
acterized to compensate and synergize with the canonical
GPX4-GSH pathway to detoxify lipid peroxides and defend
against ferroptosis. Two independent studies based on
genome-wide CRISPR-Cas9 screening for genes against fer-
roptosis in the absence of GPX4 coincidently identified that
the flavoprotein ferroptosis suppressor protein 1 (FSP1, pre-
viously known as AIFM2) restrains ferroptosis by catalyzing
the reduction of ubiquinone (namely, CoQ10) to ubiquinol
in an NADPH-dependent manner [63, 64]. Intriguingly,
CoQ10 is mainly generated from the mevalonate pathway,
which has been demonstrated to dominate ferroptotic sensi-
tivity. Specifically, the mevalonate-derived isopentenyl pyro-
phosphate can modulate the translation of selenocysteine-
containing GPX4 by stabilizing the Sec-specific tRNA
expression [65].

More recently, a novel mechanistic scheme accounting for
cell endogenous protection from ferroptosis converges on the
GCH1-BH4 axis. By utilizing whole-genome CRISPR-Cas9
screening, GTP cyclohydrolase-1 (GCH1) was nominated as
a key factor to antagonize ferroptosis [66, 67]. The natural
antioxidant tetrahydrobiopterin (BH4) generated by GCH1
was found to suppress ferroptosis through selectively protect-
ing membrane PLs with two PUFA tails from oxidative deg-
radation or alternatively promoting CoQ10 biosynthesis,
which is crucial for the elimination of lipid peroxides. The
proposal of the GCH1-BH4 axis provides further insights
into ferroptosis resistance.

3. Ferroptosis and Inflammatory Bowel Disease

IBD, including ulcerative colitis (UC) [68] and Crohn’s dis-
ease (CD) [69], is mainly characterized by severe gastroin-
testinal tract inflammation and mucosal destruction. UC is
primarily disordered in the large intestine, featuring contin-
uous mucosal inflammation beginning in the rectum and
then generally extending proximally in gut tracts. Rectal
bleeding, diarrhea, and abdominal pain, accompanied with
ulcerations and erythema formation, are widely manifested
in UC. CD principally occurs in the ileum and colon, and
the typical clinical manifestations include abdominal pain,
chronic diarrhea, weight loss, and fatigue. Although the
exact etiology of IBD is not well understood, a combination
of genetic susceptibility, harmful environmental factors,
deregulated host immune system, and gut microbiota dys-
biosis has been proved to be associated with the pathogene-
sis of IBD [70]. With the rapidly rising incidence and
prevalence, IBD has emerged as a global health challenge,
which will bring a considerable rise in healthcare costs [71].

The monolayer intestinal epithelial cells (IECs) covering
the intestinal wall play a critical role in nutrient absorption
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and physical separation of the hosts from the harmful gut
bacteria in the intestinal lumen. IECs are composed of mul-
tiple types of epithelial cells that differentiate from intestinal
stem cells residing in the crypts, including nutrient-
absorptive enterocytes, mucin glycoprotein-producing gob-
let cells, antimicrobial peptide-secreting Paneth cells, and
hormone-secreting enteroendocrine cells [72]. It is well doc-
umented that apoptotic cell death has been observed in these
different types of epithelial cells at the inflamed sites in
patients with UC and CD [73, 74]. Furthermore, induction
of epithelial cell apoptosis has also been evident in indepen-
dent animal colitis models [75–77]. In the meantime, the
expression of apoptosis-associated proteins such as the Fas
cell surface death receptor, Fas ligand, BCL2 associated X,
and tumor protein p53 (P53) is dramatically increased at
the inflamed sites [78]. Excessive endoplasmic reticulum
(ER) stress, accompanied with the overproduction of proin-
flammatory tumor necrosis factor alpha (TNF-α) released
from the infiltrated macrophages, promotes epithelial cell
apoptosis and further disrupts the integrity of the intestinal
barrier [79–81]. Genetic ablation of critical proapoptotic
components, including Puma and P53, significantly inhibits
IEC apoptosis and relieves dextran sodium sulfate- (DSS-)
and 2,4,6-trinitrobenzene sulfonic acid- (TNBS-) induced
colitis in mice [82, 83]. Besides, other forms of regulated cell
death, including necroptosis, pyroptosis, and autophagic cell
death, were all evidenced to be involved in the IEC death and
implicated in the colitis pathogenesis [84–87]. The IEC
death would result in the collapse of the intestinal barrier,
leading to the infiltration of gut bacteria and thus aggravat-
ing the inflammation.

Ferroptosis is a newly characterized form of regulated
cell death. As mentioned above, iron overload, GSH deple-
tion, GPX4 inactivation, and lipid peroxidation constitute
the fundamental features of ferroptosis. Direct and indirect
studies have enlightened a tight link between ferroptosis
and intestinal diseases.

3.1. Iron and IBD. The earlier study suggested that the clin-
ical symptoms of IBD include iron deficiency and anemia
due to bleeding and malabsorption, which seriously influ-
ence individual health [88]. Oral iron administration has
been clinically used to improve the IBD patients with iron
deficiency anemia [89]. However, excessive iron administra-
tion leads to iron overload in the intestinal tract, resulting in
the dysregulated production of ROS and disturbing the gut
microbiota, which may exacerbate the illness of IBD
[90–92]. Hereditary hemochromatosis is an iron overload
disease due to recessive mutations in the hemochromatosis
gene (Hfe), and it is characterized by increased iron absorp-
tion in the proximal intestine [93]. It was reported that some
patients with hereditary hemochromatosis exhibit histologic
abnormalities accompanied with increased intraepithelial
neutrophil infiltration and lamina propria lymphocyte infil-
tration in the intestinal tract [94]. MDA was elevated in the
colon tissue of the Hfe knockout mice, the murine model of
human hereditary hemochromatosis, suggesting iron over-
load facilitates oxidative damage in the gut [95]. Impor-
tantly, Hfe knockout mice are more susceptible to the

development of experimental colitis, as evidenced by more
severe rectal bleeding and diarrhea, higher colonic mucosal
injury with frequent ulcerations, and a markedly increased
loss of villus integrity [96]. Collaboratively, these studies
thus highlight a pathological role of iron overload in the
development of colitis. It is supposed that iron deposition
in the intestine results in severe oxidative stress and facili-
tates lipid peroxidation through the Fenton reaction, which
is probably pathogenic for colitis [97–99]. However, it is still
elusive whether iron deposition initiates ferroptosis and is
responsible for aggravated IEC death, mucosal damage,
and intestinal inflammation. Ablin and colleagues reported
that oral administration of iron chelator deferiprone (DFP)
protects against experimental colitis and gastric ulceration
in rats [100]. However, another study raised an opposite
argument that oral iron supplementation in young rats has
a beneficial effect on the prevention of TNBS-induced coli-
tis [101].

3.2. GSH and IBD. GSH depletion is a critical signature of
ferroptosis. It is now well understood that GSH exhaustion
and GPX4 inactivation are widely observed in the inflamed
mucosa from patients with IBD and in experimental animal
models of colitis [102, 103]. The elevated oxidative insult in
inflamed sites exhausts the endogenous GSH, while the
reduced plasma cysteine and decreased enzymatic activity
of mucosal γ-glutamylcysteine synthetase or γ-glutamyl
transferase essential for GSH biosynthesis decelerate the de
novo synthesis of GSH in patients with CD and UC [104].
Administration of the specific inhibitor of γ-glutamylcysteine
synthetase, the rate-limiting enzyme for GSH synthesis, leads
to a rapid decline of GSH and a substantial loss of the epithelial
cells in the jejunal and colonic mucosa [105]. On the contrary,
replenishment of GSH through administration of GSH [106],
GSH ester [106], N-acetylcysteine [107], or L-cysteine [108]
could restore the intestinal GSH abundance and significantly
improve colonic health. GSH could confer the cellular antiox-
idative capacity by directly scavenging ROS and supporting
the enzymatic activity of glutathione S-transferases to defend
against oxidative stress, which are protective for the gastroin-
testinal tract from chronic inflammation [109].

3.3. GPX4 and IBD. Antioxidant enzyme GPX4 is responsi-
ble for scavenging lipid hydroperoxides and antagonizing
ferroptosis [5]. Early studies indicated a genetic association
between GPX4 and CD by using a meta-analysis of GWAS
[110, 111]. Reduced GPX4 activity accompanied with ele-
vated lipid peroxidation was characterized in the intestinal
epithelium in patients with CD. A diet enriched in PUFAs,
but not saturated fatty acids, induces focal enteritis in IEC-
specific Gpx4+/− mice. More strikingly, IEC Gpx4+/− mice
are more susceptible to colonic inflammation induced by
DSS, as compared to the wild-type littermates, highlighting
the notion that GPX4 is crucial for maintaining gut homeo-
stasis by protecting from lipid peroxidation [112]. Further-
more, an increasing number of studies have suggested a
tight association between IBD and the secondary metabolites
of lipid peroxidation such as MDA and 4-HNE [112, 113].
The content of AA, one of the most oxidizable PUFAs
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preferentially for lipid peroxidation, is markedly elevated in
PLs of the colonic mucosa in patients with UC [114, 115].
Therefore, the inactivation of GPX4 and the elevation of
lipid peroxides indicate the possibility that GPX4 determines
gut homeostasis by antagonizing lipid peroxidation. More-
over, a reduced level of serum selenium was evidenced to
be associated with the pathogenesis of UC and CD [116,
117]. Selenium deficiency in mice exacerbates intestinal
injury [118], while selenium supplementation has been
reported to be protective in IBD patients [119–122]. It is still
elusive whether selenium supplementation ameliorating
intestinal injury depends on the transcriptional activation
of GPX4 or not [65, 123]. In addition, selenium supplemen-
tation in cultured Caco-2 cells could significantly prevent the
transport of lipid hydroperoxides and thus decline cellular
lipid peroxidation [124].

3.4. LOXs and IBD. LOXs catalyze the production of lipid
hydroperoxides and drive ferroptotic cell death [45, 50]. Sev-
eral LOX isoforms have been identified to be involved in the
pathogenesis of IBD. More specifically, the levels of Alox5
and Alox15 are upregulated in the colonic mucosa in
patients with IBD and in the experimental colitis mouse
model, respectively [125, 126]. Systemic deletion of Alox15
suppresses the production of lipid peroxidation metabolite
12-hydroxyeicosatetraenoic acid, stabilizes the tight junction
protein ZO-1 and maintains the intestinal barrier integrity,
decreases macrophage infiltration, and reduces the expres-
sion of proinflammatory genes, thus alleviating colonic dam-
age in DSS-induced experimental colitis in mice. Conversely,
transgenic overexpression of human Alox15 renders mice
more susceptible to DSS-induced colitis [127]. Similarly,
deficiency of Alox15 was reported to protect mice from
DNBS-induced mucosal injury. Phosphatidylethanolamine-
binding protein 1 (PEBP1) is a master regulatory molecule
for 15-LOX by dominating the substrate specificity of 15-
LOX to PUFA-phosphatidylethanolamines (PUFA-PE),
facilitating the generation of lipid peroxides [128]. It sug-
gested a positive correlation between the PEBP1 expression
and the severity of IBD. More importantly, PEBP1 deficiency
protects mice from DSS- or TNBS-induced colitis and accel-
erates mucosal recovery from injury [129]. Similarly, the
supplementation of Zileuton, the potent 5-LOX inhibitor,
maintains the tight junction proteins to prevent the decrease
in the tight junctional permselectivity induced by TNBS
[130]. Other 5-LOX-selective inhibitors, including A-64077
and MK-0591, could alleviate the inflammatory status in
the colon of UC patients [131–134]. Collectively, these stud-
ies suggest a critical role of LOXs and their metabolites in
determining gut inflammation and intestinal homeostasis.

3.5. GCH1/BH4 and IBD. Folate, also known as folic acid
and vitamin B9, is regarded as a major endogenous antioxi-
dant to defend against oxidative insults [135]. It is well rec-
ognized that folate is commonly deficient in patients with
UC due to malabsorption [136, 137]. Administration of
folate or its metabolic precursor BH4 was evidenced to
relieve colitis-related tissue damage, detrimental inflamma-
tion, and malignant tumorigenesis [138, 139]. GCH1-

mediated BH4 biosynthesis is crucial for ferroptosis resis-
tance by remodeling lipidomic composition and suppressing
lipid peroxidation [67, 140]. Ionizing radiation decreases
BH4 levels and increases superoxide anion accumulation in
patients and rats after radiotherapy due to the downregula-
tion of GCH1. BH4 supplementation could prevent intesti-
nal ischemia, improve vascular endothelial function, relieve
intestinal villus injury, and thus alleviate radiation enteritis
[141]. Collectively, these studies thus indicate an essential
role of GCH1-mediated BH4 and folate biosynthesis in
maintaining intestinal homeostasis.

3.6. The Emergence of Ferroptosis in Intestinal Diseases. As
summarized above, the fundamental features of ferroptosis,
including iron deposition, accumulation of lipid peroxidation,
GSH exhaustion, GPX4 inactivation, and LOX upregulation,
have been elucidated to be implicated in the pathogenesis of
IBD. Additionally, recent studies have enlightened a direct
engagement of ferroptosis in the pathogenesis of IBD. The
ER stress signaling is involved in the IEC ferroptosis during
chemical colitis, as evidenced by the elevated expression of
ER stress-associated G protein-coupled receptor 78, phos-
phorylated eukaryotic initiation factor 2, activating transcrip-
tion factor 4, and C/EBP homologous protein. Specifically,
selective inhibition of protein kinase RNA-like endoplasmic
reticulum kinase, the critical stress sensor of ER stress signal-
ing, sharply reduces IEC ferroptosis and significantly amelio-
rates experimental colitis. NF-κB activation could protect
against IEC cell death during acute intestinal inflammation.
Importantly, specific deletion of the nuclear factor kappa B
p65 subunit (NF-κBp65) in IECs leads to upregulated ER
stress-mediated ferroptosis and aggravates DSS-induced coli-
tis in mice [142]. More importantly, Fer-1, the specific inhib-
itor for ferroptosis, could ameliorate DSS-induced colitis
[142]. Other well-characterized ferroptosis inhibitors, includ-
ing Lip-1, iron chelator DFP, and antioxidant butylated
hydroxyanisole, could all decelerate ferroptotic hallmarks
and alleviate colonic damage [143]. Similarly, curculigoside,
a natural ingredient from Curculigo orchioides Gaertn with
multiple biological activities, was recently identified to attenu-
ate DSS-induced UC in mice. Mechanistically, curculigoside
supports GPX4 expression and thus protects against ferropto-
tic cell death in a selenium-dependent manner [144]. These
research studies collaboratively put forward the notion of the
pathological engagement of ferroptosis in colitis.

ACSL4 is responsible for the esterification of AA and
AdA into PLs to facilitate the subsequent peroxidation.
Genetic and pharmacological inhibition of ACSL4 protects
cells from lipid peroxidation and ferroptosis [27, 45, 49]. It
was previously reported that ACSL4 is upregulated in the
ileum and colon of patients with CD and UC [145] and in
DSS-induced experimental colitis in mice [143]. Intestinal
ischemia/reperfusion injury is a life-threatening condition
associated with a high mortality rate, which commonly
occurs in numerous clinical pathologies such as small intes-
tinal volvulus, acute mesenteric ischemia, shock, trauma,
and small bowel transplantation [146]. Recently, Li and col-
leagues reported that ACSL4 is sharply induced in ischemic
intestines compared with normal intestines, possibly via the
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transcription factor special protein 1. More importantly, the
core hallmarks of ferroptosis, including iron deposition,
reduction of the GPX4 activity and GSH level, rupture of the
outer mitochondrial membrane, and accumulation of lipid
peroxidation, are manifested in the intestine after reperfusion.
The typical ferroptosis inhibitor Lip-1 could strongly block
lipid peroxidation and suppress cell death both in vitro and
in vivo. Similarly, oral administration of rosiglitazone could
inhibit ACSL4, suppress lipid peroxidation, and thus alleviate
ischemia/reperfusion-related mucosal injury. Moreover,
siRNA-mediated ACSL4 silence also protects Caco-2 cells
from hypoxia/reoxygenation-induced lipid peroxidation and
cell death [147]. Therefore, this study thus shed new light on
the pathological engagement of ACSL4-mediated ferroptosis
in intestinal ischemia/reperfusion injury.

3.7. Other Ferroptosis Regulators in Intestinal Diseases. Iron
overload, lipid peroxidation, GSH depletion, and GPX4

inactivation constitute the fundamental features of ferropto-
sis. Besides, there are other ferroptosis regulators that have
been evidenced to be associated with the pathogenesis or
progression of intestinal diseases.

P53, one of the most famous tumor suppressors, is
mutated in many types of human cancers. Specifically, P53
is mutated in about 55%-60% of human colorectal cancers,
and its mutations are associated with a poor prognosis in
colorectal cancers [148]. Besides colorectal cancer, a high
frequency of P53 mutations was also reported in patients
with chronic UC [149]. In response to diverse stimuli, P53
is stabilized to mediate metabolic reprogramming, cell cycle
arrest, cellular senescence, and even cell death [150]. Genetic
depletion of P53 leads to a significantly reduced cell death of
IECs, but the colonic inflammation is not altered in a murine
colitis model [83]. Other studies indicated that the knockout
of P53 leads to comparable histopathologic changes of
chronic colitis. However, a significantly greater incidence

Table 1: Promising molecules targeting ferroptosis in IBD.

Effect Drug Target Mechanisms Model References

Inhibitors

Curculigoside GPX4 Increases selenium sensitivity and promotes GPX4 expression
IEC-6 cells, UC

mice
[144]

NAC GSH Increases mucosal GSH levels UC rats [107]

SAM GSH Serves as a precursor for GSH biosynthesis and antagonizes ROS UC mice [176]

PTCA GSH Functions as a cysteine prodrug that stimulates GSH biosynthesis UC mice [176]

DFP Iron
Chelates excessive free iron and suppresses iron-dependent lipid

peroxidation
UC mice

[100, 143,
177]

DFO Iron
Chelates excessive free iron and suppresses iron-dependent lipid

peroxidation
UC mice

[142, 143,
177]

Maltol Iron Oxyradical scavenger and/or iron chelation UC rats [177]

Fer-1 ROS Blocks lipid peroxidation and restrains ROS overgeneration UC mice [142, 143]

Lip-1 ROS Lipophilic antioxidants UC mice [143]

Simvastatin ROS Decreases the TNF-α level and reduces oxidative stress
IECs, UC mice,

UC rats
[178–180]

Rosuvastatin ROS Decreases the TNF-α level and reduces oxidative stress
UC mice, UC

rats
[180, 181]

Vitamin E ROS Protects against lipid peroxidation and scavenges free radicals UC rats
[98, 99, 182,

183]

TMG ROS Protects against lipid peroxidation and scavenges free radicals UC rats [184, 185]

AA ROS Increases the activities of GPX and reduces oxidative stress UC mice [186, 187]

5-ASA ROS Scavenges oxygen-derived free radicals IBD patients [188, 189]

CoQ10 ROS Antioxidant and anti-inflammatory properties UC rats [190, 191]

Melatonin ROS Antioxidant and anti-inflammatory properties
UC rats, UC

mice
[192, 193]

LS ROS
Reduces lipid peroxidation and restores the levels of innate

antioxidants
UC mice [113]

BH4 ROS
Reduces oxidative stress and rebalances lipid signaling via

alkylglycerol monooxygenase
UC mice [139]

Zileuton
5-

LOX
Functions as a 5-LOX inhibitor to increase PGE2 levels and reduces

myeloperoxidase activity
IBD patients, UC

rats
[134, 194]

Inducers Oral iron Iron Exacerbates oxidative stress through the Fenton reaction UC rats [98, 182]

Abbreviations: AA: acetic acid; AA: ascorbic acid; BH4: tetrahydrobiopterin; CoQ10: coenzyme Q10; DFP: deferiprone; DFO: deferoxamine; DSS: dextran
sodium sulfate; Fer-1: ferrostatin-1; Lip-1: liproxstatin-1; LS: Lagerstroemia speciosa leaves; NAC: N-acetylcysteine; PTCA: 2(R,S)-n-propylthiazolidine-
4(R)-carboxylic acid; SAM: S-adenosylmethionine; TMG: vitamin E derivative, 2-(alpha-D-glucopyranosyl)methyl-2,5,7,8-tetra-methylchroman-6-ol;
TNBS: trinitrobenzene sulfonic acid; 5-ASA: 5-aminosalicylic acid.
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and multiplicity of cancers are observed during P53 defi-
ciency [151–153]. Recently, it was reported that P53 sup-
presses cystine uptake, disturbs GSH biosynthesis, and thus
sensitizes cells to ferroptosis. Mechanistically, P53 transcrip-
tionally restrains the expression of cystine/glutamate anti-
porter subunit SLC7A11 [60, 154, 155]. Alternatively, P53
could facilitate the ferroptotic program by directly activating
its target gene spermidine/spermine N1-acetyltransferase 1
and the downstream Alox15 [156] or through transcription-
ally upregulating the mitochondrial glutaminase 2 [30]. How-
ever, other studies suggest an opposite notion that P53 may
inhibit ferroptotic cell death through dipeptidyl peptidase-4
[157] or cyclin-dependent kinase inhibitor 1A [158]. Whether
P53-modulated ferroptotic sensitivity accounts for the patho-
genesis or malignancy of colitis or not is still ambiguous.

The transcription factor NRF2, encoded by the Nfe2l2
gene, plays a central role in the cytoprotective antioxidant
system in response to a variety of oxidative, inflammatory,
and metabolic stresses. NRF2 dominates the basal and
induced expression of a series of antioxidant response
element-dependent genes [159]. The increased severity of
DSS-induced colitis and the elevated susceptibility of
colitis-associated colorectal cancer in NRF2-ablated mice
were found to be associated with the decreased expression
of antioxidant genes and detoxifying enzymes, as well as
the increased expression of proinflammatory cytokines
[160, 161]. Among them, heme oxygenase-1 (HO-1) pre-
sents pronounced anti-inflammatory and antioxidative

properties in protecting mice from colitis-associated inflam-
matory injury and oxidative stress [162, 163]. As the main
antioxidant axis, NRF2/HO-1 also dominates ferroptotic
sensitivity. Ectopic expression or activation of NRF2 coun-
teracts ferroptosis, whereas knockdown of NRF2 elevates
the ferroptotic sensitivity in response to diverse ferroptosis
inducers [164–166]. It is thus expectable that a variety of
compounds that activate NRF2 could alleviate colitis-
associated mucosal damage and colonic inflammation [167].

In addition, other ferroptosis regulators, including
NADPH oxidases [168–171] and CD44 [172–175], are evi-
denced to be associated with the pathogenesis of IBD in
patients or in colitis models. These proteins, including P53,
NRF2, NADPH oxidases, and CD44, are all multifaceted.
Thus, the exact involvement of these molecules in mediating
ferroptotic regulation in colitis needs further investigation.

4. Conclusive Remarks and Perspective

IBD is increasing worldwide and has become a global disease
in both developed regions and developing countries. The
increasing medicinal cost and substantial elevation in the
risk of colorectal cancer are greatly affecting the life quality
of patients and families. Although the exact pathogenesis
of IBD is poorly defined, multiple lines of evidence indicate
that genetic susceptibility, deleterious environmental factors,
and an imbalanced gut microbial ecosystem could impinge
on the gut homeostasis and thus facilitate inflammatory

Barrier dysfunction

Exposure of bacteria 

Aggravating inflammation

Compensatory immune activation

Curculigoside

NRF2HO-1

Iron overload

GPX4

PUFA

NF-κBp65

ER stress

Lipid ROS

Release of DAMPs

Lumen

Intestinal epithelial cell

Bacteria

IEC ferroptosis

Figure 2: Emerging role of ferroptosis in inflammatory bowel disease. Ferroptosis has been directly implicated in the pathogenesis of IBD in
recent studies. IEC ferroptosis seems to promote disruptions in epithelial barrier function, thereby allowing luminal antigens and cellular
damage-associated molecular patterns (DAMPs) released into the bowel wall. Subsequently, immune cells and cytokine production are
activated excessively, which in turn lead to intestinal inflammation and epithelial injury.
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response [195]. Uncontrolled cell death has been widely
observed in the diseased mucosa in patients and animal
models, which could disturb the tight junction of the intesti-
nal barrier and then aggravate the inflammation by releasing
the gut microorganisms.

Ferroptosis is a newly identified form of regulated cell
death. Iron overload, GSH exhaustion, GPX4 inactivation,
and lipid peroxidation are the major features of ferroptosis.
Dysregulated ferroptosis has been evidenced to be impli-
cated in the pathogenesis and progression of many human
diseases [196]. Furthermore, targeting induction of ferropto-
sis provides a potential therapeutic strategy for the clinical
intervention of cancers, especially the other traditional
therapy-resistant cancers [197, 198]. As mentioned above,
the major features of ferroptosis have been extensively
observed in the diseased mucosa in patients and animal
models. Importantly, genetic or pharmacological manipula-
tion of ferroptosis-related genes could alter the incidence,
severity, or progression of the experimental colitis by using
the corresponding murine models. More directly, some
potent ferroptosis inhibitors, including iron chelators, GSH
or GSH derivate GSH ester, selenium, LOX inhibitors, folate,
or BH4, could decline lipid peroxidation and alleviate colitis-
associated intestinal injury (Table 1). Moreover, Fer-1 and
Lip-1, two specific inhibitors of ferroptosis, could relieve
colitis in murine models. On the contrary, the ferroptosis
sensitizers, including iron, γ-glutamylcysteine synthetase
inhibitor BSO, and dietary PUFAs, could accelerate lipid
peroxidation and aggravate colitis. Collaboratively, these
studies thus highlight the critical importance of dysregulated
ferroptosis in the pathogenesis of IBD.

It should not be ignored that abnormalities of both the
innate and adaptive immune responses against harmful
intestinal microorganisms, antigens, or extrinsic pathogens
play important roles in the pathogenesis of IBD. The healthy
mucosa contains a delicate balance of innate lymphoid cells,
macrophages, neutrophils, and dendritic cells, as well as the
adaptive immune response associated with T and B cells.
The hyperactivation of the intestinal immune system due
to the epithelial cell death and intestinal barrier disruption
leads to the subsequently excessive secretion of proinflam-
matory cytokines and chemokines, which could result in sec-
ondary damage to the intestinal mucosa and a vicious cycle
[199, 200]. Furthermore, previous studies indicated resis-
tance to cell death of lamina propria lymphocytes in
inflamed tissues in UC patients due to the altered expression
of cell death-associated proteins [201–203]. Therefore, it is
supposed that the IEC ferroptosis leads to intestinal barrier
disruption, gut microorganism release, and hyperactivation
of intestinal immune response, resulting in aggravation of
colitis-associated mucosal injury. Furthermore, the ferropto-
tic IECs would release some immunogenic molecules, which
may further facilitate local inflammation (Figure 2) [204].
However, besides IECs, whether intestinal immune cells
undergo ferroptosis in the pathogenesis of intestinal injury
or not is elusive. If so, whether this ferroptosis in certain
types of intestinal immune cells contributes to the pathogen-
esis or progression of intestinal diseases or not needs more
investigations.

Regarding the beneficial effect of diverse ferroptosis inhib-
itors in relieving colitis-associated tissue injury (Table 1), it is
of great therapeutic potential for selective manipulation of fer-
roptosis in the prevention and intervention of colitis. There-
fore, more extensive investigations are needed to further
dissect the exact implication of ferroptosis in the pathogenesis
of IBD and other related intestinal diseases. Specifically, to dis-
sect the detailed underlying molecular mechanism for which
ferroptosis mediates mucosal damage in inflamed tissues, to
explore the specific types of epithelial cells in which dysregu-
lated ferroptosis occurs leading to the hyperactivation of intes-
tinal inflammation, and to identify the more selective and
potent ferroptosis inhibitors with lower side effects for phar-
macological intervention of IBD will help to obtain the full
aerial view of ferroptosis and provide some future transla-
tional applications.

Abbreviations

4-HNEs: 4-Hydroxy-2-nonenals
5-ASA: 5-Aminosalicylic acid
AA: Arachidonoyl
ACSL4: Acyl-CoA synthetase long-chain family member

4
AdA: Adrenoyl
ALOX: Arachidonate lipoxygenase
BH4: Tetrahydrobiopterin
CD: Crohn’s disease
CoQ10: Coenzyme Q10
CYB5R1: NADH-cytochrome b5 reductase
DAMPs: Damage-associated molecular patterns
DFO: Deferoxamine
DFP: Deferiprone
DMT1: Divalent metal transporter 1
DSS: Dextran sodium sulfate
ER: Endoplasmic reticulum
Fe2+: Ferrous iron
Fe3+: Ferric iron
Fer-1: Ferrostatin-1
FPN: Ferroportin
FSP1: Ferroptosis suppressor protein 1
GCH1: GTP cyclohydrolase-1
GPX4: Glutathione peroxidase 4
GSH: Glutathione
HFE: Hemochromatosis gene
HO-1: Heme oxygenase-1
IBD: Inflammatory bowel disease
IECs: Intestinal epithelial cells
IFNγ: Interferon gamma
IRP1/2: Iron regulatory proteins 1 and 2
LIP: Labile iron pool
Lip-1: Liproxstatin-1
LOXs: Lipoxygenases
LPCAT3: Lysophosphatidylcholine acyltransferase 3
MDAs: Malondialdehydes
MUFAs: Monounsaturated fatty acids
NCOA4: Nuclear receptor coactivator 4
NF-κB: Nuclear factor kappa B
NRF2: Nuclear factor erythroid 2-related factor 2
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P53: Tumor protein p53
PE: Phosphatidylethanolamines
PEBP1: PE-binding protein 1
PLs: Phospholipids
POR: P450 reductase
PUFAs: Polyunsaturated fatty acids
ROS: Reactive oxygen species
SLC3A2: Solute carrier family 3 member 2
SLC7A11: Solute carrier family 7 member 11
TF: Transferrin
TFR1: Transferrin receptor 1
TNBS: 2,4,6-Trinitrobenzene sulfonic acid
TNF-α: Tumor necrosis factor alpha
UC: Ulcerative colitis.
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Serine is involved in the regulation of hepatic lipid metabolism. However, whether exogenous or endogenous serine deficiency
affects lipid accumulation in the liver and related mechanisms is unclear. Here, we investigated the effects of serine deficiency
on hepatic fat accumulation in mice fed a serine-deficient diet or in mice supplemented with the D-3-phosphoglycerate
dehydrogenase (PHGDH) inhibitor NCT-503. Both treatments produced an increase in body weight and liver weight and
higher triglyceride content in the liver. Both treatments also exacerbated hepatic inflammatory responses and oxidative stress.
Importantly, NCT-503 supplementation significantly inhibited PHGDH activity and decreased the serine content in the liver.
Dietary serine deficiency significantly affected the colonic microbiota, characterized by a decreased ratio of
Firmicutes/Bacteroidetes and decreased proportion of Bifidobacterium. Dietary serine deficiency additionally resulted in
significantly decreased colonic and serum acetate and butyrate levels. The collective results indicate that NCT-503
supplementation may contribute to overaccumulation of hepatic lipid, by causing hepatic serine deficiency, while dietary serine
deficiency may produce similar outcomes by affecting the gut-microbiota-liver axis.

1. Introduction

Hepatocytes are the most metabolically active cell type in the
body, with diverse physiological and metabolic functions [1].
Decreased or increased metabolism of hepatocytes can result
in complicated disorders and development of diseases,
including fatty liver disease and cancer [2]. Imbalance in
lipid metabolism in the liver is a hallmark of nonalcoholic
fatty liver disease [3]. However, the underlying mechanisms
leading to hepatic lipid overaccumulation and steatosis
remain unclear.

Serine is a metabolically necessary amino acid that is a
pivotal link between glycolysis and one-carbon and lipid
metabolism, as well as purine and glutathione synthesis.
Thus, serine has a critical role in a variety of biological func-
tions. Genome-scale metabolic modeling of hepatocytes has

demonstrated the involvement of serine deficiency in the
development of fatty liver disease [1]. Importantly, exoge-
nous serine supplementation can alleviate lipid overaccumu-
lation and oxidative stress in the liver of subjects with
high-fat-induced fatty liver disease or alcoholic fatty liver
diseases [4, 5]. Interestingly, 3-phosphoglycerate dehydroge-
nase (PHGDH), the key enzyme involved in the de novo
synthesis of serine, is also closely associated with the develop-
ment of fatty liver diseases [6]. Knockdown of the PHGDH
gene reduces hepatic serine content, while PHGDH-derived
serine helps maintain general lipid homeostasis [7]. The
aforementioned findings indicate that both exogenous and
endogenous serine have critical roles in the regulation of
hepatic lipid metabolism. However, whether exogenous
serine deficiency affects hepatic lipid deposition remains
unknown. Moreover, the possible effects of directly targeting
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the activity of PHGDH enzyme on hepatic lipid accumula-
tion need to be explored.

Importantly, recent studies have focused on the effects of
serine deficiency on inflammatory responses and oxidative
stress [8, 9]. Whether exogenous or endogenous serine
deficiency affects lipid accumulation in the liver and the
related mechanisms remain to be elucidated. Subsequently,
we conducted the current study to investigate the effects of
exogenous serine deficiency by using a serine-deficient diet
or endogenous serine deficiency by supplementing an
PHGDH inhibitor NCT-503, on hepatic fat accumulation
in mice. The results indicated that NCT-503 supplementa-
tion may contribute to overaccumulation of hepatic lipid,
by causing hepatic serine deficiency, while dietary serine
deficiency may produce similar outcomes by affecting the
gut-microbiota-liver axis. Our results would enrich the
understanding of serine as a modulator of lipid metabolism
in liver and suggest the application of serine in lipid metab-
olism disorder-related diseases.

2. Materials and Methods

2.1. Animal Care and Experimental Design. Twenty-four
C57BL/6 J male mice (6-week-old) were purchased from
HUNAN Slac Laboratory Animal Central. All animals were
housed in pathogen-free colonies at 22 ± 2°C, with a relative
humidity of 50 ± 5% and a lighting cycle of 12 h/d. All ani-

mals had free access to food and water. All mice were ran-
domly assigned into three treatment groups: (i) mice were
fed on the control diet (CONT); (ii) mice were fed on the
serine- and glycine-deficient diet (NS); and (iii) mice were
fed on the control diet and supplemented with NCT-503
(NCT), a specific inhibitor of PHGDH. The experiment
lasted six weeks. NCT-503 was supplemented with a daily
dosage of 40mg/kg body weight as previously did [10].
The diets were purchased from Research Diets (New
Brunswick, NJ, USA), and diet composition was presented
in Supplementary Table 1.

NCT-503 was purchased from Selleck (Shanghai,
China).

The experimental protocol was approved by the Protocol
Management and Review Committee of Institute of Subtrop-
ical Agriculture, and mice were treated according to the
animal care guidelines of the Institute of Subtropical Agri-
culture (Changsha, China). During the experiment, body
weight was recorded every week. At the end, the blood sam-
ples were obtained from the retroorbital sinus, and the
serum was stored. Then, all mice were sacrificed by cervical
dislocation, and the abdomen was opened to obtain and
weigh the liver. Liver samples were collected and fixed in
4% formaldehyde for 24h, and they were also collected
and immediately frozen in liquid nitrogen. Colonic content
was collected for the analysis of gut microbiota and short-
chain fatty acids (SCFAs).
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Figure 1: Serine deficiency resulted in increased body weight gain and impaired liver morphology: (a) body weight gain, (b) liver weight,
ALT (c) and AST (d) concentrations in serum, and (e) HE staining (×200). Arrows, impaired hepatocytes. CONT: mice were fed on the
control diet; NS: mice were fed on the serine-and glycine-deficient diet; NCT: mice were fed on the control diet and supplemented with
NCT-503. ALT: alanine aminotransferase; AST: aspartate aminotransferase. Data are presented as means ± SEM. n = 8. ∗Mean values
were significantly different between CONT and NCT, NS (P < 0:05).
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2.2. Biochemical Assays. Biochemical assays for aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
level were performed with commercially available kits (Beyo-
time, Shanghai, China).

2.3. Hematoxylin-Erosin and Oil Red O Staining. Hematoxy-
lin-erosin (HE) and Oil Red O staining were performed as
previously did [5]. Fresh liver samples immediately fixed in
4% formaldehyde, were paraffin embedded, sectioned into
8μm thickness, and then stained either with HE or Oil
Red O.

2.4. Determination of Hepatic Triglycerides and Glutathione
Contents. Hepatic lipid was extracted using a modified Folch
method [11]. Triglycerides were measured using commer-
cially available colorimetric kit (BSBE, Beijing, China).
Reduced glutathione (GSH) content was measured using
the corresponding commercial colorimetric assay kits (Beyo-
time, Shanghai, China) according to the manufacturer’s
instructions.

2.5. Determination of PHGDH Activity. PHGDH activity was
determined using enzyme-linked immunosorbent assay
according to the manufacturer’s instructions (MEIMIAN,
Suzhou, China). Protein concentration was determined by
BCA Protein Assay (Pierce Biotechnology, Rockford, IL,
USA).

2.6. RT-qPCR Analysis. RT-qPCR analysis was performed as
previously did [12]. Total RNA was isolated from liver
samples using TRIzol Reagent (Invitrogen), and cDNA was
obtained using the PrimeScript RT reagent kit (Takara,
Dalian, China). RT-qPCR was performed using SYBR Green
mix (Takara). All samples were run in triplicate, and the
results were calculated by normalizing the mRNA expres-
sion of target genes to β-actin mRNA. The primer sequences
[13] are shown in Supplementary Table 2.

2.7. Determination of Reactive Oxygen Species Content.
Hepatic reactive oxygen species (ROS) content was deter-
mined as previously did [14] . As abovementioned, 10μm
sections were stained with dihydroethidium (Sigma-Aldrich)
for 20min at 37°C in a humidified 5% CO2 incubator. Rep-
resentative pictures were captured by fluorescence micros-
copy, and fluorescence intensity was calculated by Image
Browser software (Leica, Wetzlar, Germany).

2.8. Determination of Serine Concentration. Seine concentra-
tion in serum and liver was measured as previously did [15].
Briefly, grounded liver samples (50mg) and serum were
added with 10% sulfosalicylic acid. After completely vor-
texed, the supernatant was obtained after centrifuged at
12 000 g for 10 minutes and filtered through 0.22μm filters
for the determination of serine concentration.

2.9. Gut Microbiota Profiling. Gut microbiota profiling was
assayed as previously described [8]. Briefly, DNA was
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Figure 2: Serine deficiency exacerbated hepatic lipid accumulation. Cpt1a: carnitine palmitoyltransferase 1a; Acadm: medium-chain
acyl-CoA dehydrogenase; DGAT: diacylglycerol O-acyltransferase. Relative mRNA expression of Cpt1a (a), Acadm (b), DGAT1 (c), and
DGAT2 (d). (e) Oil Red O staining (×200). Arrows, lipid droplet. CONT: mice were fed on the control diet; NS: mice were fed on the
serine- and glycine-deficient diet; NCT: mice were fed on the control diet and supplemented with NCT-503. Data are presented as means
± SEM. n = 8. a,bMeans of the bars with different letters were significantly different among groups (P < 0:05).
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extracted from colonic contents and isolated using the
QIAamp DNA stool Mini Kit (Qiagen, Shanghai, China).
Bacterial 16S rDNA gene sequences (V3–V4 region) were
amplified, and PCR was performed using Phusion High-
Fidelity PCR Master Mix reagent (New England BioLabs
Inc). Amplicons purified using Qiagen Gel Extraction Kit
(Qiagen) were sequenced using the Illumina HiSeq2500
platform. Quality filtering and analysis were performed
using USEARCH, while adhering to the QIIME quality-
controlled process based on 97% sequence similarity (Novo-
gene, Beijing, China).

2.10. Determination of SCFA Content. SCFAs were measured
as previously did [16]. Briefly, fecal samples were collected
and ground in liquid nitrogen. Then, the samples were
mixed with pure water (300%, w/v), homogenized and cen-
trifuged to collect fecal homogenate. Serum samples were
collected after centrifugation at 1200 g for 15min at 4°C.
Then, the fecal homogenate or serum was mixed with 5M
HCl and extracted with anhydrous diethyl ether. Next, the
extracts were derivatized with O-bis(trimethyl-silyl)-trifuor-

oacetamide. Finally, the profiling of SCFAs was analyzed by
the gas chromatography/mass spectrometry.

2.11. Statistical Analysis. Significance between treatments
was analyzed using one-way ANOVA followed by Stu-
dent–Newman–Keuls post hoc test, using the data statistics
software SPSS 18.0. Data are presented as means ± SEM.
Mean values were considered significantly different when
P < 0:05.

3. Results

3.1. Serine Deficiency Resulted in Increased Body Weight
Gain and Impaired Liver Morphology. As shown in
Figure 1, body weight gain and liver weight were signifi-
cantly lower in the CONT group than those in the NCT
and NS group (Figures 1(a) and 1(b)). To investigate the
effects of serine deficiency on the liver function, we firstly
determined serum concentrations of ALT and AST. The
results showed that ALT and AST concentrations were
significantly lower in the CONT group than those in the
NCT and NS group (Figures 1(c) and 1(d)). Additionally,
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Figure 3: Serine deficiency aggravated oxidative and inflammatory status in liver. GSH: glutathione. Relative mRNA expression of IL-1β (a),
TNF-α (b), and IL-6 (c). (d) GSH content in the liver. (e) ROS content (red) in the liver. (f) Relative fluorescence of ROS staining. CONT:
mice were fed on the control diet; NS: mice were fed on the serine- and glycine-deficient diet; NCT: mice were fed on the control diet and
supplemented with NCT-503. Data are presented as means ± SEM. n = 8 for the mRNA expression and GSH content and n = 3 for ROS
staining. a,bMeans of the bars with different letters were significantly different among groups (P < 0:05).
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the results of HE staining showed that the liver morphology
was impaired in both the NCT and NS group, as indicated
by vacuolization and damaged hepatocytes (Figure 1(e)).

3.2. Serine Deficiency Exacerbated Hepatic Lipid Accumulation.
To investigate whether serine deficiency affects lipid metab-
olism in the liver, we determined the expression of genes
involved in fatty acid oxidation and triglyceride synthesis.
The results showed that the mRNA expression of Cpt1a
and Acadm was significantly decreased (Figures 2(a) and
2(b)) while the mRNA expression of DGAT1 and DGAT2
was significantly increased (Figures 2(c) and 2(d)) in the
liver of mice in the NCT and NS group, when compared
with those of the CONT group. Furthermore, hepatic tri-
glyceride content was significantly higher in mice in the
NCT and NS group than those in the CONT group
(Figure 2(e)). The results of Oil Red O staining further con-
firmed an increased accumulation of lipid in mice in the
NCT and NS group (Figure 2(f)).

3.3. Serine Deficiency Aggravated Oxidative and Inflammatory
Status in the Liver. To investigate whether serine deficiency
affects inflammatory responses, we determined genes
expression of inflammatory cytokines in the liver. The
results showed that the mRNA expression of IL-1β, TNF-
α, and IL-6 was significantly increased in mice in the
NCT and NS group, when compared with those of the
CONT group (Figures 3(a) and 3(c)). To investigate
whether serine deficiency affects oxidative status, we deter-
mined the content of GSH and ROS in the liver. The results
showed that GSH content was significantly decreased
(Figure 3(d)) while ROS level was significantly increased
(Figures 3(e) and 3(f)) in mice in the NCT and NS group,
when compared with those of the CONT group.

3.4. Dietary NCT-503 Supplementation Decreased Serine
Content in the Liver. To investigate whether serine deficiency
affects serine content in mice, we determined serine content
in the serum and liver. The results showed that serine con-
tent in serum was significantly decreased in mice in the
NCT and NS group, when compared with those of the
CONT group (Figure 4(a)). Notably, serine content in the
liver was significantly decreased in mice in the NCT group,
while it was not significantly changed in mice in the NS
group (Figure 4(b)). Importantly, PHGDH activity
(Figure 4(c)) and mRNA expression of PAST1 and PSPH
were significantly higher in mice in the NS group
(Figures 4(d) and 4(e)), while PHGDH activity was signifi-
cantly lower in mice in the NCT group (Figure 4(c)), when
compared with those of the CONT group.

3.5. Dietary Serine Deficiency Altered Microbiota
Composition in Colonic Content. To investigate whether ser-
ine deficiency altered microbiota composition, we used 16S
rDNA gene sequencing for bacterial identification in colonic
content. The results showed that no significant change was
observed in microbiota composition between mice in the
CONT group and NCT group (Figure 5). Although no sig-
nificant changes were observed in Shannon and Chao1 index
(Figures 5(a) and 5(b)), β-diversity was tended to increase
(Figure 5(c)) in mice in the NS group, when compared with
those of the CONT group. Unweighted principal coordinate
analysis indicated no clear difference in beta-diversity
among the treatment groups (Figure 5(d)). Notably, the ratio
of Firmicutes to Bacteroidetes (Figures 5(e) and 5(f)) and the
relative abundance of Bifidobacterium (Figures 5(g) and
5(h)) were decreased in mice in the NS group, when com-
pared with those of the CONT group.

0

50

100

150

200
Se

rin
e

 co
nt

en
t (

nm
ol

/L
)

bb
a

Cont NCT NS

(a)

0

200

400

600

800

Se
rin

e
 co

nt
en

t (
nm

ol
/g

 li
ve

r) a

b

a

Cont NCT NS

(b)

0

20

40

60

80

PH
G

D
H

ac
tiv

ity
 (U

/m
g 

pr
ot

ei
n)

c

a

b

Cont NCT NS

(c)

0.5

0.0

1.0

1.5

2.0

Re
la

tiv
e m

RN
A

ex
pr

es
sio

n 
of

 P
A

ST
1 b

a
a

Cont NCT NS

(d)

0

1

2

3

Re
lat

iv
e m

RN
A

ex
pr

es
sio

n 
of

 P
SP

H b

aa

Cont NCT NS

(e)
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Figure 5: Continued.
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3.6. Dietary Serine Deficiency Decreased Contents of SCFAs
in Colonic Contents and Serum. To further investigate
whether the changes of microbiota composition accompa-
nied by changes of metabolites, we determined the contents
of SCFAs. As shown in Figure 6, dietary serine deficiency
significantly decreased acetate and butyrate contents in both
colonic contents and serum in mice, while it had no effects
on propionate content. Additionally, NCT-503 supplemen-
tation had no effects on acetate, propionate, and butyrate
contents in either colonic contents or serum in mice.

4. Discussion

Both exogenous and endogenous serine are involved in the
regulation of lipid metabolism [1, 6]. In the present study,
we found that both endogenous serine deficiency via inhibi-
tion of de novo serine synthesis and exogenous serine defi-
ciency resulted in increases in body weight and liver
weight. Increased liver weight was accompanied by increased
lipid accumulation. Inhibition of PHGDH activity resulted
in decreased serine content in the liver, which may contrib-
ute to aggravated oxidative and inflammatory status,
whereas dietary serine deficiency did not affect the serine
content in the liver. Notably, dietary serine deficiency
decreased the ratio of Firmicutes to Bacteroidetes in the
colonic microbiota. Importantly, dietary serine deficiency
also decreased the relative colonic abundance of Bifidobac-
terium and the metabolites of acetate and butyrate. These
changes may explain why exogenous serine deficiency
results in lipid overaccumulation in the liver. Our results
suggest that exogenous and endogenous serine deficiencies
disrupt hepatic lipid metabolism by different mechanisms
(Figure 7).

Serine can be derived from food and protein turnover
and can be synthesized de novo from 3-phosphoglycerate
and directly from glycine. Of these mechanisms, de novo
biosynthesis is the main mechanism. As expected, dietary
serine deficiency and inhibition of PHGDH caused a signif-
icant decrease in serum serine content in mice. Notably, only
inhibition of PHGDH caused reduction in the liver serine
content. Hepatic serine content was not affected by dietary
serine deficiency. Surprisingly, we observed increased
hepatic PHGDH activity and upregulated expression of
PAST1 and PSPH, which encode the enzymes involved in
de novo serine biosynthesis. These results indicate that the
increase in de novo biosynthesis may compensate for dietary
serine deficiency to meet the serine requirement in the liver.

Hepatic serine is closely involved in lipid metabolism
[4, 5, 7]. Hepatic serine deficiency contributes to the overac-
cumulation of lipids in the liver [1, 6]. In the present study,
we further confirmed that the inhibition of de novo serine
biosynthesis by administration of NCT-503 resulted in
hepatic serine deficiency and then lipid accumulation, as
indicated by the results of Oil Red O staining and increased
hepatic triglyceride content. A previous study had shown that
a lack of the PHGDH gene expression may inhibit SIRT1
activity and further increase lipid accumulation [6]. How-
ever, in the present study, we directly targeted PHGDH
activity, which may have produced different responses.
Consequently, the underlying mechanisms by which serine
deficiency in the liver contributes to lipid accumulation need
to be studied further. Disturbances in lipid metabolism are
often accompanied by increased inflammatory responses
and oxidative stress. We found increased expression of pro-
inflammatory cytokines, decreased GSH content, and
increased ROS content in the liver of mice treated with
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Figure 5: Dietary serine deficiency altered microbiota composition in colonic content. (a) Shannon index. (b) Chao1 index. (c) β-Diversity.
(d) PCoA plot of the microbiota based on an unweighted UniFrac metric. (e) Relative abundance of predominant bacteria at the phylum
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NCT-503. These results suggest that inhibition of de novo
serine biosynthesis exacerbates the inflammatory and oxida-
tive status in the liver.

Dietary serine deficiency did not cause changes in
hepatic serine content. Thus, other factors may be involved
in the disturbance of lipid accumulation and oxidative and
inflammatory status. Dysbiosis in the gut microbiota con-
tributes to the pathogenesis of fatty liver disease [17].
Changes in the microbiome and their metabolites can result
in liver inflammation and fibrosis. We previously described
that either dietary serine supplementation or serine defi-

ciency can regulate gut microbiota composition [8, 18].
These observations suggest that dietary serine deficiency
may affect hepatic lipid accumulation through the gut-
microbiota-liver axis. Importantly, the ratio of Firmicutes
to Bacteroidetes and the relative abundance of Bifidobacter-
ium decreased in mice fed a serine deficiency diet. Although
the association of Firmicutes and Bacteroidetes abundance
with fatty liver disease remains to be contradictory [19, 20],
an important function of the Bifidobacterium genus is to pro-
duce acetate, which can be converted into butyrate by other
bacteria [21, 22]. These results suggest that dietary serine
deficiency may affect the gut microbiota and thus cause
changes in their metabolites, including short-chain fatty
acids. We also observed decreased contents of acetate and
butyrate in both the serum and colonic contents. It has been
suggested that SCFAs can ameliorate lipogenesis, inflamma-
tory response, and oxidative damage in the liver tissue [23].
We hypothesize that the decreased production of SCFAs
affected by dietary serine deficiency may contribute to lipid
overaccumulation in the liver. However, whether decreased
Bifidobacterium genus contributes to the decreased SCFAs
and then results in fatty liver needs to be studied.

5. Conclusions

In the present study, exogenous and endogenous serine defi-
ciencies exacerbated hepatic lipid accumulation via different
mechanisms. Specifically, inhibition of serine de novo bio-
synthesis resulted in hepatic serine deficiency and further
contributed to the fatty liver, while dietary serine deficiency
altered the microbiota composition and further resulted in
the development of fatty liver via the gut-microbiota-liver
axis.
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Figure 6: Dietary serine deficiency decreased contents of short-chain fatty acids in colonic contents and serum. Acetate (a), propionate (b),
and butyrate (c) content in colonic content. Acetate (d), propionate (e), and butyrate (f) content in serum. CONT: mice were fed on the
control diet; NS: mice were fed on the serine- and glycine-deficient diet; NCT: mice were fed on the control diet and supplemented with
NCT-503. Data are presented as means ± SEM. n = 8. a,bMeans of the bars with different letters were significantly different among groups
(P < 0:05).
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Probiotics are widely used for protection against stress-induced intestinal dysfunction. Oxidative stress plays a critical role in
gastrointestinal disorders. It is established that probiotics alleviate oxidative stress; however, the mechanism of action has not
been elucidated. We developed an in vitro intestinal porcine epithelial cells (IPEC-J2) model of oxidative stress to explore the
antioxidant effect and potential mode of action of Lactobacillus plantarum ZLP001. The IPEC-J2 cells were preincubated with
and without L. plantarum ZLP001 for 3 h and then exposed to hydrogen peroxide (H2O2) for 4 h. Pretreatment with L.
plantarum ZLP001 protected IPEC-J2 cells against H2O2-induced oxidative damage as indicated by cell viability assays and
significantly alleviated apoptosis elicited by H2O2. L. plantarum ZLP001 pretreatment decreased reactive oxygen species
production and the cellular malondialdehyde concentration and increased the mitochondrial membrane potential compared
with H2O2 treatment alone, suggesting that L. plantarum ZLP001 promotes the maintenance of redox homeostasis in the cells.
Furthermore, L. plantarum ZLP001 regulated the expression and generation of some antioxidant enzymes, thereby activating
the antioxidant defense system. Treatment with L. plantarum ZLP001 led to nuclear erythroid 2-related factor 2 (Nrf2)
enrichment in the nucleus compared with H2O2 treatment alone. Knockdown of Nrf2 significantly weakened the alleviating
effect of L. plantarum ZLP001 on antioxidant stress in IPEC-J2 cells, suggesting that Nrf2 is involved in the antioxidative effect
of L. plantarum ZLP001. Collectively, these results indicate that L. plantarum ZLP001 is a promising probiotic bacterium that
can potentially alleviate oxidative stress.

1. Introduction

Oxidative stress is caused by an imbalance between prooxi-
dants and antioxidants and is implicated in extensive human
and animal diseases. Oxidative stress is often associated with
the accumulation of reactive oxygen species (ROS), which
can induce DNA hydroxylation, protein denaturation, and
lipid peroxidation [1] and thus compromise the viability of
cells, ultimately causing several diseases [2]. The intestine is
more vulnerable to oxidative stress owing to its continuous
exposure to the luminal environment. Intestinal oxidative
stress influences the digestibility and absorption of nutrients

and can cause various intestinal diseases [3, 4]. In particular,
during the critical life phases of animals, such as weaning, the
underdeveloped intestine combined with depressed intake
can lead to the insufficient synthesis of endogenous antioxi-
dants. Therefore, antioxidant supplementation strategies
have been considered. Dietary antioxidants, such as vitamins
C and E, and metals, such as Zn and Cu, can neutralize oxi-
dative molecules and play an important role in maintaining
redox homeostasis in humans and animals [5, 6].

Probiotic bacteria have been shown to exhibit antioxi-
dant activity both in vitro and in vivo [7–9]. Several probiotic
strains and their products present in food exert remarkable
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antioxidant activities, and these strains exhibit high viability
in anaerobic environments, have a strong oxygen radical-
scavenging ability, and produce several antioxidant enzymes
[10–12]. Antioxidative properties vary widely among bacte-
rial strains, indicating that they are strain specific [7, 13].
Probiotics have been demonstrated to exert antioxidant
activities in various host cells and the human body by modu-
lating the redox status by scavenging free radicals, chelating
metal ions, regulating enzymes, and modulating the intesti-
nal microbiota [8, 9]. Further, it has been reported that pro-
biotics exert antioxidant activity mainly through the
induction of detoxifying enzymes via the activation of tran-
scription factor nuclear erythroid 2-related factor 2 (Nrf2)
[14, 15]. Other regulatory pathways involving Sirt1, MAPK,
and PKC, which may trigger the dissociation of Nrf2 or
enhance the cell homeostasis, are also involved in the regula-
tion of their antioxidant action [9]. However, several ques-
tions regarding the underlying mechanisms of the
antioxidative roles of probiotics, such as concentration
effects, mitochondrial function, and Nrf2 dissociation pat-
tern, remain unsolved.

In our previous studies, we demonstrated that L. plan-
tarum ZLP001 isolated from healthy piglet ileal mucosa
[16] exerts a strong antioxidant ability, is highly viable in
hydrogen peroxide, has a high oxygen radical-scavenging
ability in vitro, and alleviates oxidative stress in weaning pig-
lets in vivo [17]. However, the antioxidant capacity of L. plan-
tarum ZLP001 under oxidative stress or its mechanisms of
action is not well understood. Therefore, in this study, we
evaluated the effect of L. plantarum ZLP001 pretreatment
in an in vitro model of oxidative stress using porcine intesti-
nal epithelial cells (IPEC-J2) treated with hydrogen peroxide
(H2O2).

2. Materials and Methods

2.1. Bacterial Strain, Cells, and Culture Conditions. L. plan-
tarum ZLP001 was originally isolated in our laboratory, from
the ileal mucosa of healthy piglets 4w after weaning. The
strain was identified by the China Center of Industrial Cul-
ture Collection (Beijing, China) and is preserved in the China
General Microbiological Culture Collection Center (CGMCC
No. 7370). L. plantarum ZLP001 cells were cultured in
improved de Man, Rogosa, and Sharpe liquid medium (10 g
peptone, 5 g yeast powder, 20 g glucose, 10 g beef extract, 5 g
sodium acetate, 2 g ammonium citrate dibasic, 2 g dipotas-
sium phosphate, 0.58 g magnesium sulfate, 0.19 g manganese
sulfate, 1mL of Tween-80, and water to 1,000mL; pH6.5) at
37°C under anaerobic conditions.

The porcine intestinal epithelial cell line (IPEC-J2) was a
generous gift from Dr. Glenn Zhang (Oklahoma State Uni-
versity, Stillwater, OK). The IPEC-J2 cells were cultured in
DMEM/F12, a 1 : 1 mixture of Dulbecco’s modified Eagle’s
medium and Ham’s F-12 (Gibco™, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco™), streptomycin (100μg/mL), penicillin
(100U/mL), and 1% ITS premix (5μg/mL insulin, 5μg/mL
transferrin, 5 ng/mL selenium; ScienCell, San Diego, CA) at

37°C in a 5% CO2 and 95% air atmosphere with 90%
humidity.

2.2. Oxidative Stress Model Establishment. An in vitro oxida-
tive stress model was established by treating IPEC-J2 cells
with H2O2. Cell viability was assessed using the methyl thia-
zolyl tetrazolium (MTT) assay. IPEC-J2 cells were seeded in
6-well tissue culture plates (Costar, Corning Inc., Corning,
NY, USA) at 2:5 × 105 cells/well and cultured overnight with
2mL of complete culture medium. After treatment with
H2O2 at final concentrations of 0, 250, 500, 750, 1000, 1250,
1500, and 1750μmol/L for 4 h, the cells were incubated with
5mg/mL of MTT working solution at 37°C for 4 h. The
absorbance at 490nm was measured using a Multiskan FC
instrument (Thermo Fisher Scientific, Waltham, MA,
USA). The median lethal dose (LD50) of H2O2 was calculated
by probability unit and the optimal concentration of H2O2
was selected to establish the IPEC-J2 cell-based oxidative
stress model.

2.3. Cell Treatments. IPEC-J2 cells were seeded in 6-well
tissue-culture plates at 2:5 × 105 cells/well. After overnight
culture, the complete culture medium was replaced with cul-
ture medium without antibiotics, and the cells were incu-
bated with L. plantarum ZLP001 at 105, 106, 107, 108, or
109CFU/well for 2 h, 3 h, or 4 h. After the bacteria were
washed away with PBS, the cells were cultured in a complete
culture medium with or without H2O2 (optimal H2O2 con-
centration obtained from the above experiment) for 4 h. Cell
viability was determined using the MTT assay.

To estimate the antioxidant effect of L. plantarum
ZLP001 on IPEC-J2 cells, four treatments were designed: a
control, a L. plantarum ZLP001 treatment (optimal concen-
tration and incubation time based on the above experiment),
a H2O2 treatment, and a L. plantarum ZLP001 pretreatment
+H2O2 treatment. After overnight culture, IPEC-J2 cells were
incubated with L. plantarum ZLP001 in a complete culture
medium without antibiotics for 3 h. Then, the bacteria were
washed away with PBS, and the cells were cultured in a com-
plete culture medium with or without H2O2 for 4 h. In addi-
tion, IPEC-J2 cells were cultured in a complete culture
medium without antibiotics for 3 h and then treated or not
treated with H2O2 under the conditions described above as
oxidative stress control and nontreated control, respectively.

2.4. Observation of Cell Morphology. Morphological changes
in IPEC-J2 cells after the treatments were observed under
an optical microscope (Olympus, Tokyo, Japan) at a magni-
fication of 100x. Images were acquired using the cellSens
Entry system (Olympus).

2.5. Detection of Cell Apoptosis and Necrosis. Apoptosis and
necrosis in treated IPEC-J2 cells were detected using the
Apoptosis and Necrosis Assay Kit (C1056) (Beyotime Bio-
technology, Haimen, China). After the treatments, the cells
were stained with Hoechst 33342 (10 ng/mL) and propidium
iodide (PI, 10 ng/mL) at 4°C in the dark for 20min, according
to the manufacturer’s instructions. Condensed or fragmented
nuclei of apoptotic cells were visualized and photographed
under an inverted fluorescence microscope (IX71, Olympus).
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Apoptotic cells were also detected by flow cytometry
using an Annexin V PE/7-AAD Assay Kit (CA1030) (Solar-
bio, Beijing, China). Immediately after the treatments, the
cells were collected and resuspended in a binding buffer.
One hundred microliters of cell suspension were mixed with
5μL of Annexin V/PE and incubated in the dark at room
temperature for 5min. After the addition of 10μL of
20μg/mL 7-AAD and 400μL of PBS, the cells were immedi-
ately analyzed by flow cytometry (FACScaliburTM, BD Bio-
sciences, San Jose, CA, USA). Experiments were performed
in triplicate.

2.6. Assessment of Intracellular ROS Generation. Intracellular
ROS accumulation was measured using a commercial ROS
detection kit (S0033S) (Beyotime Biotechnology, Haimen,
China) with the green, fluorescent probe DCFH-DA (2′,7′
-dichlorofluorescein diacetate). After the treatments, the cul-
ture medium was removed, the ROS indicator DCFH-DA
(10μM) in fresh FBS-free medium was added, and the cells
were incubated at 37°C for 30min. The cells were visualized
and photographed under a fluorescence microscope (IX71,
Olympus). To quantify ROS production, the fluorescence
intensity was measured using a fluorescence microplate
reader (Tecan, Männedorf, Switzerland) at excitation/emis-
sion wavelengths of 525/610 nm. ROS levels are expressed
as the percentage of treated cells compared to control cells.
Experiments were performed in triplicate.

2.7. Measurement of the Mitochondrial Membrane Potential
(MMP). The Mitochondrial Membrane Potential Assay Kit
(Beyotime Biotechnology, Haimen, China) with the
membrane-permeable dye, JC-1, was used to detect mito-
chondrial depolarization in cells. After the treatments, the
cells were incubated in JC-1 solution at 37°C for 15min.
The potential-dependent aggregation of JC-1 in the mito-
chondria (labeled with red fluorescence) and of the mono-
meric form of JC-1 in the cytosol after mitochondrial
membrane depolarization (labeled with green fluorescence)
were detected using flow cytometry. The MMP is reflected
by the proportion of JC-1 aggregates and monomers. Exper-
iments were performed in triplicate.

2.8. Determination of Lactate Dehydrogenase (LDH) and
Malondialdehyde (MDA). After the treatments, the cells were
gently washed twice with PBS and lysed using RIPA Lysis
Buffer (containing PMSF) (Solarbio, Beijing, China) for
10min. The cells were centrifuged and 10,000×g at 4°C for
10min, and the supernatants were collected. Protein concen-
trations were determined using a bicinchoninic acid (BCA)
protein assay (BCA Protein Assay Kit; Pierce, Madison, WI,
USA). Then, the levels of LDH and MDA were determined
using a LDH assay kit (A020-2) and MDA assay kit (A003-
2) (Jiancheng, Nanjing, China). Experiments were performed
in triplicate.

2.9. Determination of Glutathione and Oxidized Glutathione
(GSH and GSSG) Concentrations. The cell sample collection
and protein extraction and concentration evaluation were
the same as above for the determination of LDH and MDA.
Thereafter, the concentration of GSH and GSSG was deter-

mined using a GSH assay kit (A006-1-1) and GSSG assay
kit (A061-2-1) (Jiancheng, Nanjing, China). Experiments
were performed in triplicate.

2.10. Determination of T-AOC, T-SOD, CAT, and GSH-Px
Activities. The total antioxidant capacity (T-AOC, A015-1-
2) and the activities of total superoxide dismutase (T-SOD,
A001-1-2), catalase (CAT, A007-1-1), and glutathione perox-
idase (GSH-Px, A005-1-2) were determined using commer-
cial assay kits (Jiancheng, Nanjing, China). After the
treatments, the cells were lysed, and cellular protein concen-
trations were determined as above. Then, the T-SOD, CAT,
and GSH-Px activities are determined according to the
instructions of the manufacturer and expressed as U/mg pro-
tein. Experiments were performed in triplicate.

2.11. Establishment of Nrf2-Knockdown IPEC-J2 Cells. Por-
cine Nrf2 siRNA 5′-GCCCAUUGAUCUCUCUGAUTT-3′
(sense) and 5′-AUCAGAGAGAUCAAUGGGCTT-3′ (anti-
sense) were synthesized at GenePharma Co. Ltd. (Shanghai,
China). The IPEC-J2 cells were seeded into 6-well plates
(2:5 × 105 cells/well), cultured overnight, and transfected
with siRNAs using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s instructions.

2.12. Quantitative Reverse-Transcription Polymerase Chain
Reaction (RT-qPCR). Total RNA was extracted from treated
cells using RNAzol reagent (Molecular Research Center, Cin-
cinnati, OH, USA) according to the manufacturer’s instruc-
tions. RNA concentrations were determined using a
NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The RNA (1μg) was reverse-
transcribed into cDNA using an iScript™ cDNA Synthesis
Kit (Bio-Rad, Hercules, CA, USA) according to the manufac-
turer’s instructions. The qPCRs were run using iTaqTMUni-
versal SYBR Green Supermix (Bio-Rad) in a QuantStudio 3
Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA, USA). Porcine-specific primers used in this study were
referred from other references or designed with Primer 5.0,
and the sequences are listed in Supplementary Table S1.
Target gene expression was normalized to that of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH);
relative fold changes in gene expression were calculated
using the 2–ΔΔCt method [18].

2.13. Western Blot. IPEC-J2 cells were collected after the
treatments, and total proteins were extracted and protein
concentrations were determined as above description. Equal
amounts of protein (30μg) were loaded per lane and the pro-
tein was separated at 110V for 1 h and then transferred to the
PDVF membrane at 4°C and 90V for 60-100min. After
blocking with 5% skim milk, the blots were incubated with
primary antibodies at 4°C overnight. After three washes with
Tris-buffered saline, the blots were incubated with an HRP-
conjugated secondary antibody. Chemiluminescence detec-
tion was performed using Western Blot Luminance Reagent
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) according
to the manufacturer’s instructions. The antibodies used in
this study are listed in Supplementary Table S2.
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Immunoreactive bands were imaged using the ChemiDoc
XRS system (Bio-Rad) and were quantified using ImageJ
(National Institutes of Health, Bethesda, MD, USA).

2.14. Statistical Analysis. All results are expressed as the
mean ± standard error of themean ðSEMÞ. Data analyses
were performed using Prism version 6 (GraphPad Software,
Inc., San Diego, CA, USA). Means were compared using
one-way analysis of variance (ANOVA) followed by Dun-
can’s post hoc tests in SPSS (version 20.0, SPSS Inc., Chicago,
IL, USA). Means of two groups were compared using
unpaired Student’s two-tailed t-test. P < 0:05 was considered
a significant difference.

3. Results

3.1. Establishment of an Oxidative Stress Model in IPEC-J2
Cells. To establish the oxidative stress model in porcine
IPEC-J2 cells, we used the MTTmethod to determine the cell
viability of IPEC-J2 after treatment with H2O2. As shown in
Figure 1(a), H2O2 dose-dependently decreased the viability
of IPEC-J2 cells. After 4 h of treatment with 1,000μM
H2O2, the cell viability of IPEC-J2 was reduced to 52:8% ±
4:7%. Therefore, this concentration of 1,000μM and 4h
treatment time were used to induce oxidative stress in subse-
quent experiments.

3.2. L. plantarum ZLP001 Attenuated the Cell Damage
Caused by H2O2.As shown in Figure 1(b), a 3-h pretreatment
with 106 or 107CFU L. plantarum ZLP001 increased IPEC-J2
cell viability by approximately up to 70%-75% after H2O2
insult, indicating that L. plantarum ZLP001 attenuates
H2O2-induced cell damage. Lower and higher concentrations
of L. plantarum ZLP001 were less effective, while 109CFU L.
plantarum ZLP001 decreased the viability of IPEC-J2 directly
and did not protect against H2O2-induced damage. Pretreat-
ment with L. plantarum ZLP001 for 3 h more effectively pro-
tected cell viability than 2h or 4 h pretreatment. We selected
106CFU L. plantarum ZLP001 concentration and 3h pre-
treatment time to proceed with further research.

Cell morphology after the different treatments was exam-
ined by optical microscopy (Figure 1(c)). Compared with
normal cells, the gaps between H2O2-treated IPEC-J2 cells
were enlarged, and the cell membrane showed a loose struc-
ture. After pretreatment with L. plantarum ZLP001, less
damage to cell integrity was observed.

LDH is a soluble cytosolic enzyme that is released when
the cell membrane is damaged. To confirm the protective
effect of L. plantarum ZLP001 on IPEC-J2 cells, LDH leakage
after H2O2 treatment was measured (Figure 1(d)). While
H2O2-treated IPEC-J2 cells showed significant LDH release
compared to nontreated cells, pretreatment with L. plan-
tarum ZLP001 strongly reduced LDH leakage in the culture
supernatant.

3.3. L. plantarum ZLP001 Alleviates H2O2-Induced Apoptosis
and Necrosis in IPEC-J2 Cells. Hoechst 33342 and PI staining
results showed that H2O2 considerably stimulated apoptosis
(bright blue) and necrosis (bright red) in IPEC-J2 cells, indi-
cating H2O2-induced oxidative damage. L. plantarum

ZLP001 pretreatment significantly ameliorated H2O2-
induced apoptosis and necrosis (Figure 2(a)). These findings
were confirmed by flow cytometry results (Figures 2(b)
and 2(c)).

The expression of the apoptosis-associated proteins, Bcl-
2, Bax, and active caspase-3, was evaluated by western blot to
further understand the antiapoptotic effect of the L. plan-
tarum ZLP001 strain. Expression of the antiapoptotic factor
Bcl-2 was enhanced by L. plantarum ZLP001 treatment,
whereas no obvious increase was observed after H2O2 treat-
ment alone (Figures 2(d) and 2(e)). After H2O2 treatment,
activated caspase-3 expression was significantly increased,
and this induction was alleviated by L. plantarum ZLP001
pretreatment. No significant effect on Bax expression was
observed.

3.4. L. plantarum ZLP001 Regulates the Cellular Redox State
in H2O2-Treated IPEC-J2 Cells. To evaluate the regulatory
effect of L. plantarum ZLP001 on the H2O2-induced IPEC-
J2 cell redox state, we measured intracellular ROS production
using a cell-permeable, nonfluorescent probe DCFH-DA
(Figures 3(a) and 3(b)). Unsurprisingly, ROS accumulation
was significantly increased after exposure to H2O2, indicating
that H2O2 caused an intracellular burst of ROS in IPEC-J2
cells. However, pretreatment of the cells with L. plantarum
ZLP001 obviously suppressed the ROS burst induced by
H2O2 in IPEC-J2 cells.

To further investigate the redox state, the MMP was
determined (Figures 3(c) and 3(d)), which can be affected
by H2O2-induced ROS release. After H2O2 treatment alone,
the J-aggregate-to-J-monomer ratio in IPEC-J2 cells was
obviously decreased. After L. plantarum ZLP001 pretreat-
ment, this ratio was increased, demonstrating the positive
effect of L. plantarum ZLP001 on the redox state in IPEC-
J2 cells.

Next, we detected GSSG and GSH, which serve as impor-
tant indicators of the cellular redox state (Figure 3(e)). After
H2O2 treatment, intracellular GSSG levels were significantly
increased, while GSH levels were markedly decreased
(P < 0:05). However, pretreatment with L. plantarum
ZLP001 showed a tendency to prevent the effects of H2O2
on both GSSG (P > 0:05) and GSH (P < 0:05). The GSSG
and GSH levels in L. plantarum ZLP001-treated cells were
similar to those in control cells (P > 0:05).

MDA is the main product of ROS-induced lipid peroxi-
dation. As an excellent indicator of oxidative stress, we also
measured the MDA levels in the treated IPEC-J2 cells. As
shown in Figure 3(f), MDA levels in H2O2-treated IPEC-J2
cells were markedly increased compared to those in control
cells, indicating the occurrence of lipid peroxidation. L. plan-
tarum ZLP001 pretreatment significantly inhibited lipid
peroxidation in IPEC-J2 cells, as indicated by the lower
levels of MDA.

3.5. L. plantarum ZLP001 Upregulates the Antioxidant
Defense System in H2O2-Treated IPEC-J2 Cells. The effect of
L. plantarum ZLP001 on the antioxidant defense system in
the cells was examined to further investigate how L. plan-
tarum ZLP001 alleviated oxidative stress in the cells. The T-
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AOC activities in L. plantarum ZLP001-treated cells showed
a numerically increase compared with the normal control
group (Figure 4(a)). While the pretreatment of L. plantarum
ZLP001 can significantly attenuate the decrease of T-AOC
activity caused by H2O2.

As shown in Figure 4(b), the HO-1, GSTA1, and TRXR1
mRNA expressions were significantly elevated in cell
response to H2O2, whereas CAT expression was significantly
decreased, indicating that the cells activated antioxidant
mechanisms to protect themselves from oxidative stress.
Compared with H2O2 treatment alone, L. plantarum
ZLP001 pretreatment obviously suppressed HO-1 and
TRXR1 mRNA expression, whereas it increased SOD1 and
CAT expression. L. plantarum ZLP001 treatment alone
markedly elevated the mRNA expression of SOD1 and
GPX2, whereas no significant effects on other antioxidant
enzymes were observed compared with control cells.

We further determined the activities of T-SOD, CAT,
and GSH-Px using commercial assay kits (Figures 4(c)–
4(e)). In line with the gene expression results, these enzyme
activities treated or pretreated with L. plantarum ZLP001
were significantly regulated compared with control and
H2O2 treatment alone. After L. plantarum ZLP001 pretreat-
ment, the decline in antioxidant enzymes caused by H2O2

was alleviated. These results indicate that L. plantarum
ZLP001 boosts endogenous antioxidant molecules. Collec-
tively, the antioxidant effect of L. plantarum ZLP001 can be
attributed to the activation of the antioxidant defense system.

3.6. L. plantarum ZLP001 Activates Nrf2 Signaling Pathway
in IPEC-J2 Cells. To further explore the mode of action of
L. plantarum ZLP001, we evaluated Nrf2 expression in
IPEC-J2 cells treated with different concentrations of L. plan-
tarum ZLP001 (Figures 5(a) and 5(b)). Immunoblotting
results revealed that L. plantarum ZLP001 treatment dose-
dependently decreased cytosolic Nrf2 and promoted nuclear
Nrf2 accumulation, especially at 107CFU, indicating the
occurrence of nuclear translocation of Nrf2. Cytosolic Keap1
accumulation was enhanced after L. plantarum ZLP001
treatment, especially at 106 and 107CFU.

Next, we evaluated the translocation of Nrf2 after H2O2
treatment and pretreatment with L. plantarum ZLP001. As
shown in Figures 5(c) and 5(d), H2O2 treatment alone had
a remarkable effect on Nrf2 translocation from the cytosol
to the nucleus. However, after pretreatment with L. plan-
tarum ZLP001, the amount of Nrf2 in the cytosol showed a
further decrease, while no significant accumulation of Nrf2
was observed in the nucleus compared with H2O2 treatment
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Figure 1: Lactobacillus plantarum ZLP001 protects IPEC-J2 cells against H2O2-induced oxidative stress damage. (a) H2O2-induced IPEC-J2
cell viability reduction. IPEC-J2 cells were incubated with the indicated concentrations of H2O2 for 4 h; after which, cell viability was
measured by the methyl thiazolyl tetrazolium (MTT) assay. (b) L. plantarum ZLP001 protects against H2O2-induced cell damage. IPEC-J2
cells were incubated with or without L. plantarum ZLP001 at the indicated concentrations for 2 h, 3 h, or 4 h; after which, the medium was
replaced with fresh medium containing 1,000 μM H2O2. After incubation for 4 h, cell viability was measured by the MTT assay. (c)
Morphological analysis of the protective effect of L. plantarum ZLP001 (106 CFU, 3 h) against H2O2-induced IPEC-J2 cell damage by
microscopy. (d) Lactate dehydrogenase (LDH) release after the treatments as determined using a LDH assay. All data represent the mean
± standard error of mean ðSEMÞ of three independent experiments. Means were compared by one-way ANOVA followed by Duncan’s
post hoc tests. ∗P < 0:05. The means of the two groups were compared using Student’s t-test. ∗P < 0:05 vs. nontreated control cells; #P <
0:05 vs. H2O2-treated cells.
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alone. The amount of Keap1 in the cytosol numerically
increased after L. plantarum ZLP001 treatment alone, and
significant differences were observed after H2O2 treatment
alone and pretreatment with L. plantarum ZLP001.

3.7. Nrf2 siRNA Abolishes the Antioxidative Effects of L.
plantarum ZLP001. To further clarify the role of Nrf2 in
the alleviation of oxidative stress by L. plantarum ZLP001,
we evaluated cell viability and ROS production after Nrf2
knockdown in IPEC-J2 cells. Cells treated with Nrf2 siRNA
effectively exhibited lower levels of Nrf2 than negative con-
trol siRNA-transfected cells and nontransfected control cells
at both the gene and the protein level (Figures 6(a) and 6(b)).
Nrf2 siRNA-transfected IPEC-J2 cells showed considerably
lower cell viability than negative control cells when chal-
lenged with H2O2 (Figure 6(c)). The antioxidant-protective
effect of L. plantarum ZLP001 was also blocked by Nrf2
siRNA, and the cells showed reduced viability when com-
pared with negative control siRNA-transfected cells. Further-
more, Nrf2 knockdown weakened the effect of L. plantarum
ZLP001 in preventing ROS generation in response to the
H2O2 challenge (Figure 6(d)). These results demonstrate that

Nrf2 siRNA abolishes the antioxidative action of L. plan-
tarum ZLP001, suggesting that the Nrf2 pathway is involved
in this action.

4. Discussion

An imbalance in the intestinal microbiota under stress or
pathological conditions can result in the growth of patho-
gens, which may produce oxygen to generate an aerobic envi-
ronment, thus rendering the intestine in an oxidative stress
state [19, 20]. Intestinal oxidative stress causes damage to
the epithelial barrier and affects nutrient digestibility and
absorption and can lead to various diseases [3, 21, 22]. Thus,
intestinal redox homeostasis is critical for maintaining host
health. Although some probiotics have antioxidant capacity,
the underlying mechanisms are not completely understood.
In this study, we aimed to clarify the antioxidant capacity
of L. plantarum ZLP001 under oxidative stress and its poten-
tial mechanism.

H2O2 is a strong oxidant capable of oxidizing a variety of
moieties, which is why it is commonly used to establish an
oxidative stress model to study redox-regulated processes in
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Figure 2: Lactobacillus plantarum ZLP001 inhibits H2O2-induced apoptosis in IPEC-J2 cells. IPEC-J2 cells were incubated with or without
106 CFU L. plantarum ZLP001 for 3 h; after which, the medium was replaced with a fresh medium containing 1,000μM H2O2, and the cells
were further incubated for 4 h. (a) Apoptosis detection based on Hoechst 33342 staining and PI staining. (b) Flow-cytometric analysis of
apoptotic cells. (c) Quantification of apoptotic cells based on flow cytometry data. (d) Western blot analysis of Bcl-2, Bax, and active
caspase-3 expression. (e) Quantitative analysis of apoptosis-related protein levels. All data represent the mean ± standard error of mean ð
SEMÞ of three independent experiments. Means were compared by one-way ANOVA followed by Duncan’s post hoc test. ∗P < 0:05.
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various cell types [23–25]. In the present study, MTT assays
and the LD50 results demonstrated that treatment with
1,000μM H2O2 for 4 h was sufficient to induce oxidative
stress in IPEC-2 cells. Pretreatment with L. plantarum
ZLP001 (106CFU, 3 h) significantly alleviated the decrease
of cell viability and release of LDH caused by H2O2, suggest-
ing that L. plantarum ZLP001 has antioxidant capacity and
can protect cell integrity. Previous studies have demonstrated
that epithelial barrier injury is associated with oxidative stress
[22, 26]. Our previous study revealed that L. plantarum
ZLP001 has a positive effect on intestinal barrier function
[27]; therefore, we speculate that the fortifying effect of L.
plantarum ZLP001 on the intestinal barrier may be partially
associated with its antioxidant ability. We used morphologi-
cal analysis to observe nuclear condensation and DNA frag-
mentation, which are hallmarks of cell apoptosis [28, 29].
Apoptosis is generally induced when cells are subjected to
oxidative stress [30, 31]. H2O2-treated IPEC-J2 cells showed
obvious apoptosis, as demonstrated by the appearance of
apoptotic nuclei based on Hoechst staining, compared with

control cells. Pretreatment with L. plantarum ZLP001 obvi-
ously lowered the population of apoptotic nuclei in H2O2-
induced IPEC-J2 cells. Flow cytometry results confirmed
these findings. Probiotics have been previously demonstrated
to have antiapoptotic effects and thus improve barrier func-
tion [32], suggesting they can indeed improve cell viability.
Further, treatment with L. plantarum ZLP001 enhanced the
expression of Bcl-2, while pretreatment suppressed the
increase in activated caspase-3 caused by H2O2, corroborat-
ing the potential antiapoptotic role of L. plantarum
ZLP001. Similar results were obtained by [14] using the pro-
biotic strain Bacillus amyloliquefaciens SC06, although they
only detected apoptosis-related gene expression and showed
the image results. Taken together, our results indicate that
L. plantarum ZLP001 has the potential to preserve intestinal
integrity and barrier function under oxidative stress.

To confirm the antioxidant effect of L. plantarum
ZLP001, we determined ROS production, MDA levels, and
MMP. ROS are generated essentially for cellular growth
and proliferation and have regulatory effects under
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Figure 3: Lactobacillus plantarum ZLP001 improves the H2O2-induced redox state in IPEC-J2 cells. IPEC-J2 cells were incubated with or
without 106 CFU L. plantarum ZLP001 for 3 h; after which, the medium was replaced with a fresh medium containing 1,000μM H2O2,
and the cells were further incubated for 4 h. (a) L. plantarum ZLP001 prevents H2O2-induced ROS accumulation in IPEC-J2 cells as
indicated by DCFH-DA staining. (b) Quantification of the ROS levels based on DCFH-DA fluorescence. (c) Effect of L. plantarum
ZLP001 on the mitochondrial membrane potential (MMP) in H2O2-induced IPEC-J2 cells as analyzed by flow cytometry. (d)
Quantification of the effect on the MMP based on flow-cytometric data. (e) Concentrations of glutathione (GSH) and oxidized glutathione
(GSSG) were determined using GSSG and GSH detection assays. (f) Concentrations of malondialdehyde (MDA) were determined using
an MDA assay kit. All data represent the mean ± standard error of mean ðSEMÞ of three independent experiments. Means were compared
one-way ANOVA followed by Duncan’s post hoc tests. ∗P < 0:05.
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physiological conditions [33–35]. Under normal conditions,
intracellular ROS levels are maintained at a sustainable level.
However, ROS overproduction, which occurs when ROS
levels exceed the endogenous cellular capacity to remove
them, will lead to oxidative damage of intracellular macro-
molecules, thus inducing a series of oxidative stress reactions
[36]. H2O2 induced an intracellular ROS burst in IPEC-J2
cells as revealed by DCFH-DA staining. Pretreatment with
L. plantarum ZLP001 remarkably reduced ROS accumula-
tion induced by H2O2. The conversion of GSH to GSSG cor-
roborated that L. plantarum ZLP001 could alleviate the
oxidative stress caused by H2O2. GSH actively participates
in scavenging ROS, but the conversion of GSH to GSSG after
oxidation leads to the protein glutathionylation [37]. Levels
of MDA, a product of lipid peroxidation, exhibited similar
trends as the ROS levels in the present study. H2O2 treatment
stimulated MDA secretion, whereas L. plantarum ZLP001
pretreatment inhibited the production of MDA induced by
H2O2. As the largest contributors to intracellular oxidant
production in most cell types, mitochondria are the site of
major oxidative processes [38] and play a critical role in the
oxidative stress-induced cell death [39]. We measured the
MMP to evaluate the redox state of mitochondria. H2O2
decreased the MMP, whereas L. plantarum ZLP001 pretreat-
ment enhanced the MMP. Mitochondrial dysfunction as

indicated by a decrease in the MMP is considered a charac-
teristic feature of early apoptosis [40]. The decrease in the
MMP after H2O2 treatment in the present study suggested
that apoptosis would be induced in the IPEC-J2 cells. Pre-
treatment with L. plantarum ZLP001 enhanced the MMP
and markedly suppressed IPEC-J2 apoptosis. Thus, L. plan-
tarum ZLP001 can effectively modulate the antioxidant sta-
tus in IPEC-J2 cells. The limitation of our study is that the
active molecules of this strain were not deeply studied. Stud-
ies have demonstrated that antioxidant molecules produced
by probiotic strains, like exopolysaccharides and ferulic acid,
may the key factors that probiotics play their antioxidant
activity [41, 42]. Further isolation, purification, and struc-
tural elucidation may also need to evaluate the main active
ingredients of L. plantarum ZLP001.

Enhancing the host antioxidant defense system leads to
ROS scavenging in the body, thus alleviating oxidative stress.
The protective effect of probiotics involves both nonenzy-
matic and enzymatic redox mechanisms [43]. To further
investigate the antioxidant mechanisms of L. plantarum
ZLP001, we evaluated T-AOC and mRNA expression and
activities of some antioxidant-associated enzymes in IPEC-
2 lysates. T-AOC normally reflects the capacity of the nonen-
zymatic antioxidant defense system [44] and is often used as
a biomarker to investigate oxidative status [45]. The elevation
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Figure 4: Effect of Lactobacillus plantarum ZLP001 on antioxidant enzyme expression and activity in IPEC-J2 cells. IPEC-J2 cells were
incubated with 106 CFU L. plantarum ZLP001 for 3 h; after which, the medium was replaced with a fresh medium containing 1,000 μM
H2O2, and the cells were further incubated for 4 h. (a) T-SOD activity in lysed cells was determined using a commercial assay kit. (b) The
mRNA levels of HO-1, SOD-1, CAT, GSTA1, TRXR1, and GPX2 as determined by RT-qPCR. (c–e) T-SOD, CAT, GSH-Px activities in
lysed cells were determined using commercial assay kits. All data represent the mean ± standard error of mean ðSEMÞ of three independent
experiments. Differences between groups were analyzed by one-way ANOVA followed by Duncan’s post hoc tests. ∗P < 0:05. Differences
between two groups were determined by Student’s t-test. ∗P < 0:05 vs. nontreated control cells; #P < 0:05 vs. H2O2-treated cells.
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in T-AOC after pretreatment with L. plantarum ZLP001
demonstrated that L. plantarum ZLP001 suppresses oxida-
tive stress at least in part via the nonenzymatic antioxidant
defense system. HO-1, a phase II enzyme, is transcriptionally
regulated by various stimuli [46]. HO-1 is extremely sensitive
to H2O2 induction and can be used as a sensitive target to
screen antioxidants [14]. In the present study, we observed
induction of HO-1 gene expression by H2O2, which was sup-
pressed by L. plantarum ZLP001 pretreatment. Antioxidant
enzymes, such as SOD and CAT, can detoxify ROS to safe
molecules, thus protecting cells against ROS damage [47,
48]. Increased expression of SOD1 after L. plantarum
ZLP001 treatment alone and increased CAT expression after
L. plantarum ZLP001 pretreatment compared with H2O2
treatment was observed in the present study. Therefore, we
also determined the expression levels of some other
antioxidant-associated genes. L. plantarum ZLP001 treat-
ment alone increased GPX2 expression to elevate the antiox-
idant capacity. Similar results have been obtained in Labeo
rohita fed probiotic and symbiotic diets [49]. The increase
in GSTA1 expression after H2O2 exposure may suggest a
self-protective response to mitigate H2O2 toxicity [50].
Thioredoxin system activation was also observed after

H2O2 treatment, and L. plantarum ZLP001 pretreatment
decreased TRXR1 expression, which is consistent with find-
ings for several Bacillus strains research [14].

To confirm that L. plantarum ZLP001 enhanced the anti-
oxidant system in IPEC-J2 cells, we measured antioxidase
activity in IPEC-J2 cell lysates. In line with the gene expres-
sion results, L. plantarum ZLP001 increased T-SOD activity,
and L. plantarum ZLP001 pretreatment alleviated the sup-
pression of these enzyme activities by H2O2. The regulatory
effects of probiotic strains on host antioxidative enzymes
have been widely verified in vitro (in various cell models)
and in vivo (in serum and in diverse tissues) [43, 50–52].
Our findings suggest that L. plantarum ZLP001 can dramat-
ically improve the antioxidant status in IPEC-J2 cells by pro-
moting cellular antioxidant defense systems against species
generating ROS, thus rendering cells more resistant to the
H2O2 challenge.

As the key endogenous pathway regulating the antioxi-
dant system, activation of the Nrf2/Keap1-antioxidant
response element (ARE) axis increases the transcription of
antioxidant response elements, thus protecting cells and tis-
sues against ROS damage [53–55]. The altered phase II gene
expression and antioxidase activities imply that L. plantarum
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Figure 5: Effects of Lactobacillus plantarum ZLP001 on the Nrf2/Keap1 pathways in IPEC-J2 cells. (a) Protein levels of Nrf2 and p-Nrf2 as
detected by western blot in nucleus (treated with different concentrations of L. plantarum ZLP001). (b) Protein levels of Nrf2, p-Nrf2, and
Keap1 as detected by western blot in cytoplasm (treated with different concentrations of L. plantarum ZLP001). IPEC-J2 cells were
incubated with indicated concentrations of L. plantarum ZLP001 for 3 h. After isolation of the nuclei from the cells, the nuclear Nrf2 and
cytosolic Nrf2 and Keap1 were determined by immunoblotting. (c) Protein levels of Nrf2 and p-Nrf2 as detected by western blot in
nucleus (treated with L. plantarum ZLP001 followed by H2O2). (d) Protein levels of Nrf2, p-Nrf2, and Keap1 as detected by western blot
in cytoplasm (treated with L. plantarum ZLP001 followed by H2O2). IPEC-J2 cells were incubated with or without 106 CFU L. plantarum
ZLP001 for 3 h; after which, the medium was replaced with a fresh medium containing 1,000μM H2O2, and the cells were further
incubated for 4 h. After isolation of the nuclei from the cells, the nuclear Nrf2 and cytosolic Nrf2 and Keap1 were determined by
immunoblotting. All data represent the mean ± standard error of mean ðSEMÞ of three independent experiments. Differences between the
two groups were determined by Student’s t-test. ∗P < 0:05 vs. nontreated control cells. Differences between groups were analyzed by one-
way ANOVA followed by Duncan’s post hoc tests. ∗P < 0:05.
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ZLP001 may affect the Nrf2/Keap1 pathway. Therefore, we
investigated whether the Nrf2/Keap1-ARE pathway was
involved in the antioxidant function of L. plantarum
ZLP001. The expression of Nrf2/Keap1 pathway-related pro-
teins in IPEC-J2 cells was enhanced by L. plantarum ZLP001,
although differences were only significant at 107CFU. Previ-
ous studies have also revealed that probiotic administration
in high fat diet-fed mice can induce Nrf2 expression com-
pared with the control, and probiotic treatment alone
in vitro was able to induce Nrf2 phosphorylation in IPEC-1
cells [14, 56]. However, as different probiotic strains induce
variable levels of Nrf2 expression [57], we plan to conduct a
comparative study of multiple strains and to investigate other
potential pathways. Nrf2 is normally activated when cells are
exposed to oxidants and electrophiles, thus protecting the
cells against oxidative stress [54]. H2O2 stress increased
Nrf2 phosphorylation in the present study, which concurs
with Wang et al. [14]. After pretreatment with L. plantarum
ZLP001, we observed enhanced dissociation of Nrf2 in the
cytosol, but it did not accumulate in the nucleus compared
to H2O2 treatment alone. Kobayashi and Yamamoto [58]
reported that a phase II-activated defense system makes cells
more resistant to subsequent even greater challenges. Thus, it
is possible that L. plantarum ZLP001 may have activated
Nrf2 before our detection time point, which made the
IPEC-J2 cells more resistant to the subsequent challenge with
H2O2 without a need for the continued accumulation of

Nrf2. We further evaluated the cell viability, ROS produc-
tion, and mRNA expression levels of antioxidative
enzymes after Nrf2 knockdown in IPEC-J2 cells. The pro-
tective effect of L. plantarum ZLP001 on H2O2-induced
IPEC-J2 cell damage was abolished under Nrf2 deficiency.
These results confirm that the Nrf2-ARE signaling path-
way is involved in the protective effect of L. plantarum
ZLP001 and regulates the expression and activity of anti-
oxidative enzymes to strengthen the defense against
H2O2-induced oxidative stress in IPEC-J2 cells. Similarly,
previous studies in different cells and hosts have reported
that probiotic strains attenuate oxidative stress by upregu-
lating Nrf2 expression, and by increasing the expression of
antioxidative and cytoprotective genes [14, 15, 59]. How-
ever, Nrf2 activation by L. plantarum ZLP001 was not as
significant as we expected and was not consistent with
the antioxidant activity. As we have mentioned, other sig-
naling pathways may also be involved in antioxidant regu-
lation of L. plantarum ZLP001. Probiotics can attenuate
hepatic oxidative stress via activating SIRT1 signaling
[60] and ameliorate H2O2-induced epithelial barrier dis-
ruption through a PKC- and MAPK-dependent mecha-
nism [61]. Whether these pathways were contributed to
the antioxidant activity of L. plantarum ZLP001 is
unknown. Thus, more robust, in-depth studies are
required to unravel the precise antioxidant mechanism of
L. plantarum ZLP001.
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Figure 6: Effect of Lactobacillus plantarum ZLP001 on H2O2-induced oxidant stress in Nrf2-knockdown IPEC-J2 cells. IPEC-J2 cells were
transfected with Nrf2 siRNA or negative control siRNA, and the efficiency of Nrf2 silencing was evaluated by RT-qPCR and western blot.
(a) The mRNA level of Nrf2. (b) Western blot analysis of Nrf2 protein levels. Nrf2-knockdown and control cells were incubated with or
without 106 CFU L. plantarum ZLP001 for 3 h; after which, the medium was replaced with a fresh medium containing 1,000μM H2O2,
and the cells were further incubated for 4 h. (c) Cell viability was measured using the methyl thiazolyl tetrazolium assay. The results were
normalized to negative control siRNA-transfected cells without H2O2 and L. plantarum ZLP001 treatment. (d) ROS production was
assessed by DCFH-DA staining and fluorescence microscopy. All data represent the mean ± standard error of mean ðSEMÞ of three
independent experiments. Differences between groups were analyzed by one-way ANOVA followed by Duncan’s post hoc tests. ∗P < 0:05.
Differences between the two groups were determined using Student’s t test. ∗P < 0:05 vs. negative control siRNA-treated cells.

10 Oxidative Medicine and Cellular Longevity



5. Conclusions

We demonstrated that L. plantarum ZLP001 can alleviate
oxidative damage induced by H2O2 in porcine epithelial cells.
Pretreatment with L. plantarum ZLP001 alleviated H2O2-
induced cell oxidative damage by regulating the redox state
of cells and enhancing the antioxidant defense system, and
Nrf2/Keap1-ARE signaling is involved in its protective
mechanisms (Figure 7). Our results improve our understand-
ing of the underlying mechanism of L. plantarum ZLP001 in
protecting against oxidative stress, and it can be developed
into a therapeutic or protective treatment for animals under
oxidative stress. However, whether Nrf2 signaling is activated
at an earlier time point as we speculated and which signaling
triggered the dissociation of Nrf2 from its constitutive inhib-
itor, Keap1, or other potential pathways contribute to its
antioxidation remain to be investigated more extensively.
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