
Oxidative Medicine and Cellular Longevity

Redox: a Bridge to In�ammation in
Neurodegenerative Diseases

Lead Guest Editor: Xiaolei Shi
Guest Editors: Alok Shiomurti Tripathi, Fang Zongping, and Wang Liao

 



Redox: a Bridge to Inflammation in
Neurodegenerative Diseases



Oxidative Medicine and Cellular Longevity

Redox: a Bridge to Inflammation in
Neurodegenerative Diseases

Lead Guest Editor: Xiaolei Shi
Guest Editors: Alok Shiomurti Tripathi, Fang
Zongping, and Wang Liao



Copyright © 2022 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

Rosiglitazone Ameliorates Spinal Cord Injury via Inhibiting Mitophagy and Inflammation of Neural
Stem Cells
Qingqi Meng  , Zhiteng Chen  , Qingyuan Gao  , Liqiong Hu, Qilong Li, Shutai Li, Lili Cui,
Zhencheng Feng, Xingliang Zhang  , Shiyun Cui  , and Haifeng Zhang 

Research Article (22 pages), Article ID 5583512, Volume 2022 (2022)

Botanical Drug Puerarin Ameliorates Liposaccharide-Induced Depressive Behaviors in Mice via
Inhibiting RagA/mTOR/p70S6K Pathways
Jia Zhao  , Yizhen Jia, Wei Zhao  , Huixin Chen, Xiuying Zhang, Fung Yin Ngo, Dan Luo, Youqiang
Song  , Lixing Lao  , and Jianhui Rong 

Research Article (16 pages), Article ID 7716201, Volume 2021 (2021)

Adiponectin Treatment Attenuates Cerebral Ischemia-Reperfusion Injury through HIF-1α-Mediated
Antioxidation in Mice
Chan Zhang, Luming Zhen, Zongping Fang, Liang Yu, Yuanyuan Zhang, Haidong Wei, Junfeng Jia  , and
Shiquan Wang 

Research Article (16 pages), Article ID 5531048, Volume 2021 (2021)

https://orcid.org/0000-0002-0233-9046
https://orcid.org/0000-0002-7891-5783
https://orcid.org/0000-0001-9452-6289
https://orcid.org/0000-0003-1247-7423
https://orcid.org/0000-0002-9160-6117
https://orcid.org/0000-0002-9670-2642
https://orcid.org/0000-0002-5082-6893
https://orcid.org/0000-0002-0750-3132
https://orcid.org/0000-0001-9407-2256
https://orcid.org/0000-0003-0198-9714
https://orcid.org/0000-0002-3709-7315
https://orcid.org/0000-0003-2764-970X
https://orcid.org/0000-0002-9946-1880


Research Article
Rosiglitazone Ameliorates Spinal Cord Injury via Inhibiting
Mitophagy and Inflammation of Neural Stem Cells

Qingqi Meng ,1 Zhiteng Chen ,2 Qingyuan Gao ,2 Liqiong Hu,3 Qilong Li,2 Shutai Li,2

Lili Cui,4 Zhencheng Feng,1 Xingliang Zhang ,5,6 Shiyun Cui ,7 and Haifeng Zhang 2,8

1Department of Orthopedics, Guangzhou Red Cross Hospital, Jinan University, Guangzhou 510220, China
2Department of Cardiology, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou 510120, China
3Department of Intensive Care Unit, Guangzhou Red Cross Hospital, Jinan University, Guangzhou 510220, China
4Guangdong Key Laboratory of Age-Related Cardiac and Cerebral Diseases, Institute of Neurology, The Affiliated Hospital of
Guangdong Medical University, Zhanjiang 524001, China
5Institute of Pediatrics, Department of Pediatric Surgery, Shenzhen Children’s Hospital, Shenzhen 518038, China
6Department of Pediatrics, The Affiliated Hospital of Guangdong Medical University, Zhanjiang 524001, China
7Department of Oncology, The First Affiliated Hospital of Nanjing Medical University, Nanjing 210029, China
8Laboratory & Medical Research Center, Sun Yat-sen University, Guangzhou 510275, China

Correspondence should be addressed to Xingliang Zhang; xinglang_zhang@163.com, Shiyun Cui; cuishiyun@njmu.edu.cn,
and Haifeng Zhang; hetven_chang@163.com

Received 5 February 2021; Revised 3 October 2021; Accepted 14 November 2021; Published 4 January 2022

Academic Editor: Xiaolei Shi

Copyright © 2022 Qingqi Meng 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.

Background. Neurodegenerative diseases, such as Alzheimer’s disease, and traumatic brain and spinal cord injury (SCI) are
prevalent in clinical practice. Inhibition of hyperactive inflammation and proliferation of endogenous neural stem cells (NSCs)
is a promising treatment strategy for SCI. Our previous studies demonstrated the beneficial effects of rosiglitazone (Rosi) on
SCI, but its roles in inflammation inhibition and proliferation of NSCs are unknown. Methods. SCI in a rat model was
established, and the effects of Rosi on motor functions were assessed. The effects of Rosi on NSC proliferation and the
underlying mechanisms were explored in details. Results. We showed that Rosi ameliorated impairment of moto functions in
SCI rats, inhibited inflammation, and promoted proliferation of NSCs in vivo. Rosi increased ATP production through
enhancing glycolysis but not oxidative phosphorylation. Rosi reduced mitophagy by downregulating PTEN-induced putative
kinase 1 (PINK1) transcription to promote NSC proliferation, which was effectively reversed by an overexpression of PINK1
in vitro. Through KEGG analysis and experimental validations, we discovered that Rosi reduced the expression of forkhead
box protein O1 (FOXO1) which was a critical transcription factor of PINK1. Three FOXO1 consensus sequences (FCSs) were
found in the first intron of the PINK1 gene, which could be potentially binding to FOXO1. The proximal FCS (chr 5:
156680169–156680185) from the translation start site exerted a more significant influence on PINK1 transcription than the
other two FCSs. The overexpression of FOXO1 entirely relieved the inhibition of PINK1 transcription in the presence of Rosi.
Conclusions. Besides inflammation inhibition, Rosi suppressed mitophagy by reducing FOXO1 to decrease the transcription of
PINK1, which played a pivotal role in accelerating the NSC proliferation.

1. Introduction

Neurodegenerative diseases are chronic central nervous sys-
tem diseases caused by the loss of neurons or their myelin
sheath. Common examples include Alzheimer’s disease and
traumatic brain or spinal cord injury (SCI) [1–3]. SCI is a dev-

astating medical condition that leads to the deterioration of
health and substantial consumption of healthcare resources
[4]. The initial neural tissue disruption during SCI can trigger
secondary damage and extensive inflammatory reactions,
leading to cell death at the injury site. Also, SCI triggers the
active form of proinflammatory cytokines such as
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interleukin-1 beta (IL-1β) to initiate neuroinflammation
[5, 6]. SCI can be a complication of numerous insults (e.g.,
trauma and compression for various reasons), leading to
new neurologic damage. It is associated with a poor prognosis,
and thousands of individuals are affected by this condition
each year. Therefore, SCI is one of the most severe neurologic
disorders, and its treatment has been a significant challenge.

Following SCI, transplanting neural stem cells (NSCs)/neu-
ral progenitor cells (NPCs) is a promising strategy to enhance
neuro-regeneration. Unfortunately, the survival of grafted
NSCs/NPCs after SCI is dissatisfactory. Therefore, it is crucial
to develop newmethods to increase the survival of NSCs/NPCs
[7]. The repair of SCI largely depends on the proliferation of
NSCs/NPCs [8, 9]. In mice, the lack of spinal cord NSCs exac-
erbates proinflammatory cytokine expression and cripples neu-
ronal cell survival and functional recovery [10]. Althoughmany
studies have explored effective strategies to accelerate the prolif-
eration of NSCs, only a few of them have been of practical
importance [11]. Among the strategies with potential clinical
significance, thiazolidinediones (TZDs) may be the most prom-
ising. TZDs, a class of heterocyclic compounds consisting of a
five-membered C3NS ring, are classical antidiabetic drugs. They
ameliorate insulin resistance by activating peroxisome
proliferator-activated receptor-gamma (PPAR-γ). Rosiglitazone
(Rosi) is one of the extensively used TZDs, and our previous
study demonstrated its role in improving limb function in SCI
rats [12]. However, the underlying mechanisms are still elusive.

Considering the great importance of NSC proliferation in
SCI therapies, there were some preliminary explorations about
the role of TZDs on it. Some studies have reported the effects
of TZDs on mitochondrial functions, which are vital for stem
cell survival and proliferation. For example, Rosi protects the
NSCs against various toxicities via mitochondria-related
inflammation and apoptosis [13–15]. Mitophagy is an essen-
tial biological process that modulates mitochondria-related
oxidation and inflammation [16–18]. The maturation of
mitophagy increases fatty acid utilization and decreases glu-
cose utilization [19], which often implies a reduction in prolif-
eration. This is particularly important for NSCs because they
are highly dependent on glycolysis for maintaining their
growth and homeostasis [20, 21]. Indeed, mitophagy is associ-
ated with the repressed proliferation of some stem cells and
malignant cells [22, 23]. The association between TZDs and
mitophagy is unknown. Therefore, we hypothesized that Rosi
regulates mitophagy and switches substrate metabolism,
thereby promoting the proliferation of NSCs and accelerating
the repair of SCI.We first demonstrated the effects of TZDs on
NSC proliferation under SCI and the role of mitophagy in that
process. Subsequently, we explored the detailedmechanism by
which Rosi regulates mitophagy.

2. Materials and Methods

2.1. Animal Treatments and Cell Cultures. All of the animal
experiments complied with the ARRIVE guidelines. They
were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 8023, revised 1978). SCI was induced
in animals as per previous reports. Briefly, 12-week-old male

Sprague–Dawley (SD) rats were housed at room tempera-
ture in a 12-hour light/dark cycle, and they were allowed
access to chow diet and water ad libitum. The rats were anes-
thetized and dropped using an impactor (weight: 10 g; diam-
eter: 2.5mm) from a height of 25mm to induce SCI.
Afterward, T9 to T10 laminectomy was performed. SCI rats
were randomly assigned to the Rosi- and the DMSO-
treated groups, which then intragastrically received Rosi
(3mg/kg/day, GSK, Middlesex, United Kingdom) or the
same volume of saline, respectively. Rosi was dissolved in
DMSO as stock solution, which was diluted with saline for
experiments. After 8 weeks of treatment, motor function
recovery from SCI was assessed using the Basso–Beattie–
Bresnahan locomotor rating scale (BBB scale). The rats were
killed, and then, the injured spinal cords (centered on the
lesion point) from SCI model rats were harvested for subse-
quent assays. Especially, before the spinal cord was harvested
for flow cytometry, 5-bromo-2′-deoxyuridine (BrdU, 50mg/
kg/day) was intraperitoneally delivered into rats one time for
seven consecutive days.

NSCs were cultured as described in our previous report
[12]. Briefly, NSCs were obtained from the spinal cord of new-
born SD rats (within 24 hours). Dissociated cells were sus-
pended in DMEM/F12 medium (high glucose, Thermo Fisher
Scientific, Massachusetts, USA) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific, Massachusetts, USA),
2% B27 (Thermo Fisher Scientific, Massachusetts, USA),
20μg/L epidermal growth factor (Sigma, Missouri, USA),
20μg/L base fibroblast growth factor (Sigma, Missouri, USA),
50μmol/L 2-mercaptoethanol (Sigma, Missouri, USA),
0.5mmol/L L-glutamine (Thermo Fisher Scientific, Massachu-
setts, USA), and 1% streptomycin and penicillin (Thermo
Fisher Scientific, Massachusetts, USA). NSCs were seeded 12
hours before treatments. Rosi (Cayman Chemical, Michigan,
USA) was used at the indicated concentration.

To avoid the influence of other cells in spinal cord, NSCs
in saline or Rosi-treated rats were isolated by antinestin
magnetic beads. The dissociation solution consisted of
150U/mL collagenase type 1, 1mg/mL trypsin, and 15U/
mL DNaseI in the Krebs-Henseleit buffer. The isolated cells
were resuspended in 1 : 100 antinestin beads and incubated
for 15min at 4°C. After washing nestin antibody-bound cells
by adding equilibration buffer, the cells were resuspended in
100μL of DMEM/F12 medium containing magnetic bead–
conjugated goat anti-rabbit beads and were incubated for
15min at 4°C. Subsequently, 2mL of culture medium was
added to the tube that was placed in the magnetic separator.
The supernatant containing cells that had not bound mag-
netic beads was collected, and 2mL culture medium was
added to the tube. The magnet was then removed, and the
cells that had bound magnetic beads were collected. Magnet-
ically separated nestin postive fibroblasts can be used for
PCR, western blot, and other downstream applications.

For the detection of PTEN induced putative kinase 1
(PINK1) and forkhead box protein O1 (FOXO1), NSCs were
treated with Rosi for 48 hours. For the dual-luciferase
reporter gene assay and chromatin immunoprecipitation
(CHIP), Rosi was administered after 18 hours of induction
of FOXO1 using doxycycline (DOX) dissolved in
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phosphate-buffered saline (PBS). Afterward, NSCs were cul-
tured and incubated in tetracycline-free serum in the pres-
ence of Rosi or the DMSO control for 24 hours. Carbonyl
cyanide 3-chlorophenylhydrazone (CCCP, Sigma, Missouri,
USA) and actinomycin D (ActD, 1μg/mL, Sigma, Missouri,
USA) were used at the indicated concentrations and time
points.

2.2. Plasmid Construction and Lentivirus Packaging. Lentivi-
rus plasmids expressing mitoTimer, FOXO1, and PINK1
were constructed. The mitoTimer and PINK1 were gifts
from Roberta Gottlieb (Addgene plasmid, 50547) and Mark
Cookson (Addgene plasmid, 13323), respectively. FOXO1
was synthesized in vitro. To avoid the disadvantages caused
by a consecutive expression, the coding sequence for each
of the three genes was cloned into the tetracycline-induced
expression backbone vector (pLVX-TetOne-Puro, Clontech,
Otsu, Japan) using incision enzymes EcoR I/BamH I (mito-
Timer), Age I/EcoR I (PINK1), and BamH I/BstZ1107 I
(FOXO1). The constructed vectors were confirmed by
DNA sequencing.

For lentivirus packaging, packaging vectors (psPAX2
and pMD2.G) and expression vectors (pLVX-TetOne-
Puro-mitoTimer/FOXO1/PINK1) were cotransfected into
293T cells using FuGene transfection reagents. Titers of the
pseudovirus were determined by PCR, and a known titer
of the lentivirus was used as the control. Primers targeting
the long terminal repeat were used in PCR. A multiplicity
of infection (MOI) of 30 was used in all of the experiments.
The indicated concentration of DOX was used to induce
expression.

2.3. CCK-8 Measurement, ATP Production, Edu Staining,
Cell Counting, and Glucose and Lactic Acid Assays. The pro-
liferation of NSCs was assessed by the Cell Counting Kit-8
(CCK-8, Dojindo Molecular Technologies, Kumamoto,
Japan), adenosine triphosphate (ATP) production (Biovision
Inc., California, USA), 5-ethynyl-2′-deoxyuridine (Edu)
(Ribobio, Guangzhou, China) incorporation, and cell count-
ing. After treated with DMSO or Rosi for 18 hours, 24 hours,
and 36 hours, proliferation of NSCs was assessed by CCK-8,
ATP production, and Edu incorporation, respectively. CCK-
8 and ATP production were measured according to the
instructions of the manufacturers. Edu is a thymidine ana-
logue, which can replace thymine to infiltrate the replicating
DNA molecules during cell proliferation. The Edu-binding
fluorescent dye accurately reflects cell proliferation. The cells
were collected and washed with PBS three times for subse-
quent Edu and nuclear staining according to the manufac-
turer’s instructions. Cells were collected and resuspended
for counting using Countstar (ALIT Life Science Co. Lim-
ited, Shanghai, China).

For intracellular glucose assessment, cells were treated
with DMSO or Rosi for 12 hours in DMEM medium. After-
ward, cells were ultrasonically fragmented in glucose-free
PBS and centrifuged. Glucose levels in the supernatants were
determined using a commercially available kit (Biovision
Inc., California, USA). Total protein levels in the precipita-
tion were determined and used for normalization. For the

lactic acid assay, cells were subjected to the same treatments
for 24 hours, and both the supernatants and cells were col-
lected. Lactic contents in the supernatant were determined
using a biochemical analyzer. Cells were counted, and lactic
acid concentration per cell was calculated.

2.4. Biochemical Detections. Cells were treated in the com-
plete medium as indicated, and they were subjected to total
or mitochondrial protein extraction using the respective kits.
Protein concentration was determined by the Bradford
protein assay. Extracted proteins were then resolved on
SDS-PAGE, and they were transferred to a polyvinylidene
fluoride membrane. Blots were incubated with the anti-
bodies for FOXO1 (Cell Signaling Technology, Massachu-
setts, USA), PINK1 (Abcam, Massachusetts, USA), β-actin
(Cell Signaling Technology, Massachusetts, USA), Complex
I (NDUFB8, Cell Signaling Technology, Massachusetts,
USA), Complex IV (mt-CO1, Cell Signaling Technology,
Massachusetts, USA), FUNDC1 (Abcam, Massachusetts,
USA), Bnip3 (Abcam, Massachusetts, USA), and Nix (Cell
Signaling Technology, Massachusetts, USA) or voltage-
dependent anion-selective channel 1 (VDAC1, Cell Signal-
ing Technology, Massachusetts, USA) at 4°C overnight.
Afterward, bound antibodies were visualized using
peroxidase-coupled secondary antibodies and ECL reagents
(Thermo Fisher Scientific, Massachusetts, USA). The bands
of interest were quantified using the Image J densitometry
scanning program. For Western blots of complexes I and
IV and VDAC1, total mitochondrial proteins were isolated
using the commercially available kit (Qiagen, Duesseldorf,
German). β-Actin and VDAC1 were used as the loading
control for total proteins and mitochondrial proteins,
respectively.

The productions of IL-1β (BMS630, Invitrogen) and IL-
6 (BMS625, Invitrogen) in the primary NSCs from SCI rats
were measured by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instructions.

2.5. Real-Time RT-PCR Assays. NSCs were grown in 6-well
plates. Total RNA was isolated using TRIZOL reagent
(Takara, Tokyo, Japan). The integrity and purity of total
RNA were electrophoretically and spectroscopically con-
firmed. Reverse transcription of 800ng of total RNA was
performed with a commercially available kit (Takara, Tokyo,
Japan) using hexamer primers. Detailed procedures were
performed according to the manufacturer’s protocol. Real-
time PCR was performed on a LightCycler® 96 System
(Roche, Basel, Switzerland) with SYBR® Premix Ex Taq™
II (Takara, Tokyo, Japan). Instead of the first-strand cDNA,
water was used as the negative control, and primers using
plasmid-containing genes of interest were used as positive
controls. β-Actin mRNA levels were used to normalize each
sample and gene. All of the primers used in real-time RT-
PCR are listed in Table S1–3.

2.6. Mitophagy and Oxygen Consumption Detection.
Mitophagy was assessed by colocalization of LC3B and the
mitochondrial marker (Tomm20) stained by immunofluo-
rescence. Cells were grown on a glass slide in 6-well plates
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with the indicated treatments. For immunofluorescence,
cells were washed and fixed in 4% paraformaldehyde. Cell
membranes were permeabilized with 1% Triton. LC3B
(Abcam, Massachusetts, USA) and Tomm20 (Abcam, Mas-
sachusetts, USA) antibodies were incubated for 12 hours.
Alexa 488-labeled rabbit IgG antibody and Dylight 549-
labeled mouse IgG antibody were incubated. Finally, cell
nuclei were restained with DAPI and examined by confocal
imaging (LSM70, Carl Zeiss, Oberkochen, Germany).

The mitoTimer is modified from a fluorescent timer, in
which fluorescence shifts over time from green to red as
the protein matures. It is a tool for monitoring mitochon-
drial turnover [24]. Enhanced mitophagy accelerates mito-
chondrial clearance, which results in the reduction of red
fluorescence. Besides, mitoTimer can only be imported to
the healthy mitochondria. Therefore, enhancement of green
fluorescence indicated an increase in healthy mitochondrial
biogenesis. Doxycycline (3μg/mL, MP Biomedicals, Ohio,
USA) was used to induced mitoTimer expression 24 hours
before treatments, and the results were observed under con-
focal fluorescence microscopy.

For the oxygen consumption test, cells were treated with
DMSO or Rosi for 48 hours, and the medium was removed.
According to the manufacturer’s instructions, oxygen con-
sumption was detected using a commercially available kit
(Abcam, Massachusetts, USA). Succine and adenosine
diphosphate (ADP) were used to induce the state 2 and state
3 respiration, respectively.

2.7. Flow Cytometry. The proportion of Nestin- and BrdU-
positive (Nestin+/BrdU+) cells in the spinal cord of SCI rats
was measured by flow cytometry. Rats were anesthetized,
and the spinal cords were removed, which were then sub-
jected to trypsin and collagenase for digestion of the matrix,
and single-cell suspensions were prepared. Cells were incu-
bated with the primary antibodies against Nestin (Abcam,
Massachusetts, USA) and BrdU (Abcam, Massachusetts,
USA), followed by a FITC- or Cy3-labeled secondary anti-
body. Subsequently, cells were washed and resuspended in
PBS, and they were subjected to flow cytometry analysis.
Auto-fluorescence and isotype controls were used routinely
as controls.

Mitochondria were stained with mitoTracker Green
(Thermo Fisher Scientific, Massachusetts, USA), together
with mitoTracker Red (Thermo Fisher Scientific, Massachu-
setts, USA) or mitoSOX (Thermo Fisher Scientific, Massa-
chusetts, USA). mitoTracker Green stains all of the
mitochondria independent of the membrane potential, while
mitoTracker Red accumulation in the mitochondria relies
on the normal membrane potential. mitoSOX serves as a
mitochondrial reactive oxygen species (ROS) probe. NSCs
were incubated with mitoTracker Green/Red or mitoTracker
Green/mitoSOX (concentrations of all agents were
100nmol/L) for 15min, followed by washing twice with
PBS to remove the unbound dyes. Cells were collected and
resuspended in PBS. Finally, cells were subjected to flow
cytometry analysis. All flow cytometry data were analyzed
using the FlowJo software X (Oregon, USA). The unstained
cells were used to set the gates in the FlowJo program.

2.8. Bioinformatic Analysis, Dual-Luciferase Reporter Gene
Assay, Site-Directed Mutagenesis, and Chromatin
Immunoprecipitation (CHIP). Bioinformatic analysis, dual-
luciferase reporter gene assay, site-directed mutagenesis,
and chromatin immunoprecipitation were used to identify
the FOXO1 binding sites in the PINK1 gene. Except for
the gene promoter miner (GPMiner), which was performed
according to another study [25], all other assays and analyses
were performed as per our previous report [26].

Promoter region sequences were determined to search
the potential transcription factor-binding sites. Putative core
regulatory elements (e.g., GC boxes, INR, CAAT boxes, or
TATA boxes) were bioinformatically analyzed by the Geno-
matix MatInspector [26] (Transcription factor binding sites,
weight matrices; Matrix Library Version 9.4; Core similarity
of 0.75 and Matrix similarity of “Optimized”) and GPMiner
[25], respectively. The predictive sequence that regulates
PINK1 transcription was validated by the dual-luciferase
reporter gene assay. Segments with the indicated region
in the PINK1 gene were cloned into pGL3-Basic vectors.
To better demonstrate that Rosi repressed PINK1 tran-
scription through FOXO1, we used DOX (1μg/mL) to
induce FOXO1 expression in NSCs. NSCs were electropo-
rated (1 × 104 cells; voltage: 250V; capacitor: 600μF; plas-
mid: 1μg, respectively, for each) to import pGL3 and pRL-
TK and seeded in 96-well plates. Cells were cultured for
24 hours after electroporation. Detection procedures were
performed according to the manufacturer’s protocol. Lucif-
erase activities were normalized to the cotransfected pRL-
TK plasmid.

Site-directed mutagenesis was performed using the com-
mercially available QuikChange®-II kit (Agilent Technolo-
gies, California, USA). Briefly, PCR was performed to
obtain the amplicon containing the desired nucleotide muta-
tions using the nonmutated plasmid as the template. PCR
products were purified and subjected to Dpn I digestion to
erase the unmutated plasmid, and the cells were then trans-
formed into competent cells. The mutated plasmid was
sequenced confirmed. All of the primers used are listed in
Supplementary materials.

CHIP was performed using the Pierce Agarose CHIP Kit
(Thermo Fisher Scientific, Massachusetts, USA) as per our
previous report [26]. Cells were plated in a 10 cm dish with
the indicated treatments. The medium was removed, and
the cells were washed with precooled PBS. Cells were
cross-linked in 1% formaldehyde and resuspended, followed
by sequential lysis of the cells and nuclear membrane. After
lysis, sonication (8 seconds with a 10-second intermission
for six times) was performed to generate sheared DNA frag-
ments. Supernatants were collected and subjected to agarose
protein A/G to remove the nonspecific bound DNA. Aga-
rose was removed, and supernatants, whose 10% volume
was collected for the input, were collected for chromatin
immunoprecipitation with the FOXO1 antibody overnight
at 4°C followed by the new agarose protein A/G. The super-
natants were removed, and agarose was collected for elution
and reverse-cross linking to recover the bound DNA.
Finally, the recovered DNA was purified and used as the
template for PCR detection using primers flanking the
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FOXO1 binding sites in the first intron of the PINK1 gene.
Primers’ sequences are listed in Supplementary Tables.

2.9. Statistical Analysis. Data are expressed as the mean ±
SEM. Statistical significance among groups was determined
by using the t-test (the unpaired t-test was used for the inde-
pendent groups, while the paired t-test was used for asses-
sing the preoperation and postoperation JOA scores in the
clinical data) or one-way ANOVA followed by the SNK test
for multiple comparisons if three or more groups were
involved. The Chi-square test was used to test for equality
of proportions between populations. Logistic regression
was used to measure the influence of the independent vari-
ables (age, gender, HbA1c, and Rosi/no-Rosi treatment) on
the dependent variable (mean difference in the JOA score
between the preoperation and postoperation categories was
as follows: H-JOAIR, mean difference in JOA > 2; otherwise,
L-JOAIR). Visualized results (nomogram) were obtained. A
nomogram was produced by R-statistics version 3.5.0 with
the RMS package [27], and the remaining statistical graphs
were created by the GraphPad Prism Software (California,
USA).

3. Results

3.1. Rosi Ameliorates Spinal Cord Injury, Inhibits
Inflammation Factors, and Promotes Glucose Utilization for
ATP Production in the Proliferation of NSCs. To assess the
effects of Rosi treatment on the recovery of spinal cord func-
tion after SCI, we compared the BBB scores between the
saline- and Rosi-treated rats. The score was dramatically
higher in rats treated with Rosi (Figure 1(a)), indicating that
Rosi accelerated SCI recovery. To investigate the change of
inflammation of primary NSCs from SCI rats in response
to Rosi treatment, the expression levels of inflammatory
cytokines were examined by ELISA. The expression levels
of IL-1β and IL-6 in the Rosi group were significantly lower
than those in the control group (Figure 1(b)).

Given that proliferation of NSCs is crucial for the recov-
ery of SCI, we examined the proliferation of NSCs in the spi-
nal cord of SCI rats treated with saline or Rosi by flow
cytometry. Primary NSCs were isolated from rats receiving
saline or Rosi treatment, and proportions of Nestin positive
(Nestin+) and/or BrdU positive (BrdU+) cells were deter-
mined. Nestin is a characteristic marker of NSCs. BrdU is
a thymine derivative, which can stably integrate into the rep-
licating DNA instead of thymine (T). Thus, a BrdU-specific
antibody can detect cell proliferation. The proportion of
Nestin positive cells (including Nestin+/BrdU- and Nestin+/
BrdU+, 53:68 ± 4:19%) in Rosi-treated rats was increased
by 15.86% in comparison with the saline-treated group
(46:33 ± 5:67%). Nestin and BrdU double-positive (Nestin+/
BrdU+) cells in Rosi-treated group were increased by 0.54-
fold compared to the control group (30:04 ± 5:17% vs.
19:46 ± 4:03%; P < 0:01) (Figures 1(c) and 1(d)). These data
indicated that Rosi not only increased the number of NSCs
but that it also promoted the proliferation of NSCs. To fur-
ther confirm the increased proliferation of NSCs upon Rosi
administration, we investigated the effects of Rosi on NSCs

in vitro by CCK-8, cell counting, and Edu staining. The Rosi
administration tended to increase the NSCs viability in a
dose-dependent manner, as shown by CCK-8. The 20μg/
mL group, particularly the 30μg/mL and 50μg/mL groups,
showed a significant increase in NSC viability compared
with the control group (Figure 1(e)). The results from cell
counting showed that Rosi treatment resulted in a 1.5-fold
increase in NSCs on day 7; moreover, it shortened the
doubling time to approximately 48 hours, which was even
shorter (within 24 hours) at higher concentrations of Rosi
treatment (Figure 1(f)). Given that DNA replication is
necessary for cell proliferation, we finally assessed cell prolif-
eration by Edu staining assay. The proportion of Edu
positive-NSCs significantly increased after Rosi treatment
(Figures 1(g) and 1(h)).

Considering that ATP is essential for cell proliferation,
we explored changes of its production in response to Rosi.
As shown in Figure 1(i), compared with the control group,
ATP production upon Rosi administration increased slightly
in 20μg/mL or 30μg/mL groups and notably (1.69-fold) at
50μg/mL group. Glucose and fatty acids are the leading
resources for ATP production, mainly via oxidative phos-
phorylation (OXPHOS) in mitochondria. The oxygen con-
sumption assays showed that Rosi did not significantly
affect OXPHOS (Figure S1A–E). Therefore, we further
determined whether the ATP production enhanced by Rosi
came from glycolysis. In the presence of oligomycin, an
ATP synthase inhibitor during OXPHOS process, ATP
production in Rosi-treated cells was much higher than that
in the control group (Figure 1(j)). Notably, the amount of
ATP production (approximately 230nmol/L) in response
to Rosi at 50μg/mL was higher than that in the control
group regardless of oligomycin intervention (Figures 1(i)
and 1(j)), indicating that the Rosi-induced increase in ATP
production was mainly the result of glycolysis. Rosi at
30μg/mL and 50μg/mL significantly increased glucose
uptake by NSCs (Figure 1(k)) but did not obviously alter
the supernatant lactate content (Figure S2).

3.2. Rosi Promotes Proliferation of NSCs via Inhibition of
PINK1-Mediated Mitophagy. Mitophagy has been shown to
play an essential role in both cell proliferation and substrate
metabolism. Therefore, we explored whether mitophagy is
implicated in the proliferation of NSCs induced by Rosi.
After treatment with Rosi or DMSO, NSCs were observed
with laser confocal microscopy for immunofluorescence
colocalization of autophagy marker LC3B and mitochon-
drial marker Tomm20. Rosi decreased the punctuated distri-
bution of LC3B in the cytoplasm, which colocalized with
Tomm20, indicating inhibition of mitophagy (Figure 2(a)).
The mitochondria quality and state can be monitored by
an indicator protein mitoTimer protein located in the mito-
chondrial membrane [24]. The low red/green ratio of mito-
Timer indicates that mitochondria are younger and
healthier. In contrast, the increase in red/green ratio indi-
cates the aging of mitochondria, suggesting that mitophagy
responsible for clearing aged mitochondria is blocked. Com-
pared with the DMSO-treated control group, the mitophagy
inducer CCCP markedly reduced the red/green ratio, which
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Figure 1: Continued.

6 Oxidative Medicine and Cellular Longevity



was in accordance with the clearance of mitochondria by
CCCP. Nevertheless, the Rosi-treated cells showed an obvi-
ous increase in red/green ratio, indicating the delayed clear-
ance of mitochondria (Figure 2(b)). Interestingly, green
fluorescence was also increased under Rosi treatment, indi-
cating enhanced mitochondrial biogenesis (Figure 2(b)).

There are three canonical pathways inducing mitophagy,
namely, PINK1/Parkin, Bnip3L/Nix (including Bnip3), and
Fundc1. However, levels of Bnip3, Nix, and Fundc1 were
not significantly different between DMSO- and Rosi-
treated NSCs (Figure S3). In contrast, Western blot results
showed that the expressions of mitochondrial PINK1 were
decreased in Rosi-treated NSCs (Figure 2(c)). Results from
PCR also yielded consistent results (Figure 2(d)). Similarly,
PINK1 levels in the NSCs from the injured spinal cords
were decreased in rats receiving Rosi (Figures 2(e) and 2(f)).

To study the effects of the depressed PINK1 and subse-
quent mitophagy impairment in Rosi-induced NSC prolifer-
ation, we performed rescued experiments. To avoid the
excessive burden of mitochondria caused by consecutive
expression of PINK1, we adopted a tetracycline-induced
expression system to control the forced expression of PINK1
in NSCs. After the inhibition of mitophagy under Rosi
administration was relieved by either the forced expression
of PINK1 or the mitophagy inducer CCCP, proliferation of
NSCs was assessed. The levels of PINK1 inhibited by Rosi
(50μg/mL) were restored only in the presence of DOX.
CCK-8 and cell counting assays showed that forced PINK1
expression and CCCP administration decelerated the prolif-
eration of NSCs (Figures 2(g) and 2(h)).

We next investigated the association between decreased
PINK1 and inhibited mitophagy under Rosi treatment. The
forced expression of PINK1 in NSCs by DOX enhanced
the puncta of LC3B and the colocalization between LC3B

and mitochondrial marker Tomm20 (Figure 3(a)), demon-
strating the restoration of mitophagy inhibited by Rosi. In
mitoTimer-expressing NSCs under Rosi treatment, com-
pared with the vehicle control cells, the forced expression
of PINK1 by DOX resulted in significantly reduced red fluo-
rescence and slightly reduced green fluorescence, thereby
verifying that the forced expression of PINK1 conspicuously
reversed the suppressed mitophagy in the presence of Rosi
(Figure 3(b)). Because PINK1 expression was induced up
to the levels similar to those in steady-state NSCs without
treatment, these results (Figures 3(a) and 3(b)) imply that
excessive mitophagy may exist in NSCs. To further clarify
this implication, NSCs were treated with Rosi or DMSO,
and mitochondria were stained with mitoTracker Green plus
mitoTracker Red or mitoSOX, which indicated healthy
mitochondria and mitochondrial reactive oxygen species
(ROS) contents, respectively. Flow cytometry showed that
both the impaired mitochondria (mitoTracker Green+/mito-
Tracker Red−) and mitochondrial ROS (mitoTracker
Green+/mitoSOX+) were similar between Rosi- and
DMSO-treated cells (Figures 3(c) and 3(d)).

Taken together, all of the above data showed that Rosi
promoted proliferation of NSCs, at least in part, via mitoph-
agy inhibition, which was mediated by a reduction in mito-
chondrial PINK1. Besides, excessive mitophagy could exist
in NSCs.

3.3. Rosi Inhibits PINK1 Expression through FOXO1
Downregulation. The above data demonstrated that PINK1
and mitophagy played essential roles in the Rosi-induced
proliferation of NSCs, and we next elucidated the underlying
mechanism regulating PINK1 expression. We first used
ActD, a transcription inhibitor, to prevent RNA polymerase
elongation for assessing the mRNA stability to determine
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Figure 1: Rosi ameliorates spinal cord injury, inhibits inflammation factors, and promotes NSC proliferation. (a) BBB scores in SCI rats
with or without Rosi treatment. (b) The levels of IL-1β and IL-6 in NSCs by ELISA kit. (c) Representative plots of flow cytometry. The
Nestin+/BrdU+ cells in the red rectangle are those of interest. (d) Flow cytometry results showing Nestin+ cells and Nestin+/BrdU+ cells
in the spinal cord of SCI rats undergoing DMSO or Rosi treatments. (e, f) CCK-8 measurement and cells counting in NSCs treated with
DMSO or different concentrations of Rosi. #P < 0:05 versus 30 μg/mL Rosi. (g, h) Images of Edu staining in NSCs treated by DMSO or
Rosi. DAPI (blue) and Edu (green) represent the nucleus and the newly synthesized DNA, respectively. (i) Effects of Rosi on ATP
production. #P < 0:05 versus 30 μg/mL Rosi. (j) Effects of Rosi on ATP levels produced by glycolysis. #P < 0:05 versus 30μg/mL Rosi. (k)
Effects of different Rosi concentrations on intracellular glucose content. #P < 0:05 versus 20 μg/mL Rosi. Data represent six (a) or three
(b, c, e–g, i–k) independent experiments and are expressed as mean ± SEM (a–c, e–g, i–k). ∗P < 0:05 versus DMSO treatment.
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whether the transcriptional or posttranscriptional mecha-
nisms were involved. The degradation rates of PINK1 RNA
showed a similar pattern between the Rosi-treated group
and the DMSO control group (Figure 4(a)). As shown in
Figure 4(b), the mRNA level of PINK1 in NSCs upon Rosi
administration was decreased by three-quarters compared
with that in the control group. After NSCs were pretreated
with ActD and treated with Rosi or DMSO, the mRNA level
of PINK1 in NSCs after Rosi administration decreased by
about one-quarter in comparison with that after DMSO
administration. These results indicated that the inhibition
of transcription was the primary mechanism of Rosi-
induced PINK1 suppression.

To account for the Rosi-induced PINK1 transcriptional
reduction involved in mitophagy inhibition, we next identi-
fied the related transcription factors of PINK1. Rosi is a spe-
cific agonist of the nuclear receptor transcription factor
PPAR-γ. A wide range of target genes of PPAR-γ were sub-
jected to enrichment analysis of the KEGG signaling path-
way, but none of them were directly associated with
mitophagy. Rosi as a TZD antihyperglycemic agent mainly
works by improving insulin action. Rosi can increase the
uptake of glucose by NSCs (Figure 1(k)). Therefore, we
focused on the genes involved in the insulin and glycolysis
pathways as well as mitophagy, and we found eight candi-
date transcription factors. Except for STAT3, NF-κB, and
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Figure 2: The roles of mitophagy played in Rosi-induced NSC proliferation. (a) Confocal immunofluorescence images showing LC3B (red)
and Tomm20 (green) costaining in NSCs. The statistical analyses were performed base on four randomly selected scopes under the confocal
microscope. Scale bar represents 10 μm. (b) Confocal fluorescence images showing the fluorescence of mitoTimer. Green fluorescence
represents younger and healthier mitochondria (usually less than 48 hours), while red fluorescence represents mitochondria existing for a
longer time (usually longer than 48 hours). Scale bar represents 10 μm. (c) Western blot images showing the effects of Rosi on PINK1
expression in Rosi-treated NSCs. (d) PCR results showing the effects of Rosi on PINK1 expression in Rosi-treated NSCs. (e) Western
blot images showing the effects of Rosi on PINK1 expression in the NSCs from the injured spinal cords. (f) PCR results showing the
effects of Rosi on PINK1 expression in the NSCs from the injured spinal cords. (g, h) CCK-8 measurement (g) and cell counting (h)
showing effects of restored mitophagy by either CCCP administration or the forced PINK1 expression on Rosi-induced cell proliferation.
Rosi was applied in all the groups in addition to the indicated treatments. Data represent three independent experiments and are
expressed as mean ± SEM. ∗P < 0:05 versus DMSO treatment; ∗∗P < 0:05 versus PBS treatment.
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CRTC2, the mRNA expression levels of other candidates
were significantly altered by Rosi administration, among
which FOXO1 mRNA was exclusively decreased
(Figure 4(c)). A CREB or LXR antagonist did not abolish
the effects of Rosi on PINK1 expression (Figure 4(d)). Due
to the unavailability of the FOXO1 agonist, we used the
tetracycline-induced system to restore FOXO1 expression.
The forced FOXO1 expression reversed the decrease in
PINK1 expression under Rosi (Figure 4(d)). Downregulation
of FOXO1 proteins in NSCs was confirmed by western blot-
ting (Figure 4(e)). Besides, the changes of FOXO1 levels
could also be observed in the NSCs purified from Rosi-
treated SCI rats (Figure 4(e)). The Rosi-induced reduction
in PINK1 protein level was reversed by the forced FOXO1
expression (Figures 4(f)).

Next, we determined whether the forced FOXO1 expres-
sion can counteract the promotion of NSC proliferation by
Rosi. The tetracycline-induced expression system was used
for the forced expression of FOXO1, and DOX at 1μL/mL
resulted in a similar FOXO1 expression level as that in
the DMSO control cells, which was used in the subse-
quent experiments. The forced FOXO1 expression by
DOX was able to counteract the Rosi-induced increase of
NSC proliferation, as demonstrated by CCK-8 measurement
(Figure 5(a)), ATP production (Figure 5(b)), and Edu incor-

poration (Figures 5(c) and 5(d)). FOXO1 expression slightly
increased state 3 mitochondrial respiration (Figure 5(e)) and
greatly increased oxygen consumption in FA media
(Figure 5(f)), indicating that FOXO1 increased the mito-
chondrial respiratory capacity and promoted OXPHOS.
However, the main mitochondrial complexes I and IV were
not significantly altered by the forced FOXO1 expression
(Figure 5(g)). Under oligomycin treatment, there was a
decrease in ATP production by glycolysis in FOXO1-
expressing NSCs (Figure 5(h)). These results supported the
claim that FOXO1 expression was decreased by Rosi and
inhibited glycolysis, but it enhanced the mitochondrial oxi-
dation capacity. As expected, the forced FOXO1 expression
promoted mitophagy, as indicated by both immunofluores-
cence colabeled LC3B/Tomm20 and the mitoTimer indicator
(Figure S4). This result was concordant with the finding that
the respiratory capacity was increased. Still, no change in
mitochondrial complex contents was observed since
mitophagy is the main mechanism that ensures OXPHOS
enzymatic activity.

Taken together, these data demonstrated that the effects
of Rosi on the promotion of NSC proliferation and inhibi-
tion of PINK1 expression were mediated by the suppression
of transcription factor FOXO1 expression rather than other
transcription factors involved in TZDs-related pathways.
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Figure 3: Overexpression of PINK1 counteracted relieved Rosi-induced suppression of mitophagy. (a, b) Confocal immunofluorescence
images showing costaining of LC3B (red) and Tomm20 (green) (a) and mitoTimer (b) in NSCs, in which the forced PINK1 expression
was induced by DOX or by the PBS as control and then subjected to Rosi. The forced PINK1 expression was controlled at the level
similar to that without Rosi treatment. The statistical analyses were performed base on four randomly selected scopes under the confocal
microscope. Scale bar represents 10μm. (c, d) Flow cytometry results showing mitoTracker Green+/mitoTracker Red+ cells (c) and
mitoTracker Green+/mitoSOX+ cells (d) with DMSO or Rosi treatments. The cells in the red rectangle are those of concern. Data
represent three independent experiments.
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3.4. FOXO1 Directly Binds to the First Intron of PINK1 and
Promotes Transcription. To unravel the underlying mecha-
nism by which FOXO1 as a transcription factor regulates
PINK1 expression, we studied the role of FOXO1 in the pro-
moter activity of PINK1. The genomic location of the rat
PINK1 gene promoter has not yet been identified. The rat
PINK1 genomic sequences are located on chromosome 5,
spanning 12113 bp (chr5: 156677146 to 156689258). Tran-
scription starts from 156677146 nt, while translation starts
from 156677182 nt. We adopted the −2300 bp (chr5:
156675183–156677182) counting from the translation start
site, as described in the previous reports [26, 28]. Putative
FOXO1 binding sites (FOXO1 consensus sequence (FCS))
inside this sequence were predicted by the GenomatixMa-
tInspector. Unexpectedly, no FCSs were found in the
sequences. We continued to explore the potential FCS in
the first intron since the first intron is widely believed to reg-
ulate gene transcription, and it could be a part of the pro-
moter. It spans a total of 4980 bp (chr5: 156677569–
156682548), and three putative FCSs (FCS1, chr5:
156680169–156680185, +3022 bp; FCS2, chr5: 156681222–
156681238, +4076 bp; FCS3, chr5: 156681244–156681260,
+4098 bp; counting from the translation site) were identified.

We next validated the effects of these putative regulatory
sequences on FOXO1-induced PINK1 expression using the
dual-luciferase reporter gene assay. First, both the −2300 bp
and the first intron sequences were ligated into the pGL3-
Basic vector to evaluate all potential sequences’ overall

effects. To best mimic the finding that Rosi promotes PINK1
transcription via suppression of FOXO1, we used the induc-
ible expression system and induced FOXO1 expression
before Rosi administration to avoid the constitutive expres-
sion of FOXO1, which completely abolished the effects of
Rosi. The FOXO1 expression was induced for 24 hours in
the medium containing DOX (1μg/mL). NSCs were trans-
fected with luciferase activity reporter vectors and cultured
in a tetracycline-free medium containing Rosi (50μg/mL)
for another 24 hours. The results of luciferase activity are
summarized in Figure 6(a). The constructed sequences acti-
vated transcription, which was augmented by the forced
FOXO1 expression. Rosi counteracted this effect in situa-
tions with and without the induced FOXO1 expression
(Figure 6(a)). This result demonstrated the regulatory func-
tion of the whole sequence and directly showed negative reg-
ulation of the PINK1 promoter activity by Rosi.

To more precisely identify the sequence response to
FOXO1, the whole sequence (−2300 bp counting from the
translation start site to the end of the first intron, except
exon1) was divided into three reporters (reporter 1:
2300 bp; reporter 2: 2460 bp; reporter 3: 2523 bp;
Figure 6(b)), and we examined the effect of each reporter
on the PINK1 transcriptional activity. FOXO1 expression
was induced before Rosi administration, as stated above.
As shown in Figure 6(b), reporter 3 responded to Rosi most
obviously, resulting in a 5.39-fold decrease in luciferase
activity. Reporters 1 and 2 also responded to Rosi, resulting
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Figure 4: Identification of FOXO1 as a key transcription factor in Rosi-induced PINK1 suppression. (a) PINK1 mRNA stability test. DMSO
or Rosi was administered to NSCs for 12 hours before ActD treatment. PINK1 mRNA was measured immediately, 8 hours, 16 hours, and 24
hours after ActD treatment. (b) Effects of ActD on PINK1 mRNA contents in cells treated by DMSO control or Rosi. The data of ActD(-)
group (for both DMSO and Rosi) were normalized to PINK1 expression levels in the cells without any treatment. The data of ActD(+) group
(for both DMSO and Rosi) were normalized to PINK1 expression levels in cells with ActD treatment. (c) Effects of Rosi on mRNA
expression of the eight transcription factors identified to be involved in TZDs-related pathways by KEGG analysis. (d) Effects of
antagonists/agonists against the mostly altered transcription factors by Rosi (LXR, CREB, and FOXO1) on PINK1 mRNA expression. (e)
Western blot images showing the effects of Rosi on FOXO1 protein expression. (f) Effects of the forced FOXO1 expression on Rosi-
induced PINK1 expression. β-Actin was used as an internal reference (a–f). The mRNA content was measured by RT-qPCR. Data
represent three independent experiments and are expressed as mean ± SEM (a–d). ∗P < 0:05 versus DMSO or PBS.
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in a 2.47- and 1.46-fold luciferase activity decrement, respec-
tively (Figure 6(b)). Hence, reporter 3, which contained all
three FCSs, was the most important in Rosi-induced repres-
sion of PINK1 transcription.

We further divided reporter 3 into nine fragments to
analyze the functional sequences in detail, with an approxi-
mate 50–100 bp overlap between the fragments to ensure
that the core sequences were not destroyed. Primers used
were listed in Supplementary Tables. The first FOXO1 con-

sensus sequence (FCS1) was located in the −2523 segment,
while the second and third consensus sequences were
located in the −1779 segment (Figure 6(c), counting from
the end of the first intron). Since there is only a 5 bp distance
between the second and the third FOXO1 consensus
sequences and that it is not easy to analyze them separately,
we analyzed these two sequences (FCS2 and FCS3) as a
whole (FCS2). Seven of 10 segments showed increased lucif-
erase activity upon FOXO1 expression (Figure 6(d)).
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Figure 5: Effects of the forced FOXO1 expression on cell proliferation, mitochondrial OXPHOS, and glycolysis. (a–d) Effects of the forced
FOXO1 expression on cell proliferation reflected by CCK-8 measurements (a), ATP production (b), and Edu staining (c, d). The proportions
of cell proliferation among four groups were statistically analyzed. DAPI (blue) and Edu (green) represent the nucleus and the newly
synthesized DNA, respectively. (e, f) Effects of FOXO1 expression on state 3 respiration in the absence (e) or presence (f) of fatty acid.
(g) Ratios of Cox I or IV/VDAC1 were determined by densitometric analysis. Representative immunoblots of Cox I and Cox IV under
the forced FOXO1 expression by DOX. VDAC1 served as the loading control. (h) Effect of Rosi on ATP level produced by glycolysis.
FOXO1 was induced by DOX to the level similar to that without Rosi. Data represent three independent experiments and are expressed
as mean ± SEM (a–c, e–h). ∗P < 0:05 versus Rosi+PBS; #P < 0:05 versus DMSO. FA: fatty acid.
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However, unexpectedly, compared with the −1779 segment
(FCS2, containing two FOXO1 consensus sequences), the
−2523 segment (FCS1, containing one FOXO1 consensus
sequence) showed even higher luciferase activity
(Figure 6(d)). GPMiner identified distinct distributions of
putative core promoter elements around FCS1 and FCS2.
Two TATA boxes adjoining the FCS1 were identified, and
they were located at 3 bp and 23 bp of the 3′-flank
(Figure 6(c), Figure S5). In contrast, the core promoter
elements closest to FCS2 were other TATA boxes, located
at 381 bp of the 5′-flank (Figure 6(c), Figure S5). Besides
the TATA box, no other core promoter element was found
within the 500 bp region of both FCS1 and FCS2 (Figure S5).

Site-directed mutagenesis was used to validate the pre-
dicted binding sites. All of the predicted binding sites in
FCS1 and FCS2 were mutated (FCS1: cagcagttAACAag-
caa→cagcagttGGTAagcaa; FCS2: ggcaagtgAACAcccat→gg-
caagtg-GGTAcccat and ctgtattaAACAgttag→ctgtattaGGTA
gttag), and then their transcription activities were compared
with those of the wild types. As shown in Figure 6(e), the
mutation in FCS1 significantly reduced the luciferase activ-
ity, while a mutation in each of the two sites in FCS2 did
not significantly affect the transcriptional activity. However,
a mutation in both sites in FCS2 resulted in a moderate
reduction of the luciferase activity (Figure 6(e)). Notably,
the luciferase activity of the mutated FCS1 was lower than
that of the mutated FCS2 (Figure 6(e)). Taken together,

these data indicated that both FCS1 and FCS2 were involved
in the increased PINK1 transcription by FOXO1, but FCS1
was more important.

To confirm that FOXO1 directly binds to the consensus
sequences and assess the influence of Rosi, we performed
CHIP analysis. FOXO1 expression was induced, and Rosi
was administered as previously described. Coimmunoprecipi-
tation with anti-FOXO1 antibody resulted in a positive PCR
result using the primer around FOXO1 consensus DNA
sequences, while the other primer sets did not yield a positive
amplicon. Compared with the DMSO control, Rosi decreased
DNA enrichment by anti-FOXO1 protein antibody to approx-
imately 30% (Figure 6(f)). Enrichment of DNA sequences
around FCS1 or FCS2 was similar without Rosi, while FCS1
decreased more significantly upon Rosi treatment
(Figure 6(f)). The decreased binding capacity may either be
because of suppressed FOXO1 expression or due to defects
in DNA binding. We used Rosi and DOX (1μg/mL) together,
inducing the constitutive expression of FOXO1 under Rosi
treatment to exclude the influence of FOXO1 expression levels
on the binding capacity. The CHIP data revealed that Rosi did
not significantly affect FCS1 and FCS2 DNA enrichment in
the presence of DOX (Figure 6(g)). These results demon-
strated that FOXO1 was directly bound to both FCS1 and
FCS2 in the first intron of the PINK1 gene. Rosi inhibited this
process mainly by decreasing FOXO1 expression rather than
by reducing the binding of FOXO1 to the DNA.
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Figure 6: Identification of the core sequences on transcription regulation in the PINK1 gene. (a) Dual-luciferase reporter gene assay results
showing region of interest in PINK1 gene increased luciferase activity. The whole region (−2300 bp accounting from the translation site and
the first intron) was used. (b) The schematic illustrated three reporters divided from the whole region of interest in PINK1 gene (upper).
Dual-luciferase reporter gene assay results showing the effects of the respective reporter in luciferase activity (lower). (c) The schematic
illustrating FOXO1 binding sites in the first intron of PINK1 gene predicted by GenomatrixMatInspector. Putative core promoter
elements around FOXO1 binding sites were proposed by GPMiner. (d) Dual-luciferase reporter gene assay showing promoter deletion
analysis of reporter 3, which contains three FOXO1 binding sites. (e) Effects of FOXO1 binding site mutations on luciferase activity.
Control: FOXO1 was induced to expression, and DMSO was added instead of Rosi. (f) The schematic illustrating regulatory elements for
transcription in PINK1 gene (upper). Yellow, exons; Black, the first intron. The vertical line, FOXO1 binding site 1 (△); transverse line,
FOXO1 binding sites 2 and 3 (▽); green with black blocks inside, TATA box (▷). (g) Results of CHIP analysis using a FOXO1 antibody.
Data represent three independent experiments and are expressed as mean ± SEM (a, b, d–f). ∗P < 0:05 versus basic vector (a, b), the 2371
segment (d), the control (e), or the DMSO treatment (f); #P < 0:05 versus basic vector (d) or Mu-1 (e). UTR: untranslated region; FCS:
FOXO1 consensus sequences; Mu_1, Mu_2, Mu_3, Mu_23, and Mu_all denote mutations of FCS1, FCS2, FCS3, FCS2/3, and FCS 1/2/3,
respectively.
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4. Discussion

Inflammation plays a crucial role in neurodegenerative dis-
eases. For example, chronic flammation is implicated in
the pathogenesis of Alzheimer’s disease and SCI, and block-
ing inflammation can effectively alleviate the occurrence of
the disease [29]. In the process of spinal cord injury, overac-
tivated inflammatory cascade aggravated neuronal necrosis
or apoptosis [30, 31]. So reducing the hyperactive inflamma-
tion could be beneficial for neural cell survival and SCI. In
this study, we found that Rosi can alleviate the expression
of inflammatory cytokines IL-1β and IL-6 under SCI, which
is consistent with our previous result [32].

NSC proliferation is crucial for the repair of SCI. How-
ever, NSCs are the type of cells that proliferate slowly.
Therefore, acceleration of the proliferation of NSCs is a
matter of considerable importance, and it is also a great
challenge in this field. We previously reported the benefi-
cial effects of Rosi [12]. We further explored the under-
lined physiological mechanism related to mitophagy and
NSC proliferation and the detailed molecular mechanism
on mitophagy and PINK1 expression regulation in the
present study.

In the field of medications for diabetes, metformin, other
than TZDs, is the first-line therapy recommended in T2DM
guidelines [33]. An in vitro study showed the association
between metformin usage and neural stem cell proliferation
and survival against insults [34–36]. Recent animal studies
have also proposed the protective effects of metformin in
SCI by inducing nonselective autophagy in neurons [37,

38]. However, there is no direct evidence for metformin
in vivo proliferation of NSCs is available. In contrast, for
TZDs, not only their effects on proliferation in normal rats
have been demonstrated in the previous study [39], but they
have also been found to be beneficial in recovery from SCI
and promotion of proliferation of NSCs in SCI rats in the
present study. Thus, our study may indicate the preference
for using TZDs in diabetic SCI patients.

To our knowledge, this is the first study related to
mitophagy in the biological function of NSCs. Unlike nonse-
lective autophagy, mitophagy is triggered by specific mecha-
nisms, such as PINK1/Parkin, BINP3, NIX, and FUNDC1
pathways. PINK1 expression is crucial for the PINK1/Parkin
pathway, which is recognized as the classical trigger and the
most important factor in mitophagy, and it plays a role in
various disease conditions. Mitophagy serves as a compensa-
tory mechanism upon loss of mitochondrial potential. It is
believed to improve mitochondrial function and reduce
apoptosis [40]. This seems to be contradictory to the pro-
liferative effects of reduced mitophagy conferred by Rosi
observed in our study. However, it should be noted that, in
the absence of any other treatment, the membrane potential
and ROS production were similar between Rosi- and
DMSO-treated NSCs, but enhanced mitophagy was observed
in DMSO-treated cells in this situation. This indicates that
redundant mitophagy exists in NSCs. Excessive mitophagy
leads to neuronal death, and internal environmental distur-
bance has been observed [41, 42]. Recently, inadequate acti-
vation of mitophagy has been reported to cause aberrant
homeostasis in some stem cells [43, 44].
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Figure 7: Graphic abstract. The present study showed that the inhibitions of FOXO1 and PINK1 were critically involved in the mechanisms
of rosiglitazone-induced mitophagy suppression, which greatly contributed to the enhanced glycolysis and proliferations of NSCs. Besides,
we identified that the reduced FOXO1 level, which directly binded to the transcriptional regulation region in PINK1 gene, is the main
underlying mechanisms for the decreased PINK1 and mitophagy.
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Moreover, mitophagy maturation has been recognized as
the hallmark of a metabolic substrate switch from fatty acids
to glucose [19]. Such a shift may cause a decrease in glucose
bioavailability, resulting in a “glucose deprivation-like” effect
and impairing proliferation because certain glucose utiliza-
tion levels have been demonstrated to promote self-
renewal of NSCs [45]. Indeed, as found in our work, Rosi
resulted in a reduction in oxygen consumption in the pres-
ence of fatty acids and an increase in glycolysis, which sup-
ported the role of Rosi in maintaining glucose utilization in
NSCs. Therefore, although mitophagy is considered a com-
pensatory response, Rosi modulates substrate metabolism
and ATP production methods through the regulation of
mitophagy, which finally accelerates the proliferation of
NSCs.

There has been limited research concerning Rosi and
mitophagy. Their associations were presented in two studies,
which reported a decrease in mitophagy but the promotion
of mitochondrial biogenesis in both adipose and kidney
proximal tubular epithelial cells [46, 47], which is in accor-
dance with the findings of the present study. Currently, no
research has directly evaluated the association between
TZDs and mitophagy in the nervous system except for the
present study. However, a previous study showed that Rosi
prevented the loss of mitochondrial PINK1 in neuroblas-
toma [48], which implied decreased mitophagy. Some stud-
ies have focused on Rosi and nonselective autophagy. Rosi
has been reported to inhibit autophagy in the spinal cord tis-
sue, but no specific cell type was identified [49]. Other stud-
ies showed that Rosi induced autophagy in neurons [50].
Therefore, Rosi may contribute to both promotion and inhi-
bition of autophagy depending on the pathological condition
[50, 51]. Besides, previous studies on the association of mito-
chondrial markers supported the effects of Rosi on mito-
chondrial biogenesis observed in the present study. We
observed the increase in red fluorescence and significantly
enhanced green fluorescence by mitoTimer, which indicated
an increased amount in mitochondria. These results are
supported by the previous NSC studies consistently docu-
menting an increased expression of PPAR coactivator-1α,
a critical transcriptional factor in mitochondrial biogenesis
[13–15]. Thus, the present study suggested that mitochon-
drial clearance and biogenesis could be regulated
simultaneously.

In the present study, we characterized the core regula-
tory sequences involved in the regulation of PINK1 by Rosi.
The promoter region of PINK1 in either humans or rodents
has not yet been identified. FOXO1 has been reported to
bind to the PINK1 promoter and induce transcription. Still,
a specific binding site has not been investigated, and the
primers used for CHIP resulted in a product exceeding
1600 bp [52]. Hou and colleagues identified the sequence
of a 0.4 kbp segment of the DNA immediately 5′-flank to
the PINK1 translation start site that bound to FOXO3a in
a mouse model [53]. Other studies also identified a segment
consisting of 3060 bp (−3061 bp to −1 bp counting from the
translation start site) and a segment composed of 1825 bp
(−1799 to +26 bp counting from the transcription start site)
as the promoter regions of the human PINK1 gene [54, 55].

Currently, to our knowledge, this is the first study to report
the sequences involved in the regulation of PINK1 transcrip-
tion in rats, which could be recognized as a part of the pro-
moter region. We confirmed that the binding site of FOXO1
is located inside the first intron, instead of the regular
−2300 bp upstream of the translation start site. This is not
surprising since the intron is widely known to participate
in the regulation of gene transcription [56–59].

Some limitations of the current study should be
acknowledged. First, Rosi has been reported to maintain
the undifferentiated phenotypes of NSCs [60], but we did
not investigate the differentiation capacity of NSCs, thus
leading to a lack of clarity on the potency of NSCs to differ-
entiate into mature neurons. Second, we did not further
explore the effect of -directed mutagenesis in PINK1 pro-
moter on NSC proliferation, leading to the unknown of
potential NSC proliferation alteration conferred by muta-
genesis in PINK1 promoter. Finally, the effects of FOXO1
and PINK1 in Rosi-induced NSCs proliferation were not
examined in vivo.

In summary, the present study provided data showing
the effects of SCI repairment, inflammation inhibition,
NSC proliferation, and mitophagy suppression conferred
by Rosi and confirming the causality between mitophagy
suppression and NSC proliferation. Moreover, we demon-
strated the role of FOXO1 targeting the first intron of PINK1
in Rosi-induced mitophagy inhibition, metabolic substrate
shift, and proliferation of NSCs. Furthermore, the regulatory
sequences inside the PINK1 promoter region that responded
to Rosi and FOXO1 were identified in depth (Figure 7).
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Supplementary Materials

Figure S1: effects of Rosi on oxidative phosphorylation and
glycolysis. (A, B) Effects of rosiglitazone on state 2 and state
3 respiration at steady-state. Oxygen consumption was sim-
ilar during basic state 2 and state 3 respiration between Rosi
and DMSO treatments while it was slightly increased by
treatments with higher doses of Rosi. (C) Rosi moderately
or significantly reduced state 3 respiration under CCCP
treatment dependent on the concentration of Rosi. (D) Rosi
dramatically reduced state 3 respiration in fatty acid (FA)
media, and it reduced approximately half of the oxygen con-
sumption compared with that in the DMSO-treated cells. (E)
Results of western blotting for the respiratory complexes
showed that Rosi slightly increased the complex I content
in the mitochondrion, and it did not affect complex IV
expression. VDAC1 was served as the loading control. Data
represented three independent experiments and were
expressed as mean ± SEM (A–D). ∗P < 0:05 versus DMSO
treatment; #P < 0:05 versus 30μg/mL Rosi (D). ADP: adeno-
sine diphosphate. Figure S2: effects of different rosiglitazone
concentrations on supernatant lactate contents. Only a slight
increase in lactic acid was observed. Data represented three
independent experiments and were expressed as mean ±
SEM. Figure S3: effects of Rosi on the mRNA and protein
contents of FUNDC1, BNIP3, and NIX in NSCs. The mRNA
and protein contents were measured by RT-qPCR (A) and
western blotting (B), respectively. β-Actin was used as inter-
nal reference. Data represented three independent experi-
ments and were expressed as mean ± SEM. Figure S4:
effects of the forced FOXO1 expression on Rosi-induced
mitophagy suppression. FOXO1 expression was induced by
doxycycline (DOX, 1μg/mL), and the same volume of PBS
was used as control. (A) Confocal immunofluorescence
images showing LC3B (red) and Tomm20 (green) in NSCs.
(B) Confocal images showing the fluorescence of mitoTimer.
Rosi was applied in all the groups additionally to the indi-
cated treatments. Scale bar represents 10μm. Figure S5:
results for putative core regulatory element prediction of
the first intron in PINK1 gene by the GPMiner method.
Table S1: primers for promoter deletion analysis for reporter
3. Table S2: primers for site mutations. Table S3: primers for
real-time PCR. (Supplementary Materials)
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Background. The depressive symptom hallmarks the progression of the neurodegenerative diseases, especially Alzheimer’s disease.
Bacterial infection is related to inflammation and depression. The present project thereby examined whether botanical drug
puerarin could attenuate liposaccharide- (LPS-) induced depressive behaviors in mice. Methods. Adult male C57BL/6N mice
were sequentially treated with LPS and puerarin and evaluated for the depressive behaviors by tail suspension test and forced
swim test. The brain tissues were profiled for the molecular targets of puerarin by next-generation RNA sequencing technique.
Candidate targets were further verified in LPS-treated mice, neural stem cells, and highly differentiated PC12 cell line. Results.
Puerarin ameliorated LPS-induced depression in the mice. RNA sequencing profiles revealed that puerarin altered the
expression of 16 genes while markedly downregulated Ras-related GTP-binding protein A (RagA) in LPS-treated mice. The
effect of puerarin on RagA expression was confirmed by immunostaining, Western blot, and quantitative real-time PCR (qRT-
PCR). Biochemical studies showed that puerarin inhibited RagA/mTOR/p70S6K pathway, attenuated the accumulation of
mTORC1 in close proximity to lysosome, and reduced the production of proinflammatory cytokines. Conclusions. Botanical
drug puerarin attenuated inflammation and depressive behaviors in LPS-challenged mice by inhibiting RagA/mTOR/p70S6K
pathways. Puerarin may be a lead compound for the new antidepressant drugs.

1. Introduction

Alzheimer’s disease (AD) is characterized by memory loss
and cognitive deficit due to progressive neurodegeneration
[1]. Most of AD patients suffer from depression while severe
depression affects over 264 million people (https://www.who
.int/). Infection and social stress dramatically increase the
prevalence of depression worldwide [2]. The etiology of the

depression remains elusive. Among several risk factors, neu-
roinflammation is recently identified to be highly related to
depression [3]. The proinflammatory cytokines including
interleukin- (IL-) 1β and IL-6 were increased whereas the
anti-inflammatory cytokines including IL-10 and IL-4 were
decreased in depression [4]. Moreover, bacterial lipopolysac-
charide (LPS) induces inflammation and depression in mice
[5–7]. Our previous study showed that LPS induced
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depression in mice by upregulating small guanosine tripho-
sphatases (GTPases) RagA expression and subsequently acti-
vating mammalian target of rapamycin (mTOR)/p70S6K
pathway [8]. Therefore, the RagA/mTOR/p70S6K pathway
may be a therapeutic target for the treatment of depression.

The mTOR pathway is a key mechanism in the regula-
tion of protein synthesis, cellular metabolism, and autoph-
agy while mTOR is also implicated in the proliferation of
neural stem cells and circadian rhythms [9]. Two different
mTOR complexes (e.g., mTORC1 and mTORC2) execute
the biological functions in response to specific stimuli [10].
The complex mTORC1 facilitates the cell growth by inhibit-
ing autophagy and the expression of lysosomal genes
whereas mTORC2 phosphorylates and activates PKB/Akt
and PKC kinase, thereby promoting cell survival [11]. The
mTORC1 pathway is dysregulated in the neurodegenerative
diseases [12]. Nutrients promote mTORC1 translocation to
the lysosomal membrane and activate the mTORC1 path-
way via Rag GTPases [13]. On the other hand, Rag GTPases
exist in four isoforms, namely, RagA, RagB, RagC, and
RagD, and often form heterodimers (e.g., RagA/B, RagC/D).
Upon stimulation by the nutrients, the complex RagA/B
binds guanosine triphosphate (GTP) whereas the complex
RagC/D binds guanosine diphosphate (GDP). The activation
of Rag GTPases promotes the lysosomal localization of
mTORC1 to facilitate the interaction of mTORC1 with the
kinase activator Rheb [14, 15]. The active mTORC1 colocal-
izes with the lysosomal biomarker lysosome-associated
membrane protein (LAMP2) and regulates the lysosomal
biogenesis [16, 17]. Moreover, the activation of mTORC1
induces the phosphorylation of the downstream targets
including p70 S6 kinase (p70S6K) and eukaryotic translation
initiation factor 4E-binding protein 1 (4E-BP1), thereby
driving the onset of depression [18, 19].

The conventional antidepressant drugs have been found
to have various side effects in the past couple of decades [20].
As an example, ketamine exhibits rapid antidepressant
effects via regulating 4E-BPs [19]. However, ketamine causes
various side effects and even toxicity because its abuse harms
people and society [21]. On the other hand, natural products
could effectively attenuate LPS-induced depression in mice
[22]. Along this line, our group recently demonstrated that
C-glucosylated isoflavone puerarin (Figure 1(a)), as the main
active compound from the herbal medicine Radix puerariae,
attenuated pain and depression in mice with spared nerve
injury [23]. Consistently, other studies also showed that
puerarin attenuated depressive-like behaviors by upregulat-
ing FGF2 expression or via estrogen and BDNF signaling
pathways [24, 25]. Thus, it would be of importance to fur-
ther dissect the mechanism by which puerarin exhibits anti-
depressant activity.

In the present study, we hypothesized that puerarin
could attenuate the depressive-like behaviors in LPS-
challenged mice. Following puerarin treatment, depressive-
like behaviors were assessed in the LPS-challenged mice.
The brain tissues were subjected to the transcriptome profil-
ing for the molecular targets of puerarin. The candidate tar-
gets of puerarin were further verified in LPS-treated mice,
neural stem cells, and highly differentiated PC12 cell line.

2. Materials and Methods

2.1. Antibodies and Biochemical Reagents. The antibodies
against RagA, phospho-mTOR, mTOR, phospho-p70S6K,
p70S6K, and GAPDH were obtained from Cell Signaling
Technology (Boston, MA, USA). HRP-conjugated anti-
rabbit IgG was purchased from Sigma–Aldrich (St. Louis,
MO, USA). NeuN and LAMP2 antibodies were purchased
from Abcam (Cambridge, MA, USA). Alexa Fluor 488-
conjugated goat anti-mouse IgG and Alexa Fluor 594-
conjugated goat anti-rabbit IgG were obtained from Invitro-
gen (Carlsbad, CA, USA). ChamQ SYBR qPCR master mix
was obtained from Vazyme (Nanjing, China). QuantiNova
SYBR green PCR kit was obtained from QIAGEN (Valencia,
CA, USA). Dulbecco’s modified Eagle’s medium (DMEM),
DMEM/F12, fetal bovine serum (FBS), horse serum (HS),
N2, B27, penicillin, streptomycin, basic fibroblast growth
factor (bFGF), and epidermal growth factor (EGF) were
obtained from Thermo Fisher Scientific (Waltham, MA,
USA). The mammalian expression vector pcDNA3.1 was
obtained from Invitrogen (Carlsbad, CA, USA). Puerarin
was obtained from Yick-Vic Chemicals & Pharmaceuticals
(Hong Kong, China). LPS, Accumax solution, RIPA buffer,
and other reagents were obtained from Sigma–Aldrich (St.
Louis, MO, USA) unless otherwise indicated.

2.2. Animals and Drug Administration. Animal experiments
were approved by the Committee on the Use of Live Ani-
mals in Teaching and Research of the University of Hong
Kong (CULATR 4284-17). Male C57BL/6N mice (7-8
weeks, 18–25 g) were provided by the Centre for Compara-
tive Medicine Research, the University of Hong Kong. Ani-
mals were housed on a 12 h light–dark cycle and allowed
to freely access food and water at the animal facility, the
University of Hong Kong. For the behavioral experiments,
puerarin was dissolved in saline containing 50% 1,2-propyl-
ene glycol. LPS was dissolved in the saline. Mice were ran-
domly separated into 5 groups (n = 5): control, LPS,
LPS+puerarin (30mg/kg), LPS+puerarin (60mg/kg), and
LPS+puerarin (120mg/kg). As outlined in Figure 1(b), fol-
lowing intragastric administration of puerarin for 24h, mice
sequentially received oral gavage of puerarin and intraperi-
toneal injection of LPS (0.083mg/kg) with 1 h interval for
another 24h, and the mice in the control group were given
the same volume of saline with or without 1,2-propylene
glycol. The behavioral tests were performed after LPS
treatment.

2.3. Behavioral Tests. Following drug treatment, mice were
assessed for depressive behaviors by tail suspension test
(TST) and forced swim test (FST) as previously described
[23, 26].

For TST, adult mice were immobilized to the suspension
bar by attaching the tail with adhesive tape. The distance of
20-25 cm was kept between apparatus floor and mouse nose.
During the test over 6min, a blinded observer recorded the
immobility time of the mice.

For FST, adult mice were transferred into a plastic cylin-
der (30 cm high, 20 cm diameter) filling water at 22 ± 2°C to
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the height of 15 cm. Following 2min habituation sessions,
the immobility time was recorded by a blinded observer dur-
ing the last 4min.

2.4. Transcriptome Profiling by Next-Generation RNA
Sequencing. Following the behavioral tests, the 3mm frontal
cortex was collected from the mouse brains (n = 3). The
RNAs were extracted with TRIzol reagent from Thermo
Fisher Scientific (Waltham, MA, USA) and purified with
RNeasy plus mini kit from QIAGEN (Valencia, CA, USA).
Following reverse transcription, the cDNA libraries were
sequenced on the Illumina HiSeq 4000 System in BGI
(Shenzhen, China). The bioinformatic analyses were per-
formed essentially as previously described [27, 28]. Briefly,
the sequence reads were mapped to the mouse grcm38_
snp_tran reference sequence with HTSAT2 [29]. Ballgown
was applied for the differential gene expressions [30]. The
differential genes were selected based on p value of <0.05
and fold change (FC) of ≥2. R was used to make the heat-
map. The network of the differential genes was established

by Cytoscape (https://cytoscape.org/). The differential genes
were analyzed with the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway and the enriched Gene Ontology
(GO) by DAVID 6.8 (http://david.ncifcrf.gov). The p values
less than 0.05 indicated that the differential genes were
significantly enriched [31].

2.5. Molecular Cloning. RagA cDNA was prepared by poly-
merase chain reaction (PCR) amplification by using the for-
ward primer (5′-GTACAAGCTTCAGGTGATGCCCAA
TACA-3′) and the reverse primer (5′-GTACGATATCG
GCATTATTTCAACGCATGA-3′). PCR amplification was
conducted in 50μl reaction mixture containing 10μl of 5X
HF buffer, 2μl of 50mM MgCl2, 1μl of 25mM dNTPs
mix, 2.5μl each of 20μM reverse and forward primers,
100 ng of template DNA, and 0.5μl of Phusion DNA poly-
merase (5U/μl, NEB, USA) in a programmable Eppendorf
Thermocycler (Hong Kong, China). PCR reaction was pro-
grammed as follows: an initial denaturation of 30 seconds
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Figure 1: Puerarin ameliorated depressive-like behaviors in the LPS-challenged mice. (a) The chemical structure of puerarin was shown. (b)
The design of the animal experiments. Mice were separated into 5 groups: control, LPS, and LPS+puerarin (30, 60, or 120mg/kg). After drug
treatment, mice were assessed for depressive-like behaviours, and brain tissue was collected for the bioassays. (c) Forced swim test (FST).
The depressive-like behaviors of mice were evaluated by measuring immobility time during 4min. (d) Tail suspension test (TST). The
depressive-like behaviors of mice were evaluated by measuring immobility time during 6min. The data were presented as means ± SEM
(n = 6). ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001.
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at 98°C, 35 cycles of 98°C for 10 seconds, 57°C for 30 sec-
onds, and 72°C for 1min, with a final extension at 72°C for
10min. PCR product was purified from gel by the gel extrac-
tion kit (QIAGEN, USA). After the cleavage with HindIII and
EcoRV, RagA PCR product was purified and ligated into
mammalian expression vector pcDNA 3.1(+) from Invitrogen
(Carlsbad, CA, USA). Following transformation and selection,
pcDNA 3.1-RagA plasmid DNAwas prepared in DH5α E. coli
cells and purified with QIAGEN PlasmidMiniprep kit (Valen-
cia, CA, USA). The clones were sequenced through Sanger
DNA Sequencing Facility at BGI, Shenzhen, China.

2.6. Neural Stem Cell (NSC) Culture. Cortical NSCs were
produced from C57BL/6N mouse embryos on embryonic
day 14 as previously described [32, 33]. The NSCs were
plated in a 90mm dish at the density of 1 × 105 cells/ml
and cultured in DMEM/F12 medium supplemented with
2% B27, 1% N2, 20 ng/ml bFGF, 20ng/ml EGF, and 1%
streptomycin and penicillin at 37°C for 5-7 days. The single
cell suspension of NSCs was seeded in the 6-well plates
coated with poly-D-lysine for 24 h and treated with
200ng/ml LPS with or without puerarin at the doses of 10,
25, and 50μM for 24 h.

2.7. Highly Differentiated PC12 Cell Culture and
Transfection. Highly differentiated PC12 cell line was
obtained from National Collection of Authenticated Cell
Cultures (Shanghai, China). The cells were cultured in
DMEM supplemented with 10% HS, 5% FBS, 1% penicillin
and streptomycin at 37°C, and 5% CO2. For the transfection,
the cells were seeded in the 6-well plates at the density of
1:5 × 105 cells/ml for 24 h. The pcDNA3.1(+) vector or
pcDNA3.1(+)-RagA plasmid was transfected into the cells
by using Effectene Transfection Reagent from QIAGEN
(Valencia, CA, USA) for 24 h.

2.8. Western Blot Analysis. The frontal cortex tissues or pri-
mary mouse neural stem cells were lysed in RIPA buffer for
30min. The cellular proteins (30μg) or brain tissue proteins
(70μg) were separated by 10% SDS-polyacrylamide gels. The
PVDF membranes were blocked in the 5% BSA in Tris-
buffered saline and 0.1% Tween-20 buffer overnight at 4°C.
Blots were incubated with primary antibodies overnight and
secondary antibodies for 3h. Subsequently, blots were detected
with Amersham™ ECL™ Select Western blotting detection
reagents from GE Healthcare (Uppsala, Sweden) [34].

2.9. Immunostaining. After the behavioral tests, a mixture
solution of ketamine/xylazine was used for the mice anesthe-
sia, and 4% paraformaldehyde (PFA) in 0.01M phosphate-
buffered saline (PBS) was used for the perfusion. 4% PFA
was used to fix the mouse brains overnight at 4°C. The thick-
ness of the coronal sections of the 3mm frontal cortex was
40μm. NeuN and RagA primary antibodies were used to
probe the tissues overnight at 4°C. The tissues were then
incubated with secondary antibodies including Alexa Fluor
488-conjugated goat anti-mouse IgG and Alexa Fluor 594-
conjugated goat anti-rabbit IgG for 2 h at room temperature
(RT). 4′-6-Diamidino-2-phenylindole (DAPI) was used to

stain the cell nucleus. The slides were examined under a
Zeiss LSM 700 confocal microscopy (Jena, Germany). The
images were analysed by NIH ImageJ software (http://
imagej.net/ImageJ2) [23].

For cell culture, the NSCs were treated with 200ng/ml
LPS with or without puerarin at the doses of 10, 25, and
50μM for 24h and fixed with 4% PFA. Blocking was per-
formed in 5% normal goat serum for 2 h at RT. The NSCs
were sequentially incubated with primary antibodies against
mTOR and LAMP2 (FITC) overnight at 4°C and Alexa
Fluor 594 goat anti-rabbit IgG secondary antibody for 2 h
at RT. DAPI was used to stain the cell nucleus. The slides
were examined under a Carl Zeiss fluorescence microscopy
(Jena, Germany) [8].

2.10. Quantitative Real-Time PCR (qRT-PCR). The mouse
frontal cortex tissues and highly differentiated PC12 cells
were analysed for gene expression by qRT-PCR technique
as previously described [35]. Briefly, total RNAs were
extracted from the frontal cortex tissues and highly differen-
tiated PC12 cells with TRIzol reagent from Thermo Fisher
Scientific (Waltham, MA, USA). The cDNAs were prepared
from total RNAs with RevertAid RT Reverse Transcription
kit from Thermo Fisher Scientific (Waltham, MA, USA).
PCR detection was performed with a SYBR Green PCR kit
from QIAGEN (Valencia, CA, USA) and Vazyme (Nanjing,
China). The primers for various mouse genes were obtained
from QIAGEN as follows: RagA (Mm_Rraga_1_SG;
QT00257880), FZD1 (Mm_Fzd1_1_SG; QT00290542), Fitm2
(Mm_Fitm2_1_SG; QT00147903), Camkk2 (Mm_Camkk2_
1_SG; QT00162449), Ap3S2 (Mm_Ap3s2_1_SG;
QT00148428), Mesdc1(Mm_Mesdc1_1_SG; QT00292187),
GAPDH (Mm_Gapdh_3_SG; QT01658692), and β-actin
(Mm_Actb_1_SG; QT 00095242). The primers for rat genes
were as follows: RagA (NM_053973), F: 5′-GGAACCTGG
TGCTGAACCTGTG-3′, R: 5′-GGATGGCTTCCAGACA
CGACTG-3′; IL-6 (NM_012589), F: 5′-GCCCACCAGGA
ACGAAAGTCAA-3′, R: 5′-GGAAGGCAGTGGCTGT
CAACAA-3′; IL-1β (NM_031512), F: 5′-AATGCCTCGTG
CTGTCTGACC-3′, R: 5′-GTGGGTGTGCCGTCTTTCA
TCA-3′; β-actin (NM_031144), F: 5′-GTATGCCTCTGGTC
GTACCA-3′, R: 5-CTCTCAGCTGTGGTGGTGAA-3′. The
data were normalized to β-actin or GAPDH. The relative
expression level of genes was indicated by 2 − ΔΔCt.

2.11. Statistical Analysis. The data were presented as mean
± SEM for body weight, behavioral experiments, and qRT-
PCR in the animal experiments and mean ± SD for other
experiments. The comparisons of multiple groups were per-
formed using one-way analysis of variance (ANOVA)
followed by Dunnett’s test. GraphPad Prism 7 (La Jolla,
CA, USA) was used to analyze the data. The p values of less
than 0.05 were regarded as statistically significant.

3. Results

3.1. Puerarin Attenuated the Depressive-like Behaviors in
LPS-Challenged Mice. FST and TST were used to assess the
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effect of puerarin on the depressive behaviors in LPS-
challenged mice as previously described [23]. As outlined
in Figure 1(b), C57BL/6N mice were administered with
LPS or in combination with puerarin. The results of FST
and TST were shown in Figures 1(c) and 1(d), respectively.
Indeed, compared with the control group, LPS markedly
prolonged the immobility time of mice in the FST and
TST. Puerarin (60 and 120mg/kg) significantly reduced the
immobility time in LPS-treated mice in FST and TST com-
pared with LPS alone group while such drug (30mg/kg)
did not exhibit evident activities.

3.2. Puerarin Affected RagA and Other 15 Genes in LPS-
Treated Mice. To discover the antidepressant mechanisms
for puerarin, the mouse frontal cortex tissues were collected
from control, LPS, and LPS+P groups and profiled by next-
generation RNA sequencing technology. As shown in
Figures 2(a) and 2(b), a total of 16 differentiated genes with
p < 0:05 and FC ≥ 2 were identified based on the comparison
groups: LPS vs. control and LPS+P vs. LPS. In particular, 10
genes were upregulated while 6 genes were downregulated in
the comparison of LPS+P group vs. LPS group. Puerarin
downregulated the level of RagA expression to the largest
extent (FC = 0:02) based on RagA expression in LPS+P
group and LPS group. The interaction network was created
by including 16 differentiated genes and 7 closely related
genes although no significant change was detected. The
selected genes were enriched by GO and KEGG pathways.
As shown in Figure 2(c), activate transcription factor
(GO:0051091), Wnt-activated receptor (GO:0042813), and
frizzled binding (GO:0005109) were the most significantly
enriched in the GO terms “biological process” and “molecu-
lar function.” Wnt-signaling pathway was the most signifi-
cantly enriched KEGG pathway (KEGG: mmu04310).

3.3. Puerarin Effectively Downregulated RagA in LPS-
Challenged Mice. To verify the results of RNA sequencing,
six representative genes (i.e., RagA, FZD1, Fitm2, Camkk2,
Ap3S2, and Mesdc1) were validated by qPCR technique.
As shown in Figure 3(a), the brain tissues from LPS group
resulted in higher mRNA levels of RagA, FZD1, and Fitm2.
Puerarin (60mg/kg) significantly decreased the mRNA
levels of these genes against LPS stimulation. RagA was fur-
ther verified by Western blotting and immunostaining. As
shown in Figures 3(b) and 3(c), LPS significantly enhanced
the protein levels of RagA whereas puerarin (60mg/kg) sig-
nificantly reduced RagA expression in LPS-treated mice.
Puerarin group showed the lower level of RagA expression
compared with control group. As shown in Figures 3(d)
and 3(e), LPS significantly enhanced the immunofluores-
cence staining of RagA expression whereas puerarin
(60mg/kg) significantly decreased the immunofluorescence
intensity for RagA staining against LPS stimulation. More-
over, after LPS treatment, RagA and NeuN appeared to be
colocalized in the frontal cortex of mice.

3.4. Puerarin Inhibited the Activation of RagA/mTOR/p70S6K
Pathway and the Lysosomal Translocation of mTORC1 in
Neural Stem Cells. To determine the mechanisms by which

RagA mediates the activity of puerarin, we focused on RagA-
associated mTOR signaling pathway. For the effects of puer-
arin on the RagA/mTOR/p70S6K pathway, as shown in
Figures 4(a) and 4(b), LPS treatment enhanced the protein
expression of RagA, phospho-mTOR and phospho-p70S6K
in neural stem cells. Puerarin (50μM) significantly decreased
RagA expression against LPS stimulation. Moreover, puerarin
(25 and 50μM) significantly decreased the expression of
phospho-mTOR and phospho-p70S6K against LPS stimula-
tion. For the effects of puerarin on the lysosomal translocation
of mTORC1, as shown in Figures 4(c) and 4(d), LPS enhanced
the expression of lysosomal biomarker LAMP2 and promoted
the colocalization of mTOR and LAMP2 in the nucleus. Puer-
arin reduced LPS-induced LAMP2 expression and disturbed
the colocalization of mTOR and LAMP2 in a concentration-
dependent manner. Puerarin (50μM) spread the distribution
of LAMP2 in the cytosol of neural stem cells against LPS
stimulation.

3.5. Puerarin Inhibited LPS-Induced Expression of
Proinflammatory Cytokines. To study the role of RagA in
the anti-inflammatory activity of puerarin, the effects of
puerarin were evaluated on LPS-induced inflammatory
responses in mice. Firstly, we clarified whether LPS-
induced sickness in mice. After 24h treatment, we measured
the body weight of mice. As shown in Figure 5(a), LPS and
puerarin did not obviously change the body weight of mice,
suggesting that LPS did not cause sickness in mice. Secondly,
we determined whether puerarin could suppress LPS-
induced production of proinflammatory cytokines in mice.
As shown in Figure 5(b), qRT-PCR analysis validated that
LPS markedly induced the mRNA levels of proinflammatory
genes including IL-6, IL-1β, and TNF-α. Puerarin effectively
reduced the mRNA levels of IL-6 and IL-1β and affected
TNF-α to a lesser extent. Thirdly, we examined the effect
of ectopic RagA overexpression on cytokine synthesis. The
full-length RagA cDNA was cloned in pcDNA3.1 (+) vector
and subsequently introduced into highly differentiated PC12
cells. As shown in Figure 5(c), RagA transfection resulted
profound increase in the expression of RagA mRNA. The
mRNA level of IL-6 but not IL-1β was obviously elevated
in RagA-transfected PC12 cells compared with that in
pcDNA3.1 vector transfected cells.

4. Discussion

Depressive symptom may be one of the predictive signs for
the onset of AD in the elderly population. Inflammation is
known to increase the risk of depression in AD patients
[36]. Thus, LPS was used to induce acute inflammation
and depressive-like behaviors in mice [37]. Indeed, we
recently found that LPS could cause the depressive-like
behaviors in mice via activating RagA/mTOR/p70S6K path-
way [8]. As for the therapy of depression, the conventional
antidepressant drugs are challenged by gastrointestinal and
sexual side effects [38, 39]. Interestingly, we recently discov-
ered that botanical drug puerarin could effectively attenuate
depression and pain in mice with SNI [23]. Based on the
side-by-side comparison with the clinical drugs, puerarin
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Figure 2: Puerarin significantly affected 16 differentiated genes in LPS-challenged mice. (a) Heatmap of differentially expressed genes. The
frontal cortex tissues were collected from 3 groups of mice (i.e., control, LPS, and LPS+puerarin (60mg/kg), n = 3) and profiled by next-
generation RNA sequencing technology. The differentially expressed genes were identified by RNA sequencing and bioinformatics
analysis. The heatmap of 16 differentially expressed genes was visualized with R language. (b) Interaction network of differentially
expressed genes. The interaction network of 16 differentially expressed genes and 7 unchanged genes was generated by Cytoscape. The
downregulated genes were described as green whereas the upregulated genes were described as red. (c) GO and KEGG pathway analysis
of differentially expressed genes. Sixteen differentially expressed genes were analysed for GO and KEGG pathway by DAVID 6.8.
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Figure 3: Continued.
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and citalopram achieved similar effects on the depressive
behaviors and pain in mice whereas ibuprofen appeared to
be less effective. In fact, others also evaluated the antidepres-

sant effects of puerarin in the other animal models [40]. In
this study, we firstly validated that puerarin could attenuate
the LPS-induced depressive-like behaviors in mice
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Figure 3: Puerarin downregulated RagA expression in LPS-challenged mice. (a) qRT-PCR quantification of 6 representative differentially
expressed genes. The frontal cortex tissues were collected from 4 groups of mice (i.e., control, LPS, LPS+puerarin (60mg/kg), and
puerarin (60mg/kg), n = 3) and analysed by qPCR for selected genes. The data were presented as means ± SEM (n = 3). ∗p < 0:05. (b)
Western blot analysis of the protein expression of RagA. The frontal cortex tissues were collected from the experimental mice (n = 3) for
Western blot analysis of RagA. (c) Quantification of RagA expression. The blots were detected by a densitometric method (n = 3). ∗p <
0:05. (d) Immunofluorescence detection of RagA expression in the frontal cortex. The frontal cortex tissues were collected from the
experimental mice (n = 3) for immunohistochemical analysis for RagA expression, whereas DAPI was used to stain nuclear. NeuN was
detected as the biomarker for the mature neurons. The images were captured with a Carl Zeiss 700 confocal fluorescence microscope
(Jena, Germany). Scale bar, 50μm. (e) Quantification of RagA expression. Fluorescence intensity of RagA in (d) was evaluated through
the densitometric method (n = 3). ∗∗∗p < 0:001.
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Figure 4: Puerarin inhibited the RagA/mTOR/p70S6K pathway and the lysosomal localization of mTORC1 in the NSCs. (a) Detection of
RagA, mTOR, and p70S6K. The protein expression of RagA, mTOR, and p70S6K were analyzed by Western blot in LPS-challenged neural
stem cells. After 24 h treatment with 200 ng/ml LPS alone or in combination with puerarin (P) (10, 25, and 50μM), NSCs were analyzed by
Western blot for the protein expression of RagA, phospho-mTOR (p-mTOR), mTOR, phospho-p70S6K (p-p70S6K), and p70S6K. (b)
Quantitation of the blots in (a). The blots in (a) were quantified by the densitometric method. The protein value was shown as means ±
SD (n = 3). ### p < 0:001 (LPS vs. control); ∗∗∗p < 0:001 (LPS+P vs. LPS). (c) Immunofluorescence staining of mTORC1 in LPS-
stimulated neural stem cells. After 24 h treatment with 200 ng/ml LPS or in combination with P (10, 25, and 50μM), NSCs were
incubated with mTOR and lysosomal biomarker LAMP2 antibodies, and DAPI was used to stain nuclear. The images were captured
with a Zeiss fluorescence microscope (Jena, Germany). Scale bar, 20μm. (d) Quantification of mTOR and LAMP2. Colocalization of
mTOR and LAMP2 was quantified by Pearson’s R value. The results were shown as means ± SD (n = 3). ∗p < 0:05.
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(Figures 1(c) and 1(d)). Subsequently, we focused on the
molecular mechanisms underlying the antidepressant activ-
ity of puerarin. Our strategy was to identify differentially
expressed genes in mice after treatment with LPS and puer-
arin, alone or in combination, by next-generation RNA
sequencing technology. Indeed, we found that puerarin
downregulated the expression of RagA mRNA by 60 folds
compared with LPS-stimulated group. We further investi-
gated the effects of puerarin on RagA/mTOR/p70S6K path-
way, the accumulation of mTORC1 at the lysosomal
membrane, and the production of proinflammatory
cytokines.

Next-generation RNA sequencing technology is widely
used to profile the transcriptomes of cultured cells and ani-

mal models for differentially expressed genes [41]. In our
study, adult male mice were randomly divided into four
groups: control, LPS, LPS+Puearin, and puearin. RNA
sequencing profiles revealed that puerarin affected RagA
and other 15 genes against LPS stimulation (Figures 2(a)
and 2(b)). The functional annotation classified these genes
into multicellular organism development, small ubiquitin-
like modifier (SUMO) transferase activity, activation of pro-
tein kinase activity, DNA-binding transcription factor activ-
ity, protein heterodimerization activity, and other activities
(Figure 2(c)). As for multicellular organism development,
puerarin upregulated small subunit processome component
(Utp3) and downregulated Wnt family member 7B (Wnt7b)
and frizzled class receptor 1 (Fzd1). Utp3 is involved in the
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Figure 5: Puerarin attenuated the expression of inflammatory cytokines against LPS stimulation. (a) Body weight of experimental mice. The
body weight of the mice in the indicated groups was measured before and after LPS treatment. (b) qRT-PCR quantification of representative
inflammatory cytokines. The frontal cortex tissues were collected from 4 groups of mice (i.e., control, LPS, and LPS+puerarin (60mg/kg),
puerarin (60mg/kg), n = 3) and analysed by qPCR analysis. The results were shown as means ± SEM (n = 3). ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p
< 0:001. (c) qRT-PCR quantification of RagA, IL-6, and IL-1β. Highly differentiated PC12 cells were transfected with pcDNA3.1 vector
or pcDNA3.1-RagA plasmid for 24 h. The cells were collected for qPCR analysis. The data were shown as means ± SD (n = 3). ∗∗∗p <
0:001. (d) The diagram illustrating the potential mechanism. Puerarin targeted RagA and thereby inhibited the mTOR/p70S6K pathway
and suppressed the mRNA levels of proinflammatory cytokines (e.g., IL-6 and IL-1β) towards the amelioration of depressive behaviors.
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development of the osteosarcoma through regulating the
ribosome biogenesis [42]. Wnt7b is a key ligand for the
Wnt signaling pathway and mainly regulates the angiogene-
sis in the brain and spinal cord [43]. Fzd1 is a receptor for
the Wnt signaling and regulates the adult hippocampal neu-
rogenesis [44]. For SUMO transferase activity, puerarin
upregulated the isoform Sumo2. Sumo2 is directly involved
in the protein sumoylation for controlling the cognitive pro-
cess in mice [45]. For the activation of protein kinase activ-
ity, puerarin upregulated insulin receptor (Insr) and
calcium/calmodulin-dependent protein kinase kinase 2
(Camkk2). Insr refers to a tyrosine kinase receptor and
transmitted the ligands of insulin to bind to the intracellular
signaling [46]. Insr manifested as isoform A and isoform B.
Insr-A was mainly expressed in the brain and uniquely
expressed in the neuron. Insr-B was mainly expressed in
the peripheral tissue [47]. Insr is upregulated in the entorhi-
nal cortex and hippocampus in patients with Alzheimer’s
disease compared with elderly control group [48]. Camkk2
is characterized as a protein kinase for regulating cell sur-
vival and proliferation [49]. Camkk2 could decrease the
expression of proinflammatory cytokines and promote
LPS-treated primary microglial cells to undergo M2 polari-
zation [50]. For protein transporter activity, puerarin upreg-
ulated adaptor-related protein complex 3 subunit sigma 2
(AP3S2). Previous study identified that some AP3S2 genetic
variants are related to the onset of type-2 diabetes [51]. For
DNA-binding transcription factor activity, puerarin upregu-
lated SCAN domain containing 1 (Scand1), TATA-box-
binding protein-associated factor 5 like (Taf5l), and zinc fin-
ger protein 322 (Zfp322a). Scand1 is suggested to be a poten-
tial druggable target in the treatment of anxiety disorder
[52]. Scand1 is upregulated by carbon monoxide in the cor-
tical astrocytes [53]. Taf5l is a component of the P300/CBP-
associated factor (PCAF) complex with the activity to acety-
late the histones [54]. Another study showed that Taf5l is an
epigenetic regulator for mediating the mouse embryonic
stem cell state [55]. Zfp322a regulates the pluripotency of
the mouse embryonic stem cells and increases the repro-
gramming efficiency [56]. For protein heterodimerization
activity, puerarin downregulated small GTPase RagA. RagA
senses amino acids for the mTORC1 signaling pathway
involving in cell growth and metabolism [14]. For other
activities, puerarin downregulated cytochrome c oxidase 19
(Cox19), fat storage-inducing transmembrane protein 2
(Fitm2), and glioblastoma amplified sequence (Gbas).
Cox19 is involved in the copper efflux to the mitochondria
[57]. Fitm2 regulates in the normal fat storage in adipose tis-
sues in mice and plays critical role in the cell homeostasis
and the locomotor functions [58]. Gbas was expressed in
the brain and heart to regulate the CREB signaling pathway,
Ca2+ influx, and vesicular transport [59]. On the other hand,
puerarin upregulated mesoderm development candidate 1
(Mesdc1) and purinergic receptor P2Y13 (P2ry13). Mesdc1
is an actin-binding protein and has an oncogenicity in the
bladder cancer and hepatocellular carcinoma [60]. P2ry13
is mainly expressed in the microglia, not neuron or astro-
cyte. Interestingly, P2ry13 disruption enhances the prolifer-
ation of progenitor cells and the formation of new neurons

[61]. Based on the gene abundance, fold changes and biolog-
ical relevance, RagA was selected for further study in current
study.

Our group recently revealed that LPS markedly upregu-
lated RagA expression and activated mTORC1 pathway
[8]. RagA forms heterodimers with other isoforms for differ-
ent functions, for example, RagA/RagB heterodimer for
binding GTP and RagC/RagD heterodimer for binding
GDP [62]. Importantly, RagA senses the cellular sufficiency
of amino acids for the mTOR signaling pathway [63]. When
amino acids are deficient, the inactive heterodimer (RagA/B)
recruits the trimeric tuberous sclerosis complex (TSC) to the
lysosome, thereby preventing the association with mTORC1
activator Ras-homolog accumulated in brain (Rheb) [64].
When the amino acids are sufficient, however, heterodimer
RagA/B is loaded with GTP to bind the regulatory-
associated protein of mammalian target of rapamycin (Rap-
tor), recruit mTORC1 to the lysosome surface to form com-
plex with Rheb and activate mTORC1 [65]. The effect of
mTORC1 signaling pathway is the regulation of cell growth
and metabolism while dysregulation of mTORC1 is impli-
cated in the neurodegenerative diseases, cancer, and diabetes
[66]. The phosphorylation of the downstream targets includ-
ing p70S6K and 4EBP1 exhibit the activity of mTORC1 [67].
Phosphorylated p70S6K promotes the protein synthesis.
Phosphorylated 4EBP1 does not bind to the eukaryotic
translation initiation factor 4E (EIF4E), which promotes
the cap-dependent mRNA translation [68]. The p70S6K sig-
naling pathway is a potential mechanism mediating the
major depressive disorder [69]. High-fat diet caused the anx-
iety and anhedonia via reducing the expression of phospho-
P70S6K in the frontal cortex of rats [70]. In the present
study, RagA, FZD1, Fitm2, Camkk2, Ap3S2, and Mesdc1
were selected for qPCR validation. LPS increased the mRNA
levels of RagA, FZD1, and Fitm2 compared with the control
group. Puerarin at the dosage of 60mg/kg significantly
reduced the expression of mRNA levels of RagA, FZD1,
and Fitm2 against LPS stimulation although the mRNA
levels of Camkk2, Ap3S2, and Mesdc1 remained unchanged
(Figure 3(a)). Puerarin effectively reduced RagA in LPS-
challenged mice (Figures 3(b)–3(e)). Such results appeared
to be consistent with the results of RNA-seq profiling. Neu-
rogenesis is implicated in the depression [71]. Our previous
study demonstrated that LPS activated the RagA/m-
TOR/p70S6K pathway and caused the lysosomal accumula-
tion of mTORC1 in the NSCs [8]. In our study, we validated
that puerarin inhibited the RagA/mTOR/p70S6K pathway
and reduced the accumulation of mTORC1 lysosomal in
neural stem cells (Figures 4(a)–4(d)). Moreover, LPS is well
known to induce inflammation in mice [37]. In this study,
we firstly confirmed that LPS and puerarin could not cause
significant sickness in mice (Figure 5(a)). Such results clari-
fied that depressive behaviors were not resulted from LPS-
induced sickness. Secondly, we examined the effects of puer-
arin on proinflammatory cytokines. Indeed, puerarin effec-
tively reduced corresponding mRNA level of IL-6 and IL-
1β and affected TNF-α to a lesser extent in LPS-challenged
mice (Figure 5(b)). As for the potential role of RagA in
LPS-induced inflammatory response, we examined whether
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ectopic expression of RagA could influence the expression of
proinflammatory cytokines (e.g., IL-6 and IL-1β). As result,
the overexpression of RagA led to the significant increase in
IL-6 mRNA levels, but not IL-1β mRNA in highly differen-
tiated PC12 cells (Figure 5(c)). Interestingly, mTORC1 often
cross-talks with mTORC2 to regulate the production of dif-
ferent cytokines [72]. Combining mTORC1/mTORC2 with
pp242 or high-dose rapamycin upregulated IL-1β and
TNF-α but downregulated IL-6 [73]. In addition, the
mTORC1 pathway regulated IL-1β by dendritic cells [74].
Presumably, RagA links the mTORC1 signaling pathway to
the expression of different proinflammatory cytokines in a
cell context specific manner. Taken together, puerarin inhib-
ited the RagA/mTOR/p70S6K pathway and reduced the pro-
duction of proinflammatory cytokines (e.g., IL-6, IL-1β)
against LPS stimulation. Ultimately, puerarin could effec-
tively ameliorate LPS-induced depressive behaviors
(Figure 5(d)).

5. Conclusions

The results from the present study not only validated that
botanical drug puerarin could attenuate LPS-stimulated
depressive-like behaviors in mice but also revealed that the
inhibition of RagA/mTOR/p70S6K pathways could be a
potential antidepressant mechanism. At the molecular level,
puerarin downregulated RagA expression, reduced the lyso-
somal translocation of mTORC1, and inhibited the activa-
tion of mTOR/p70S6K pathway. Consequently, puerarin
markedly reduced the expression of proinflammatory cyto-
kines, especially, IL-6, in LPS-challenged mice. Thus, puer-
arin may be a promising antidepressant and anti-
inflammatory candidate drug for the alleviation of depres-
sion in AD and other diseases.
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Adiponectin (ADPN) plays an important role in cerebral ischemia-reperfusion injury. Although previous studies have confirmed
that ADPN pretreatment has a protective effect on ischemic stroke, the therapeutic effect of ADPN on ischemic stroke and the
underlying mechanism are still unclear. In order to clarify these questions, focal transient cerebral ischemia was induced by
middle cerebral artery occlusion (MCAO) in mice and ADPN was administered for three times at 6 h, 24 h, and 48 h after
reperfusion. Meanwhile, a virus-delivered HIF-1α siRNA was used before ADPN administration. The infarct volume,
neurological score, cellular apoptosis, and oxidative stress were assessed at 72 h after reperfusion. The long-term outcome of
mice after stroke was recorded as well. The results indicated that ADPN treatment reduced the infarct volume (P = 0:032),
neurological deficits (P = 0:047), cellular apoptosis (P = 0:041), and oxidative responses (P = 0:031) at 72 h after MCAO.
Moreover, ADPN increased both the protein level and transcriptional activity of HIF-1α as evidenced by the transcription levels
of VEGF (P = 0:046) and EPO (P = 0:043) at 72 h after MCAO. However, knockdown of HIF-1α partially reversed the
antioxidant and treatment effect of ADPN after cerebral ischemia. In the observation of long-term outcome after ADPN
treatment, it demonstrated that ADPN not only prevented the cerebral atrophy (P = 0:031) and the neurological function
decline (P = 0:048), but also promoted angiogenesis (P = 0:028) after stroke. In conclusion, our findings suggest that ADPN is
effective in treatment of ischemic stroke which could be attributed to the increased antioxidant capacity regulated by HIF-1α.

1. Introduction

Cerebrovascular disease, especially ischemic stroke, is still
one of the leading causes of death and disabilities [1].
Although great progresses have been made in the treatment
of ischemic stroke as thrombolysis by tissue-type plasmino-
gen activator (t-PA) and endovascular treatment can rescue
a few patients, more effective drugs and methods are still

urgently needed for the rest of those unfortunate large
populations who exceeded the very narrow therapeutic time
window [2]. Therefore, more effective treatment methods
have always been the goal of stroke study [3]. The
adipocyte-secreted protein hormone adiponectin (ADPN)
may have a potential therapeutic effect on stroke, as ADPN
deficiency aggravates cerebral ischemia injury [4], while
overexpression or supplementation of ADPN before stroke
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onset is protective [5, 6]. Human studies also indicate the
important role of ADPN in stroke: the circulating ADPN
was temporarily decreased in the acute phase of ischemic
stroke in patients [7], and ADPN was negatively correlated
with brain infarct volume and the severity of cerebral NIHSS
score [8, 9]. Under physiological conditions, the amount of
ADPN in the brain was very low, while in the process of cere-
bral ischemia injury, the circulating ADPN can enter the
brain due to the destruction of the blood-brain barrier.
ADPN plays multiple roles through ADPN receptors which
are expressed in peripheral tissues and central nervous
system. The main functions of ADPN include anti-
inflammatory [10], antioxidant [11], and antiatherogenic
properties [12]. A recent study confirmed the protective
effect of exogenous ADPN pretreatment on ischemic stroke
injury and found out that it was mediated through
cAMP/PKA signaling [6]. However, the treatment effect of
exogenous ADPN after stroke was undetermined, and the
underlying mechanisms remain poorly understood.

The oxidative stress and inflammatory reaction are
important pathological mechanisms of ischemic stroke. It is
suggested that the antioxidant and anti-inflammatory strat-
egy is one of the important methods for the treatment of
ischemic stroke [13], such as 3-n butylphthalide, which is
currently used in the treatment of stroke in China [14, 15].
A recent study interestingly revealed that ADPN also had
antioxidant and anti-inflammatory functions when adminis-
trated before ischemic stroke, suggesting its clinical therapeu-
tic potential for stroke [16]. However, the specific mechanism
by which ADPN alleviates oxidative stress and inflammation
was unclear. Hypoxia inducible factor-1 alpha (HIF-1α) is an
important regulatory node in reducing oxidative stress and
inflammation in stroke [17]. As we found its expression
rapidly rises in the penumbra after ischemic stroke [18], we
wonder whether HIF-1α was also involved in the treatment
effect of ADPN after ischemic stroke.

Therefore, the present study is aimed at determining
whether treatment with ADPN would attenuate cerebral
ischemia-reperfusion injury through the increased antioxi-
dant capacity dependent on HIF-1α.

2. Materials and Methods

2.1. Animals. Male C57 mice, 8-10 weeks old, weighing
20-25 g, were purchased from the Experimental Animal
Center of Fourth Military Medical University (Xi’an, China).
All the animals were housed in an environment with temper-
ature of 22 ± 1°C, relative humidity of 50 ± 1%, and a light/-
dark cycle of 12/12h. All animal studies (including the
mice euthanasia procedure) were done in compliance with
the regulations and guidelines of Fourth Military Medical
University institutional animal care and according to the
AAALAC and the IACUC guidelines.

2.2. Experimental Design. The study was divided into three
main parts: the first part was to investigate the effectiveness
of ADPN treatment on experimental stroke produced by
middle cerebral artery occlusion (MCAO). Briefly, 80 mice
were randomly allocated into four groups: sham group (mice

subjected to sham operation), control group (mice subjected
to MCAO), vehicle group (mice subjected to MCAO and
treated with vehicle at 6 h, 24 h, and 48 h after reperfusion),
and ADPN group (mice subjected toMCAO and treated with
ADPN at 6 h, 24 h, and 48 h after reperfusion). The dose of
ADPN was 5mg/kg via tail vein injection according to a pre-
vious study [6]. Each group was composed of 20 mice: 8
mice were used for evaluation of neurological score and
infarct volume, 4 for terminal deoxynucleotidyl transferase-
mediated 2′-deoxyuridine 5′-triphosphate nick-end labeling
(TUNEL) and immunofluorescence staining, and 4 for bio-
chemical tests and 4 for western blotting analysis. The neu-
rological score, infarct volume, TUNEL-positive neurons,
cleaved caspase-3, HIF-1α, erythropoietin (EPO), and vascu-
lar endothelial growth factor (VEGF) protein levels were
analyzed at 72 h after reperfusion. In addition, the cellular
localization of HIF-1α was examined by immunofluores-
cence staining.

The second part of the experiment was to explore the role
of HIF-1α in ADPN treatment after cerebral ischemia-
reperfusion by using a virus-delivered HIF-1α siRNA. In this
part, 60 mice were randomized into three groups: ADPN,
control siRNA, and HIF-1α siRNA groups. ADPN group
was the same as the first part. For control siRNA group, mice
were treated with stereotactic injection of virus recombined
with control siRNA 3 weeks before MCAO, and then, ADPN
was injected via tail vein at 6 h, 24 h, and 48 h after reper-
fusion, and for HIF-1α siRNA group, mice were treated
with stereotactic injection of virus recombined with HIF-
1α siRNA 3 weeks before MCAO, and then, ADPN was
injected via tail vein at 6 h, 24 h, and 48 h after reperfu-
sion. Each group was composed of 20 mice: 8 were used
for neurological scoring and infarct volume evaluation, 4
for biochemical tests and 4 for western blotting, and 4
for TUNEL staining. The neurological score, brain infarct
volume, cellular apoptosis by TUNEL staining and cleaved
caspase-3, and oxidation products were assessed at 72h
after reperfusion.

The third part was to assess the long-term outcome and
angiogenesis of mice treated with ADPN after cerebral ische-
mia. All 32 mice were randomized into two groups: ADPN
and vehicle groups. The treatment was the same as the first
part. Each group had 16 mice: 8 were used for neurological
scoring and brain atrophy evaluation, 4 for immunofluores-
cence staining, and 4 for western blotting analysis of von
Willebrand factor (vWF) 28 days after MCAO.

2.3. Focal Cerebral Ischemia and Reperfusion. Mice were
allowed for free access to food and tap water before surgery.
Cerebral ischemia was induced by MCAO as previously
described [19]. Briefly, the mice were anesthetized with
1.5% isoflurane. A silicon-coated suture (RWD Life Science)
was then inserted into the right external carotid artery and
advanced through the internal carotid artery to obstruct the
MCA. The suture remained in position for 1 h during the
arterial occlusion and was then removed to allow subsequent
reperfusion. The body temperature of the mice was moni-
tored by a rectal probe and maintained at 37 ± 0:5°C by using
a heating pad. A laser Doppler sensor for blood flow
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monitoring was placed on the surface of the skull (2mm cau-
dal and 4mm lateral to the bregma). A procedure with 80%
decrease and 70% recovery of the regional cerebral blood
flow was considered to be a successful ischemic injury.

2.4. Assessment of the Neurological Deficit. Based on the scor-
ing system of Garcia et al. [20], the neurological behavior of
the mice was assessed 72 h and 28 d postreperfusion by an
observer blind to the animal grouping. This system consisted
of the following six tests: spontaneous activity, symmetrical
movements of the upper and lower limbs, forepaw out-
stretching, climbing, body proprioception, and response to
vibrissal touch. The final score was the sum of all six individ-
ual test scores. The minimum neurological score was 3, while
the maximum was 18.

The grid-walking test was used to assess the walking
performance of the mice. The grid apparatus (40 × 20 cm2,
each grid cell 2 × 2 cm2, and height 50 cm) was located in a
sound attenuated room. Performance was recorded for 60 s
using a video camera located beside the apparatus at an angle
of approximately 20 to 40 degrees. A foot slip was recorded
when one paw completely missed a bar with the limb falling
between the bars or when the paw was correctly placed on the
bar but slipped off during weight bearing. The total steps of
the left forelimb and hind limb were counted, and the per-
centage of foot fault was measured by dividing the number
of foot slips of the left forelimb and left hind limb by the total
number of left steps taken with 60 s [21].

2.5. Measurement of Infarct Size. After mice were euthanized,
the brains were removed and the ones with clot formation
and/or subarachnoid hemorrhage were eliminated. The
brains were first sectioned into 1mm slices, incubated in a
2% solution of 2,3,5-triphenyltetrazolium chloride (MP Bio-
medicals) at 37°C for 15min, and then fixed in 4% formalin.
The stained sections were photographed using a digital cam-
era and measured in a blinded manner with an image analy-
sis software. The total volumes of both contralateral (vc) and
ipsilateral hemisphere (vl) were measured, and the infarct
percentage (%I) was calculated using the following formula:
%I = 100 ∗ ðvc − vlÞ/vc, to avoid mismeasurement secondary
to edema.

2.6. Brain Atrophy Measurement. Mice were anesthetized
and then perfused with ice-cold saline, followed by fixation
with 4% paraformaldehyde. The brains were then cut into
12μm thick coronal sections. Nissl staining was carried out
according to manufacturer instructions. Briefly, the sections
were washed with PBS for 3 times. All sections were stained
with 1% methylviolet for 10min. The sections were rinsed
with double distilled water several times. Graded ethanol
and xylenes were then used to treat the sections. Finally, the
sections were imaged under a light microscope. The atrophy
volumes were counted by investigators who were blinded to
the grouping in our study. The formula was contralateral
hemisphere brain area minus infarct hemisphere area to con-
tralateral hemisphere brain area.

2.7. Microvessel Counts. Six 12μm thick coronal sections
were stained with vWF from 0.5mm anterior to 0.5mm

posterior in bregma. The number of microvessels was carried
out using a 10x objective lens. The microvessels with a well-
defined linear vessel shape were counted. The number of micro-
vessels was obtained from the averaged number of six sections.

2.8. Transfection of HIF-1α siRNA. The recombinant adeno-
associated virus 9 (AAV) containing HIF-1α siRNA-
mCherry or control siRNA-mCherry was purchased from
Genechem Co., Ltd. (Shanghai, China). The target sequence
was 5′-CACCAU GAU UUU ACU ATT-3′, and the control
sequence was 5′-UUC UCC GAA CGU GUC ACG-3′.
Transfection was processed by stereotactic injection. The
injection coordinates were 0.4mm anterior to bregma,
1.0mm lateral to the midsagittal line, and 1.5mm deep from
the cranial surface. Three weeks after injection, the reliability
of siRNA was determined by immunofluorescence labeling
and western blotting, as shown in Supplementary Figure S1.

2.9. Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labeling (TUNEL) Staining. Cellular apoptosis was evaluated
at 72 h after reperfusion. TUNEL staining was performed
using an in situ cell death detection kit (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s
instructions. Mice brains were fixed with 4% paraformalde-
hyde. The tissue was then cut into 12μm thick coronal sec-
tions from 0.5mm prior to bregma. Three slices from each
mouse were used for TUNEL staining. Three fields from
the penumbra zone for each slice were observed using a 40x
objective lens. The ratio of TUNEL-positive cells to the num-
ber of total cells was considered as the apoptosis index and
obtained by an observer blinded to the grouping. The ische-
mic penumbra area was defined as previously described [19].

2.10. Immunofluorescence Staining. Mice were perfused and
fixed with 4% paraformaldehyde at 72 h after reperfusion.
After dehydration with 30% sucrose, the brain was frozen
and then cut into 12μm sections (approximately 1.33mm
from the rostral to the bregma). The slices were then washed
with PBS, incubated with 0.3% Triton X-100 for 5min at
room temperature, and consequently blocked with 5% fetal
bovine serum (BSA) for additional 30min. Slices were incu-
bated with rabbit anti-HIF-1α antibody (1 : 200, Abcam,
Cambridge, London, UK) and rabbit anti-vWF antibody
(1 : 100, Abcam, Cambridge, London, UK) at 4°C overnight,
consequently probed with Alexa Fluor 488-conjugated don-
key anti-rabbit antibody (1 : 400, Abcam, Cambridge, Lon-
don, UK) and NeuroTrace red (1 : 2000, Molecular Probes;
a dye for labeling of neurons based on Nissl stain), and finally
visualized under a microscope (OLYMPUS, BX51) using the
DP2-BSW software. Three fields from the penumbra zone for
each slice were observed using a 40x objective lens.

2.11. Western Blot Analysis. The brain tissue of the ischemic
penumbra was dissected at 72 h after reperfusion. All samples
were homogenized in a RIPA lysis buffer (Beyotime,
Nantong, China) containing whole proteinase inhibitor
cocktail on ice. A BCA protein assay kit (Beyotime, Nantong,
China) was used to determine the protein concentration. An
equivalent amount of protein (30μg per lane) was loaded and
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separated by a 12% SDS-PAGE gel. After electrophoresis, the
protein was transferred to a polyvinylidene difluoride mem-
brane. The membrane was blocked using 2% BSA in TBST.
After overnight incubation at 4°C with the primary antibod-
ies HIF-1α (1 : 1000, Abcam, Cambridge, London, UK), EPO
(1 : 1000, Abcam, Cambridge, London, UK), VEGF (1 : 1000,
Abcam, Cambridge, London, UK), vWF (1 : 1000, Abcam,
Cambridge, London, UK), and β-actin (1 : 1000. Abcam,
Cambridge, London, UK), the membrane was incubated with
horseradish peroxidase-conjugated secondary goat anti-
rabbit antibody (1 : 5000, Pierce, Rockford, IL) for 1 h at
room temperature. Optical density of each band was quanti-
fied using the ImageJ software. The dissection of ischemic
penumbra was as previously described [22]. Briefly, the brain
was coronally cut into three slices: the first cutting was 2mm
from the anterior tip of the frontal lobe, and the second cutting
was 4mm from the first cutting. The middle part that corre-
sponded to the ischemic core and penumbra was dissected.
The midline between the two hemispheres was identified,
and a longitudinal cut (from top to bottom) approximately
1mm from the midline through infarct hemisphere was made.
We then made a transverse diagonal cut at approximately the
2-o’clock position to separate the core (i.e., striatum and over-
lying cortex) from the penumbra (adjacent cortex).

2.12. Biochemical Estimations. At 72h after reperfusion, the
penumbra was dissected and homogenized in cold sodium
chloride after it has been weighted. The homogenate was
then centrifuged at 10000 × g for 15min, and the supernatant
was collected and consequently frozen at -80°C for further
analysis. The protein content was measured using BCA pro-
tein assay kit (Beyotime, Nantong, China).

Assay kits were used to measure the content of oxidation
products (MDA, 8-OHdG, protein carbonyl, and protein
nitrotyrosine). The carbonyl kit and the nitrotyrosine kit
were purchased from CHEMICON. Others were purchased
from Nanjing Jiancheng Bioengineering Institute. The assays
were done according the manufacturer’s instructions.

2.13. Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR) Measurement. Total RNA was extracted
from the penumbra of the cerebral cortex with Trizol reagent
(Life Technologies, USA) according to the manufacturer’s
instructions. The cDNA was subsequently synthesized with
a standard cDNA synthesis kit (Life Technologies, USA).
The mRNA level of β-actin was used as an internal control.
The sequences of primers were as follows: VEGF, forward:
5′-GCACTGGACCCTGGCTTTACT-3′ and reverse: 5′-AC
TTCACCACTTCATGGGTCTTGTG-3′; HIF-1α, forward:
5′-GTTACAGGATTCCAGCAGACC-3′ and reverse: 5′
-TGGGTAGAAGGTGGAGATGC-3′; EPO, forward: 5′-AA
TGGAGGTGGAAGAACAGG-3′ and reverse: 5′-ACCCGA
AGCAGTGAAGTGA-3′.

The reverse transcription reaction was carried out in a
20μl volume with 500ng of total RNA, 16°C for 30min,
42°C for 42min, and 85°C for 5min. The PCR cycling began
with template denaturing at 95°C for 5min, followed by 40

cycles of 95°C for 10 s, 60°C for 20 s, 72°C for 20 s, and 78°C
for 20 s.

2.14. Statistical Analysis. Data were presented as mean ±
standard error. Statistical analysis was performed using the
Statistical Package for the Social Sciences (SPSS) version
16.0 for Windows, except for neurological scores which were
expressed as median with interquartile range and conse-
quently analyzed by Kruskal-Wallis tests. The Bonferroni test
was used as a correction method. Other values were analyzed
by one-way ANOVA, followed by post hoc Tukey test. A
P value less than 0.05 was considered statistically significant.

3. Results

3.1. ADPN Treatment Reduced Cerebral Ischemia-
Reperfusion Injury. The effect of ADPN administration on
infarct volume and neurological deficit in mice were
observed at 72h after cerebral ischemia. The infarct volumes
were notably decreased in ADPN group when compared to
vehicle group (44:3% ± 5:1% vs. 26:2% ± 4:5%, P < 0:05,
Figures 1(a) and 1(b)). The neurological score was increased
in the ADPN group when compared to vehicle group [12 (2)
vs. 8.5 (1.5), P < 0:05, Figure 1(c)]. The grid-walking test
showed that ADPN increased the total steps (21 ± 5:2 vs.
58 ± 6:3, P < 0:05, Figure 1(d)) and reduced the error ratio
(12:7% ± 3:2% vs. 28:7% ± 5:6%, P < 0:05, Figure 1(e)).
There is no statistical difference between the control group
and vehicle group in infarct volume, neurological score,
and step error.

3.2. ADPN Treatment Inhibited Apoptosis in Cerebral
Ischemic Penumbra. Cellular apoptosis was analyzed to con-
firm the neuroprotective effect of ADPN. Representative
photomicrographs of TUNEL staining in the ischemic pen-
umbra area are shown in Figure 2(a). Compared to vehicle
groups, ADPN induced a reduction in TUNEL-positive cells
(18:9 ± 4:9% vs. 35:4 ± 4:6%, P < 0:05), while no significant
difference in the number of TUNEL-positive neurons was
observed between the control and vehicle groups at 72 h post-
reperfusion (P > 0:05), as shown in Figure 2(b). Furthermore,
levels of cleaved caspase-3 were analyzed by western blotting
at 72 h after reperfusion. Compared to vehicle group, ADPN
treatment decreased the levels of cleaved caspase-3 (1:7 ± 0:3
vs. 3:1 ± 0:4, P < 0:05); in addition, no difference was
observed between the control group (2:9 ± 0:4 vs. 3:1 ± 0:4,
P > 0:05) and vehicle group, as shown in Figure 2(c).

3.3. ADPN Treatment Mitigated Oxidative Stress after
Reperfusion. To further determine whether exogenous ADPN
could reduce the oxidative stress injury, indicators of protein
oxidation (carbonyl protein and nitrotyrosine protein con-
tents) and indicators of DNA injury 8-OHdG and lipid perox-
idation MDA were analyzed, respectively, in ischemic
penumbra at 72h postreperfusion (Figure 3). Compared with
the vehicle group, ADPN treatment reduced all these factors:
the carbonyl protein content (14:8 ± 2:8μmol/mg vs. 23:0 ±
3:1μmol/mg, P < 0:05, Figure 3(a)), the nitrotyrosine protein
content (9:4 ± 1:3μg/mg vs. 15:9 ± 1:9μg/mg, P < 0:05,
Figure 3(b)), the 8-OHdG content (41:7 ± 9:1pg/mg DNA
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vs. 84:2 ± 11:7pg/mg DNA, P < 0:05, Figure 3(c)), and the
MDA content (2:2 ± 0:5μg/mg protein vs. 4:7 ± 0:5μg/mg
protein, P < 0:05, Figure 3(d)). There was no significant differ-
ence between the vehicle group and control group: the car-

bonyl protein content (23:0 ± 3:1μmol/mg vs. 23:7 ± 4:5
μmol/mg, P > 0:05, Figure 3(a)), the nitrotyrosine protein
content (15:9 ± 1:9μg/mg vs. 15:3 ± 1:2μg/mg, P > 0:05,
Figure 3(b)), the 8-OHdG content (84:2 ± 11:7pg/mg DNA
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Figure 1: ADPN treatment exerted neuroprotective effect against cerebral ischemia injury in mice. (a) Representative photographs of brain
slices showing infract volume assessed 72 h after reperfusion in mice. (b) The infarct volumes as percentages of the contralateral hemisphere
are presented as themean ± SD and analyzed by one-way ANOVAwith Tukey’s posttest. (c) The scoring system of Garcia et al. was evaluated
72 h after reperfusion. The data are presented as the median with range and analyzed by the Kruskal-Wallis test followed by Dunn’s test. (d)
The total steps were assessed at 72 h after reperfusion. (e) The error ratio was assessed at 72 h after reperfusion. ∗P < 0:05 compared to the
vehicle group. n = 8 per group.
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vs. 94:9 ± 14:3pg/mg DNA, P > 0:05, Figure 3(c)), and the
MDA content (4:7 ± 0:5μg/mg protein vs. 4:9 ± 0:7μg/mg
protein, P > 0:05, Figure 3(d)).

3.4. ADPN Increased the Neuronal Expression of HIF-1α after
Reperfusion. Spatial localization of HIF-1α was determined

using immunofluorescence staining. Furthermore, the protein
level of HIF-1α was measured by western blotting, and the
mRNA level of HIF-1α was tested by qRT-PCR (Figure 4).
As shown in Figure 4(a), HIF-1αwasmainly expressed in neu-
rons among different groups. Higher HIF-1α protein level was
observed after administration of ADPN compared to vehicle
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Figure 2: ADPN treatment alleviated apoptosis in the ischemic penumbra. (a) Representative photomicrographs showing TUNEL staining in
the ischemic penumbra of mice at 72 h after reperfusion. (b) The percentages of TUNEL-positive cells in the ischemic penumbra. (c) Cleaved
caspase-3 level in the ischemia penumbra. Data are presented as the mean ± SD and analyzed by the Kruskal-Wallis test followed by Dunn’s
test. ∗P < 0:05 compared to vehicle group, n = 4.
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group (5:4 ± 0:8 vs. 3:2 ± 0:7, P < 0:05), while no significant
difference was found between the vehicle group and control
group (3:2 ± 0:7 vs. 3:0 ± 0:5, P > 0:1) at 72h postreperfusion
(Figure 4(b)). Moreover, compared to vehicle group
(3:8 ± 0:5), exogenous ADPN induced an increase of HIF-1α
mRNA (5:4 ± 0:7, P < 0:05), while there was no difference
between the control group and vehicle group (P > 0:05).

3.5. ADPN Increased the Expression of EPO and VEGF after
Reperfusion. The expression of HIF-1α target genes EPO
and VEGF, which represented the transcriptional activity of
the HIF-1α, was analyzed as shown in Figure 5. Compared
to vehicle group, ADPN not only increased VEGF protein
level (4:6 ± 0:5 vs. 2:2 ± 0:4, P < 0:05, Figure 5(a)) and EPO
protein level (5:1 ± 0:7 vs. 2:6 ± 0:4, P < 0:05, Figure 5(c)),
but also increased the mRNA level of VEGF (4:4 ± 0:6 vs.
2:3 ± 0:5, P < 0:05, Figure 5(b)) and EPO (4:1 ± 0:4 vs. 2:5 ±
0:4, P < 0:1, Figure 5(d)). Both the protein level and mRNA
level of EPO and VEGF had no difference between the control
group and vehicle group.

3.6. Knockdown of HIF-1α Partly Reversed the Protective
Effect of ADPN. In order to investigate the role of HIF-1α
in exogenous ADPN-induced cerebral protection after
experimental stroke, the recombinant AAV containing

HIF-1α siRNA was applied. The neurological score, the
infarct volume, TUNEL-positive cells, and the indicators of
oxidative stress were measured. Compared to control virus,
neurological score was lower in HIF-1α siRNA group [9 (1)
vs. 12 (1.5), P < 0:1, Figure 6(c)]; the infarct volume was larger
(39:0% ± 5:5% vs. 27:2% ± 6:7%, P < 0:05, Figure 6(b)); more-
over, the total steps were decreased (52 ± 6:5 vs. 29:1% ± 4:3,
P < 0:05, Figure 6(d)), and the error ratio was increased
(23:0% ± 6:5% vs. 13:1% ± 7:3%, P < 0:05, Figure 6(e)).
Meanwhile, HIF-1α siRNA group had more apoptotic cells
(19:6% ± 6:5% vs. 28:7% ± 5:2%, P < 0:05, Figure 7(b))
and higher levels of cleaved caspase-3 (2:8 ± 0:5 vs. 1:9 ±
0:3, P < 0:1, Figure 7(c)) and worsened oxidative stress
injury: the carbonyl protein content (20:1 ± 1:8μmol/mg
vs. 15:0 ± 2:4μmol/mg, P < 0:05, Figure 8(a)), the nitro-
tyrosine protein content (13:2 ± 1:3μg/mg vs. 8:9 ± 1:3
μg/mg, P < 0:05, Figure 8(b)), the 8-OHdG content
(63:8 ± 8:4pg/mg DNA vs. 40:2 ± 5:1pg/mg DNA, P < 0:05,
Figure 8(c)), and the MDA content (4:0 ± 0:5μg/mg protein
vs. 2:3 ± 0:4μg/mg protein, P < 0:05, Figure 8(d)).

3.7. ADPN Improved Long-Term Neurological Behavioral and
Promoted Angiogenesis. To investigate the effect of ADPN on
long-term brain injury after MCAO, the brain atrophy vol-
ume and the behavioral deficits was assessed 28 days after
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Figure 3: The effect of ADPN on oxidative products. (a) The content of carbonyl protein in the ischemic penumbra. (b) The content of
nitrotyrosine protein in the ischemic penumbra. (c) The content of 8-OHdG in the ischemic penumbra. (d) The content of MDA in the
ischemic penumbra. Data are presented as the mean ± SD and analyzed by the Kruskal-Wallis test followed by Dunn’s test. ∗P < 0:05
compared to vehicle group, n = 4 per group.
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MCAO. Quantitative analysis revealed that brain atrophy
was prevented in ADPN group compared with vehicle group
(6:4 ± 1:1% vs. 15:1 ± 1:6%, P < 0:05, Figure 9(b)), and simi-
lar results were seen in scoring system of Garcia et al. [14 (2)
vs. 11.5 (1.5), P < 0:05, Figure 1(c)]. Meanwhile, compared to
the vehicle group, the ADPN group demonstrated significant
improvement in performance of grid-walking test: the
total steps were increased (72 ± 12 vs. 53 ± 9, P < 0:05,
Figure 9(d)), and the error ratio was decreased (10:7% ± 2:2%
vs. 5:8% ± 1:6%, P < 0:05, Figure 9(e)). To examine the effect
of ADPN on angiogenesis after MCAO, the number of micro-

vessels was counted. The number of vWF-stainedmicrovessels
in the ADPN group mice on the 28 day after MCAO was
more than that in vehicle group (30 ± 5:6 vs. 50 ± 6:1,
P < 0:05, Figure 9(g)). Similarly, the level of vWF protein
in ADPN group was increased than that in vehicle group
(1:4 ± 0:3 vs. 0:9 ± 0:3, P < 0:05, Figure 9(h)).

4. Discussion

The present study showed that ADPN treatment is effective
in reducing cerebral ischemia-reperfusion injury in a mouse
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Figure 4: ADPN enhanced the proteins and mRNA expression of HIF-1α at 72 h after reperfusion. (a) Representative photomicrographs of
HIF-1α staining in the ischemic penumbra. (b) Western blotting analysis of HIF-1α protein expression. (c) The RT-PCR analysis of HIF-1α
mRNA. Data are presented as themean ± SD and analyzed by the Kruskal-Wallis test followed by Dunn’s test. ∗P < 0:05 compared to vehicle
group, n = 4 per group.
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stroke model. Briefly, the administration of ADPN improved
neurological scores, reduced infarct volume, ameliorated
neuronal apoptosis, and decreased oxidative products. Such
therapeutic effect of ADPN on stroke could be attributed to
the boosting of antioxidant capacity by HIF-1α in neurons.
Moreover, we also found that ADPN could improve the
long-term neurobehavioral outcome and promote angiogen-
esis in the ischemic penumbra after stroke.

ADPN is mainly produced and secreted by adipose tis-
sue. It can also be synthesized and secreted by nonadipose
tissues such as murine cardiomyocytes and human liver.
ADPN is known to have antioxidant, antidiabetic, and
anti-inflammatory properties, which can confer protection
for chronic diseases [11]. Recent studies have identified the
association between hypoadiponectinemia and increased
mortality following ischemia stroke, as well as the negative
correlation between ADPN levels and primary infarct size
[23], suggesting ADPN has an important role in stroke. How-
ever, under physiological conditions, the amount of APDN in
the brain is very low [24]. Nevertheless, the content of ADPN
increases in ischemic hemisphere after stroke, while no
ADPN mRNA was found in the ischemic hemisphere and
contralateral hemisphere [25]. This indicates that the circu-

lating ADPN could enter the brain tissue through injured
BBB after ischemia [26], highlighting the feasibility of exoge-
nous ADPN in stroke treatment. Indeed, exogenous ADPN
injected before MCAO had protective effect on infarct size
and neurological deficit scores [5]. This was consistent with
the results obtained by Bai et al., who for the first time dem-
onstrated that ADPN knockout mice exhibited enlarged
brain infarct size and worsened neurological deficits follow-
ing ischemia-reperfusion compared with the wild-type litter-
mates [6]. However, the therapeutic effect of ADPN on
ischemic stroke was not examined. Therefore, we initiated
ADPN treatment from 6h after reperfusion and found that
multiple doses of ADPN administration could markedly
reduce the brain damage after experimental stroke. And the
antiapoptotic effect of ADPN when treated after cerebral
ischemia corroborated its therapeutic role. The long-term
outcome of mice treated with ADPN after reperfusion in fur-
ther strengthens its effectiveness in stroke treatment. Thus,
we for the first time confirmed the therapeutic effect of
ADPN after stroke, and the time window could be as long
as 6 h after reperfusion.

As the injury secondary to reperfusion is not completely
consistent with the primary ischemia injury, the molecular
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Figure 5: ADPN enhanced the proteins and mRNA expression of VEGF and EPO at 72 h after reperfusion. (a) Western blotting analysis of
EPO protein expression. (b) The RT-PCR analysis of EPOmRNA. (c)Western blotting analysis of VEGF protein expression. (d) The RT-PCR
analysis of VEGF mRNA. Data are presented as the mean ± SD and analyzed by the Kruskal-Wallis test followed by Dunn’s test. ∗P < 0:05
compared to vehicle group, n = 4 per group.
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mechanism for ADPN treatment after stroke could be differ-
ent from its pretreatment before ischemia. Therefore, we
focused on the oxidative stress which plays an important role
in brain damage [27] including stroke [28] since antioxidant
effect is the very common property of ADPN. It has been

demonstrated that the oxidative products MDA, 8-OHdG,
the carbonyl content, and the nitrotyrosine protein content
ould be used for indicators of oxidative stress level and
were increased in the pathogenesis of cerebral ischemia-
reperfusion injury [29, 30]. We then analyzed these products’
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Figure 6: Downregulating HIF-1α with AAV-delivered siRNA can reduce the protective effect of ADPN. (a) Representative photographs of
brain slices showing infract volume assessed 72 h after reperfusion in mice. (b) The infarct volumes as percentages of the contralateral
hemisphere are presented as the mean ± SD and analyzed by one-way ANOVA with Tukey’s posttest. (c) The scoring system of
Garcia et al. was evaluated 72 h after reperfusion. The data are presented as the median with range and analyzed by the Kruskal-
Wallis test followed by Dunn’s test. (d) The total steps were assessed at 72 h after reperfusion. (e) The error ratio was assessed at
72 h after reperfusion. ∗P < 0:05 compared to the ADPN group. n = 8 per group.
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content after treatment with ADPN and found that ADPN
effectively mitigated oxidative stress as evidenced by MDA,
8-OHdG, the carbonyl content, and the nitrotyrosine protein
content. Given that oxidative stress is an important cause of
cell deaths and the antiapoptotic effect of ADPN treatment
after experimental stroke, the mitigated oxidative stress by
ADPN provides further strengths for its therapeutic potential.

Although the antioxidant effect of ADPN was well stud-
ied, the exact molecular mechanism of ADPN was unknown,
especially in its neuroprotective effect on stroke. HIF-1α was
an important regulatory node in reducing oxidative stress
and inflammation in stroke [17] and was activated after cere-
bral ischemia [31]. As the key regulator of the transcriptional

response to low-oxygen conditions in mammalian cells
under both physiological and pathophysiological circum-
stances [32], HIF-1α is essential for the activation of endoge-
nous neuroprotective mechanisms [33]. In fact, HIF-1α has
been proposed as a potential target for neurodegenerative
diseases [32], since it regulates the expression of a broad
range of genes that facilitate cellular adaptation to low-
oxygen conditions [32]. Furthermore, it has been shown that
neuron-specific knockdown of HIF-1α increases tissue dam-
age and reduces the survival rate of mice subjected to MCAO
[17]. Indeed, HIF-1α has been reported to protect neurons
from apoptosis caused by oxidative stress [34]. As we recently
found out that HIF-1α was rapidly stimulated in the
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Figure 7: Downregulating HIF-1α with AAV-delivered siRNA reversed the antiapoptotic effect of ADPN. (a) Representative
photomicrographs showing TUNEL staining in the ischemic penumbra of mice at 72 h after reperfusion. (b) The percentages of TUNEL-
positive cells in the ischemic penumbra. (c) Cleaved caspase-3 level in the ischemia penumbra. Data are presented as the mean ± SD and
analyzed by the Kruskal-Wallis test followed by Dunn’s test. ∗P < 0:05 compared to ADPN group, n = 4.
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penumbra after ischemic stroke [18], we thought that HIF-1α
might be involved in the treatment effect of ADPN after
ischemic stroke. The results of our study revealed that ADPN
treatment increased HIF-1α expression in neurons following
ischemia stroke, and by using AAV-delivered HIF-1α siRNA
to neurons, we proved that HIF-1α was involved in ADPN-
induced antioxidant and antiapoptotic effect. Nevertheless,
several studies reported opposite effects of HIF-1α in cerebral
ischemia. For instance, it was reported that HIF-1α increased
apoptosis that led to ischemia-induced delayed neuronal
death and HIF-1α deficiency reduced ischemia damage [35,
36]. The discrepancy in findings between these studies may
reflect their use of different timings of interventions and mul-
tiple roles of HIF-1α in brain damage process after stroke.

Another question is how HIF-1α leads to the regulation
of antioxidant function. This could be explained by its target
gene products EPO and VEGF [37]. In the present study, we
detected the levels of EPO and VEGF, and our results
revealed that ADPN increased EPO and VEGF at 72 h after
MCAO, which means that ADPN induces both the expres-
sion and activity of HIF-1α. Several studies reported that
EPO may protect cells by reducing oxidative stress. EPO
could exert its antioxidant effect directly by acting on HO-1
and also indirectly by acting on depleting body iron [38].

And exogenous EPO exerted neuroprotection through anti-
oxidant activity after ischemia. In this study, we proved that
ADPN increased EPO, suggesting that the antioxidant effect
of ADPN may be related to EPO which was regulated HIF-
1α. Although previous studies confirmed that HIF-1α/VEGF
pathway plays an important role in promoting angiogenesis
and cerebral functional repairment, recent studies show that
VEGF had antioxidant effects [39], suggesting VEGF could
be another important mediator of HIF-1α-regulated antioxi-
dant response. In this study, the results showed that ADPN
increased both EPO and VEGF by HIF-1α. However, which
of the two was more important was undetermined and
whether other reaction processes like anaerobic metabo-
lism or inflammatory response was also involved in the
effect of ADPN treatment remains to be further confirmed
by experiments.

Many studies indicated that angiogenesis was beneficial for
the stroke-injured brain, as high levels of new vessel formation
following stroke were correlated with better functional recovery
and prolonged survival. Angiogenesis was continued for 4
weeks in the penumbra after ischemia [40]. It was reported that
overexpression of ADPN promoted angiogenesis in the mouse
brain following MCAO [41], even the same results were found
in aged mice [5]. The present study demonstrated that
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Figure 8: Downregulating HIF-1α with AAV-delivered siRNA reversed the antioxidant effect of ADPN. (a) The content of carbonyl protein
in the ischemic penumbra. (b) The content of nitrotyrosine protein in the ischemic penumbra. (c) The content of 8-OHdG in the ischemic
penumbra. (d) The content of MDA in the ischemic penumbra. Data are presented as themean ± SD and analyzed by the Kruskal-Wallis test
followed by Dunn’s test. ∗P < 0:05 compared to ADPN group, n = 4 per group.
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Figure 9: Continued.
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exogenous ADPN promoted angiogenesis and reduced brain
atrophy 28 days after MCAO. Although we did not demon-
strate the mechanism of exogenous ADPN on angiogenesis
during ischemia, it is possibly related to the HIF-1α/VEGF sig-
naling, as it was reported that ADPN could promote angiogen-
esis via VEGF in human chondrosarcoma [42].

However, there are always limitations in studies. Since
the knockout mice were not used in the present study, this
might somewhat cause biased conclusions. To obtain higher
validity, further experiments should include conditional gene
knockout mice. Also, the effect of ADPN should be testified
in both aged and female mice or even mice with
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Figure 9: ADPN promoted angiogenesis and improved long-term neurobehavioral outcome. (a) Representative photomicrographs of
atrophy volume. (b) The atrophy volume as percentages of the contralateral hemisphere is presented as the mean ± SD and analyzed by
one-way ANOVA with Tukey’s posttest. (c) The scoring system of Garcia et al. was evaluated on day 28 after reperfusion. The data are
presented as the median with interquartile range and analyzed by the Kruskal-Wallis test followed by Dunn’s test. (d) The total steps on
day 28 after reperfusion. (e) The error ratio on day 28 after reperfusion. (f) Representative photomicrographs of angiogenesis. (g)
Microvessel density statistics. (h) Western blotting analysis of vWF protein expression. These data except for the Garcia et al. score are
presented as the mean ± SD and analyzed by one-way ANOVA with Tukey’s posttest. ∗P < 0:05 compared to the vehicle group. n = 8
per group.
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hypertension, for its therapeutic potential. Other limitations
include lack of confirming the antioxidant function of EPO
and VEGF and lack of examination for receptors of ADPN.
Also, the exact molecular mechanism by which ADPN stim-
ulated HIF-1α in ischemia penumbra was unknown, whether
the ADPN receptor or other signaling pathway took part in
this needs further exploration.

In conclusion, the present study demonstrated that
ADPN treatment is effective in attenuation of cerebral
ischemia-reperfusion injury, and HIF-1α-regulated antioxi-
dant response is the main molecular mechanism responsible
for ADPN treatment for stroke.
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