s antioxidants

Special Issue Reprint

Phytochemical Antioxidants
and Health

Edited by
Baojun Xu

mdpi.com/journal/antioxidants



Phytochemical Antioxidants and
Health






Phytochemical Antioxidants and
Health

Editor

Baojun Xu

=
rM\D\Py Basel o Beijing ¢ Wuhan e Barcelona e Belgrade e Novi Sad e Cluj ¢ Manchester
/



Editor

Baojun Xu

Beijing Normal
University-Hong Kong
Baptist University United
International College
Zhuhai, China

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Antioxidants (ISSN 2076-3921) (available at: https:/ /www.mdpi.com/journal /antioxidants/special
issues/Phytochemical _Antioxidants_Health).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-8764-6 (Hbk)
ISBN 978-3-0365-8765-3 (PDF)
doi.org/10.3390/books978-3-0365-8765-3

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

Aboutthe Editor . . . . . . . . . . ..

Ziyun Xu, Maninder Meenu, Pengyu Chen and Baojun Xu

Comparative Study on Phytochemical Profiles and Antioxidant Capacities of Chestnuts
Produced in Different Geographic Area in China

Reprinted from: Antioxidants 2020, 9, 190, doi:10.3390/antiox9030190 . . . .. ... ... ... ..

Patricia A. B. Ramos, Catarina Moreirinha, Sara Silva, Eduardo M. Costa, Mariana Veiga,
Ezequiel Coscueta, et al.

The Health-Promoting Potential of Salix spp. Bark Polar Extracts: Key Insights on Phenolic
Composition and In Vitro Bioactivity and Biocompatibility

Reprinted from: Antioxidants 2019, 8, 609, doi:10.3390/antiox8120609 . . . . . ... ... ... ..

Younmi Kim, Heaji Lee, Sun Yeou Kim and Yunsook Lim

Effects of Lespedeza Bicolor Extract on Regulation of AMPK Associated Hepatic Lipid
Metabolism in Type 2 Diabetic Mice

Reprinted from: Antioxidants 2019, 8, 599, doi:10.3390/antiox8120599 . . . .. ... .. ... ...

Chien-Jen Kao, Hsin-Yu Chou, Yu-Chen Lin, Qinghong Liu and Hui-Min David Wang
Functional Analysis of Macromolecular Polysaccharides: Whitening, Moisturizing,
Anti-Oxidant, and Cell Proliferation

Reprinted from: Antioxidants 2019, 8, 533, doi:10.3390/antiox8110533 . . . . . ... .. ... ...

Zi Wang, Weinan Hao, Junnan Hu, Xiaojie Mi, Ye Han, Shen Ren, et al.

Maltol Improves APAP-Induced Hepatotoxicity by Inhibiting Oxidative Stress and
Inflammation Response via NF-kB and PI3K/ Akt Signal Pathways

Reprinted from: Antioxidants 2019, 8, 395, doi:10.3390/antiox8090395 . . . . . ... .. ... ...

Yusuke Yamaguchi, Ryosuke Honma, Tomoaki Yazaki, Takeshi Shibuya, Tomoya Sakaguchi,
Harumi Uto-Kondo and Hitomi Kumagai

Sulfuric Odor Precursor S-Allyl-L-Cysteine Sulfoxide in Garlic Induces Detoxifying Enzymes
and Prevents Hepatic Injury

Reprinted from: Antioxidants 2019, 8, 385, doi:10.3390/antiox8090385 . . . . . ... ... ... ..

Sankaran Vijayalakshmi, Arokia Vijaya Anand Mariadoss, Vinayagam Ramachandran,
Vijayakumar Shalini, Balupillai Agilan, Casimeer C. Sangeetha, et al.

Polydatin Encapsulated Poly [Lactic-co-glycolic acid] Nanoformulation Counteract the
7,12-Dimethylbenz[a] Anthracene Mediated Experimental Carcinogenesis through the
Inhibition of Cell Proliferation

Reprinted from: Antioxidants 2019, 8, 375, d0i:10.3390/antiox8090375 . . . . . ... ... ... ..

Jing-Jing Xing, Jin-Gang Hou, Ying Liu, Ruo-Bing Zhang, Shuang Jiang, Shen Ren, et al.
Supplementation of Saponins from Leaves of Panax quinquefolius Mitigates Cisplatin-Evoked
Cardiotoxicity via Inhibiting Oxidative Stress-Associated Inflammation and Apoptosis in Mice
Reprinted from: Antioxidants 2019, 8, 347, doi:10.3390/antiox8090347 . . . . . ... .. ... ...

Giustino Orlando, Claudio Ferrante, Gokhan Zengin, Kouadio Ibrahime Sinan,

Kouadio Bene, Alina Diuzheva, et al.

Qualitative Chemical Characterization and Multidirectional Biological Investigation of Leaves
and Bark Extracts of Anogeissus leiocarpus (DC.) Guill. & Perr. (Combretaceae)

Reprinted from: Antioxidants 2019, 8, 343, doi:10.3390/antiox8090343 . . . . . ... .. ... ...



Sara Hurtado-Barroso, Paola Quifer-Rada, Maria Marhuenda-Mufioz, Jose Fernando Rinaldi

de Alvarenga, Anna Tresserra-Rimbau and Rosa M. Lamuela-Raventés

Increase of 4-Hydroxybenzoic, a Bioactive Phenolic Compound, after an Organic Intervention

Diet

Reprinted from: Antioxidants 2019, 8, 340, doi:10.3390/antiox8090340 . . . . . ... ... ... .. 175

Ya-Dong Li, Jin-Ping Guan, Ren-Cheng Tang and Yi-Fan Qiao

Application of Natural Flavonoids to Impart Antioxidant and Antibacterial Activities to
Polyamide Fiber for Health Care Applications

Reprinted from: Antioxidants 2019, 8, 301, do0i:10.3390/antiox8080301 . . . .. ... ... ... .. 187

Kun Xie, Xi He, Keyu Chen, Jihua Chen, Kozue Sakao and De-Xing Hou
Antioxidant Properties of a Traditional Vine Tea, Ampelopsis grossedentata
Reprinted from: Antioxidants 2019, 8, 295, do0i:10.3390/antiox8080295 . . . . ... ... ... ... 203

Hui Min-David Wang, Ling Fu, Chia Chi Cheng, Rong Gao, Meng Yi Lin, Hong Lin Su, et al.
Inhibition of LPS-Induced Oxidative Damages and Potential Anti-Inflammatory Effects of
Phyllanthus emblica Extract via Down-Regulating NF-kB, COX-2, and iNOS in RAW 264.7 Cells
Reprinted from: Antioxidants 2019, 8, 270, doi:10.3390/antiox8080270 . . . . . ... ... ... .. 215

Wen-Wan Chao, Shu-Ju Chen, Hui-Chen Peng, Jiunn-Wang Liao and Su-Tze Chou

Antioxidant Activity of Graptopetalum paraguayense E. Walther Leaf Extract Counteracts
Oxidative Stress Induced by Ethanol and Carbon Tetrachloride Co-Induced Hepatotoxicity in

Rats

Reprinted from: Antioxidants 2019, 8, 251, doi:10.3390/antiox8080251 . . . . . ... ... ... .. 229

Ziaul Hasan Rana, Mohammad Khairul Alam and Mohammad Akhtaruzzaman

Nutritional Composition, Total Phenolic Content, Antioxidant and a-Amylase Inhibitory

Activities of Different Fractions of Selected Wild Edible Plants

Reprinted from: Antioxidants 2019, 8, 203, doi:10.3390/antiox8070203 . . . . . ... .. ... ... 245

Enrico Sangiovanni, Chiara Di Lorenzo, Stefano Piazza, Yuri Manzoni, Cecilia Brunelli,
Marco Fumagalli, et al.

Vitis vinifera L. Leaf Extract Inhibits In Vitro Mediators of Inflammation and Oxidative Stress
Involved in Inflammatory-Based Skin Diseases

Reprinted from: Antioxidants 2019, 8, 134, doi:10.3390/antiox8050134 . . . . . ... .. ... ... 261

Hsin-Yuan Chen, Po-Han Lin, Yin-Hwa Shih, Kei-Lee Wang, Yong-Han Hong,

Tzong-Ming Shieh, et al.

Natural Antioxidant Resveratrol Suppresses Uterine Fibroid Cell Growth and Extracellular
Matrix Formation In Vitro and In Vivo

Reprinted from: Antioxidants 2019, 8, 99, doi:10.3390/antiox8040099 . . . . . . ... ... ... .. 275

Satoshi Okuyama, Tatsumi Nakashima, Kumi Nakamura, Wakana Shinoka, Maho Kotani,
Atsushi Sawamoto, et al.

Inhibitory Effects of Auraptene and Naringin on Astroglial Activation, Tau

Hyperphosphorylation, and Suppression of Neurogenesis in the Hippocampus of
Streptozotocin-Induced Hyperglycemic Mice

Reprinted from: Antioxidants 2018, 7, 109, doi:10.3390/antiox7080109 . . . . ... ... ... ... 291

Kumeshini Sukalingam, Kumar Ganesan and Baojun Xu

Protective Effect of Aqueous Extract from the Leaves of Justicia tranquebariesis against
Thioacetamide- Induced Oxidative Stress and Hepatic Fibrosis in Rats

Reprinted from: Antioxidants 2018, 7,78, doi:10.3390/antiox7070078 . . . . . .. .. ... ... .. 303



Costantino Paciolla, Stefania Fortunato, Nunzio Dipierro, Annalisa Paradiso,

Silvana De Leonardis, Linda Mastropasqua and Maria Concetta de Pinto

Vitamin C in Plants: From Functions to Biofortification

Reprinted from: Antioxidants 2019, 8, 519, doi:10.3390/antiox8110519 . . . .. ... .. ... ... 313

Shi-Yu Cao, Cai-Ning Zhao, Ren-You Gan, Xiao-Yu Xu, Xin-Lin Wei, Harold Corke, et al.

Effects and Mechanisms of Tea and Its Bioactive Compounds for the Prevention and Treatment

of Cardiovascular Diseases: An Updated Review

Reprinted from: Antioxidants 2019, 8, 166, doi:10.3390/antiox8060166 . . . . . ... ... ... .. 339

Carmen Rodriguez-Garcia, Cristina Sdnchez-Quesada and José J. Gaforio

Dietary Flavonoids as Cancer Chemopreventive Agents: An Updated Review of Human
Studies

Reprinted from: Antioxidants 2019, 8, 137, doi:10.3390/antiox8050137 . . . . .. .. ... .. ... 357

Wilson R. Tavares and Ana M. L. Seca
Inula L. Secondary Metabolites against Oxidative Stress-Related Human Diseases
Reprinted from: Antioxidants 2019, 8, 122, doi:10.3390/antiox8050122 . . . . . ... .. ... ... 381

vii






About the Editor

Baojun Xu

Dr. Xu is a Chair Professor at Beijing Normal University-Hong Kong Baptist University United
International College (UIC, a full English teaching college in China), Fellow of the Royal Society
of Chemistry, Zhuhai Scholar Distinguished Professor, Department Head of the Department of Life
Sciences, Program Director of the Food Science and Technology Program, and author of over 300
peer-reviewed papers. Dr. Xu received Ph.D. in Food Science from Chungnam National University,
South Korea. He conducted postdoctoral research work at North Dakota State University (NDSU),
Purdue University, and the Gerald P. Murphy Cancer Foundation in the USA from 2005 to 2009.
He conducted short-term visiting research at NDSU in 2012 and the University of Georgia in 2014,
followed by visiting research during his sabbatical leave (7 months) at Pennsylvania State University
in the USA in 2016. Dr. Xu serves as the Associate Editor-in-Chief of Food Science and Human Wellness,
the Associate Editor of Food Research International, the Associate Editor of Food Frontiers, and is an
Editorial Board Member of around 10 international journals. He received the inaugural President’s
Award for Outstanding Research of UIC in 2016 and the President’s Award for Outstanding Service
of UIC in 2020. Dr. Xu was listed in the world’s top 2% of scientists by Stanford University in 2020,
2021, and 2022, and has been listed in the Best Scientists in the world in the field of Biology and

Biochemistry at Research.com in 2023.






| antioxidants ﬁw\p\py

Article

Comparative Study on Phytochemical Profiles and
Antioxidant Capacities of Chestnuts Produced in
Different Geographic Area in China

Ziyun Xu 2, Maninder Meenu !, Pengyu Chen "t and Baojun Xu 1*

1" Food Science and Technology Programme, Beijing Normal University-Hong Kong Baptist University United

International College, Zhuhai 519087, China; ziyun.xu@mail.mcgill.ca (Z.X.);
meenu_maninder@yahoo.com (M.M.); 1630013005@mail.uic.edu.hk (P.C.)
2 Department of Food Science and Agricultural Chemistry, McGill University, Quebec, QC H9X 3V9, Canada
*  Correspondence: baojunxu@uic.edu.hk; Tel.: +86-7563620636; Fax: +86-7563620882
1t These authors contributed equally to the article as the first authors.

Received: 27 January 2020; Accepted: 22 February 2020; Published: 25 February 2020

Abstract: This study aimed to systematically assess the phenolic profiles and antioxidant capacities
of 21 chestnut samples collected from six geographical areas of China. All these samples exhibit
significant differences (p < 0.05) in total phenolic contents (TPC), total flavonoids content (TFC),
condensed tannin content (CTC) and antioxidant capacities assessed by DPPH free radical scavenging
capacity (DPPH), ABTS free radical scavenging capacities (ABTS), ferric reducing antioxidant power
(FRAP), and 14 free phenolic acids. Chestnuts collected from Fuzhou, Jiangxi (East China) exhibited
the maximum values for TPC (2.35 mg GAE/g), CTC (13.52 mg CAE/g), DPPH (16.74 pmol TE/g),
ABTS (24.83 umol TE/g), FRAP assays (3.20 mmol FE/100 g), and total free phenolic acids (314.87 ng/g).
Vanillin and gallic acids were found to be the most abundant free phenolic compounds among other 14
phenolic compounds detected by HPLC. Overall, the samples from South China revealed maximum
mean values for TPC, CTC, DPPH, and ABTS assays. Among the three chestnut varieties, Banli
presented prominent mean values for all the assays. These finding will be beneficial for production of
novel functional food and developing high-quality chestnut varieties.

Keywords: chestnuts; Castanea mollissima; phenolic properties; antioxidant capacities

1. Introduction

Chestnuts (Castanea spp.), belonging to family Fagaceae, are extensively cultivated in Asian
countries. China is the largest producer of chestnut followed by Bolivia, Turkey, Korea, and Italy [1].
Chestnuts were mainly produced from four economically important species, namely Castanea mollissima
(Chinese chestnut), C. crenata (Japanese chestnut), C. dentate (American chestnut) and C. sativa (European
chestnut) [2]. Chinese chestnut variety is preferred by its high yielding and easy cultivation [3]. Itis a
rich source of carbohydrates, fiber and minerals [4]. Fresh Chinese chestnut fruits exhibit significant
amount of water (52.0%), carbohydrates (42.2%), proteins (4.2%), and lipids (0.7%) [5]. According
to a prehistoric encyclopedia of China Compendium of Materia Medica (Ben Cao Gang Mu) from
Ming Dynasty (A.D. 1590), Chinese chestnuts improve kidney functioning [6]. Thus, chestnuts are
popular among the Chinese population from ancient times due to its nutritional value as well as the
health benefits attributed to the presence of various antioxidant compounds [7]. Antioxidants, such
as phenolic acids and their derivatives, are the group of naturally occurring functional substances
in plant-based foods, especially in fruits, vegetables, and nuts. Chestnuts presented abundant
antioxidant content (4.7 mmol Fe?*/100 g) compared to many legumes (0.11-1.97 mmol Fe?*/100 g),
fruits (0.4-2.4 mmol Fe?*/100 g), and grain products (0.5-1.3 mmol Fe>*/100 g) [8]. Phenolic compounds

Antioxidants 2020, 9, 190; d0i:10.3390/antiox9030190 www.mdpi.com/journal/antioxidants
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present in chestnuts are responsible for free radical scavenging properties that in turn exhibit protective
effects against coronary heart disease, cancer, neurodegenerative diseases and osteoporosis [9]. As a
typical group of phenolic compounds, phenolic acids accounted for about 1/3 of phenolic compounds
in plant-derived food, and most of them were derivatives of benzoic acid and cinnamic acid, existed in
form of both free and bound [10].

Based on climatic characteristics of China, chestnut is mainly produced in five different
geographical areas, namely North China, East China, Central China, South China, and Southwest
China. Chinese chestnuts (C. mollissima) are classified into three subgroups, i.e., Banli, Youli, and Maoli
based on the different morphological features. Among these varieties, Maoli is the smallest in size and
contains a comparatively higher level of sugar and glutinous starch content [11]. Banli is the most
common variety of chestnut and the fruit is flattened on one or two sides. Youli variety of chestnut
exhibits round shape, darker color and lustrous outer shell.

Various researchers have studied the phenolic profiles and antioxidant activities of chestnuts
collected from various geographical regions and also explored the impact of different processing
techniques on phenolic content and antioxidant capacities of chestnuts [9,12-14]. A previous study
reported the variation in phenolic content and flavonoids content of Chinese chestnut collected from
North China to South region of China [15].

Although many researchers have investigated the antioxidant activities of various chestnut species
from several geographical regions, phenolic profile in terms of total phenolic contents (TPC), total
flavonoids content (TFC), condensed tannin contents (CTC), and antioxidant properties of three
sub-varieties (Banli, Youli, and Maoli) of Chinese chestnuts (C. mollissima) collected from different
geographic regions are still unexplored. Besides, phenolic profile in terms of 14 free phenolic acids
of Chinese chestnuts were also unknown. Thus, the present study was carried out with an aim to
systematically assess the phytochemical profiles as well as antioxidant capacities of twenty one raw
chestnut fruits grown in five geographic areas of China.

2. Materials and Methods

2.1. Chestnuts Produced in Different Parts of China

The chestnut samples were collected from five different geographic areas in China in 2016. All the
chestnut samples were identified as Castanea mollissima Blume by Professor Jingzheng Zhang from
Chestnut Research Center, Hebei Normal University of Science and Technology, Hebei, China. All the
collected samples were further classified as Banli, Maoli, and Youli based on their morphological features.
Soil source for all chestnuts was sandy loam soil (pH 5.5-6.5). Harvested chestnuts were stored in
specialized refrigerator (2-6 °C). The information regarding the common name, size, the specific
growing area, average temperature, and monthly sunlight duration from April to September [16] is
summarized in Table 1. The Supplemental Figure S1. is presenting the sampling geographical regions
in China. The Supplemental Figure S2. is presenting the morphological appearance of twenty-one
chestnut samples explored in this study.

2.2. Chemicals and Reagents

Folin-Ciocalteu reagent and 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were
purchased from Shanghai Yuanye Biological Technology Co., Ltd. (Shanghai, China). (+)-Catechin,
2,4, 6-tri(2-pyridyl)-s-triazine (TPTZ), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were obtained
from Sigma-Aldrich (Shanghai, China). Absolute ethanol, 6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox), acetone, and methanol were provided by Tianjin Fuyu Fine Chemical Co.,
Ltd. (Tianjin, China). Trifluroacetic acid (TFA), butylated hydroxytoluene (BHT), and methanol (HPLC
grade) were purchased from Sigma-Aldrich Co., Ltd. (Shanghai, China). All chemicals employed in
this study were of analytical grade.
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2.3. Sample Preparation

Chestnut samples were peeled with a chestnut peeler (550 W, Kenong Technology Co., Ltd.,
Jiangsu, China) and stored overnight at —80 °C. Samples were then freeze-dried using freeze-dryer
(Freezone Benchtop, Labconco Corporation, Kansas City, MO, USA) and ground into fine flours. The
percentage yield of dried chestnut flours was calculated by dividing dried chestnut flour weight by the
weight of the fresh chestnut fruit.

Table 1. Information of chestnut samples in different parts of China.

. Common . . . Average Average Sunlight
Code Variety Name Size Growing Area Region Temperatu%e ((e) Duratiogn (h/mo%\th)
1 Castanea mollissima Banli Medium Huairou, Beijing North China 22.33 21312
2 Castanea mollissima Youli Small Jixian, Tianjin
3 Castanea mollissima Banli Medium Tangshan, Hebei
4 Castanea mollissima Banli Medium Xingtai, Hebei
5 Castanea mollissima Banli Medium Qinhuangdao, Hebei
6 Castanea mollissima Maoli Small Shangluo, Shanxi Northwest China
7 Castanea mollissima Banli Medium Wuxi, Jiangsu East China 23.72 182.82
8 Castanea mollissima Youli Medium Wenzhou, Zhejiang
9 Castanea mollissima Banli Medium Anqing, Anhui
10 Castanea mollissima Youli Medium Nanping, Fujian
11 Castanea mollissima Maoli Small Fuzhou, Jiangxi
12 Castanea mollissima Maoli Small Taian, Shandong
13 Castanea mollissima Maoli Small Linyi, Shandong
14 Castanea mollissima Youli Medium Xinyang, Henan Central China 23.82 180.84
15 Castanea mollissima Banli Medium Xiangyang, Hubei
16  Castanea mollissima Youli Large Yangjiang, Guangdong South China 27.26 185.05
17 Castanea mollissima Banli Medium Guilin, Guangxi
18  Castanea mollissima Banli Medium Liuzhou, Guangxi
19  Castanea mollissima Maoli Small Haikou, Hainan
20  Castanea mollissima Maoli Small Zhaotong, Yunnan Southwest China 21.21 162.02
21 Castanea mollissima Banli Medium Kunming, Yunnan

2.4. Determination of Moisture Content and Color Attributes

The moisture content of dried chestnut flours was determined by the fast water content analyzer
(MA150, Sartorius Corporation, Goettingen, Germany). Colorimeter (CR-410, Konica Minolta, Japan)
was used to measure the color of all the chestnut samples. The color was expressed based on a
three-axis color system L*a*b*; here L* denotes lightness, a* represents red (+) or green (-), and b*
represents yellow (+) or blue (=). The colorimeter was calibrated with a standard white background
plate before measurement.

2.5. Extraction of Total Phenolics from Chestnut Samples

For the extraction of phenolics, 0.5 g of chestnut powder was extracted with 5 mL of
extraction solvent (acetone/water/acetic acid: 70:29.5:0.5, v/v/v) according to the previously mentioned
procedure [17].

2.6. Determination of Total Phenolic Content (TPC)

TPC was determined by employing Folin—Ciocalteu assay as described by Xu and Chang [17].
Gallic acid was used as an external standard. The absorbance of the reaction mixture was measured at
765 nm using UV-Vis Spectrophotometer (UT-1901). TPC values of chestnut samples were expressed
as milligram gallic acid equivalents per gram freeze-dried sample (mg GAE/g).

2.7. Determination of Total Flavonoid Content (TFC)

The TEC of chestnut samples was determined using colorimetric assay as described previously [17].
(+)-Catechin was used as an external standard and the absorbance of the reaction mixture was
determined at 510 nm using UV-Visible spectrophotometer. TFC values were expressed as milligram
(+)-catechin equivalents per gram of freeze-dried sample (mg CAE/g).
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2.8. Determination of Condensed Tannin Content (CTC)

The CTC was determined according to the method described by Xu and Chang [17] with slight
modifications. Catechin was used as an external standard and the absorbance of the resultant reaction
mixture was measured at 500 nm using a UV-visible spectrophotometer. The CTC of chestnut samples
was expressed as (+)-catechin equivalents per gram of freeze-dried sample (mg CAE/g).

2.9. DPPH Free Radical Scavenging Activity (DPPH) Assay

DPPH values of samples were performed using Trolox as external standard according to the
previously described procedure [17]. The absorbance of the resultant reaction mixture was measured
using a UV-visible spectrophotometer at 517 nm against the ethanol blank. Results were expressed as
micromole of Trolox equivalents per gram of freeze-dried samples (umol TE/g).

2.10. Ferric-Reducing Antioxidant Power (FRAP) Assay

A colorimetric reaction assay was used to determine the FRAP values of chestnut samples
according to the method described by Xu and Chang [17]. The absorbance of the reaction mixture
was measured at 593 nm using a UV-visible spectrophotometer. The FRAP value was expressed as
millimoles of Fe?* equivalent (FE) per 100 g freeze-dried samples (mmol FE/100 g).

2.11. ABTS Free Radical Scavenging Assay

ABTS free radical scavenging capacities of samples were performed according to the method
reported by Xu and Chang [17] with slight modifications. Trolox was used as an external standard and
the absorbance of the reaction mixture was measured at 734 nm using a UV-visible spectrophotometer
against the ethanol blank. Results were expressed as micromole of Trolox equivalents per gram of
freeze-dried samples (umol TE/g).

2.12. HPLC Analysis of Free Phenolic Acids

The free phenolic acid contents of chestnut samples were determined by HPLC (High
Performance Liquid Chromatography) according to the method described by Xu and Chang [18].
Briefly, 0.5 g of ground sample was extracted with 5 mL extraction solvent (methanol/water/acidic
acid/BHT = 85:15:0.5:0.2, v/v) twice. The mixture was filtered through Whatman no. 42 filter paper and
the supernatant was evaporated at 40 °C until dryness. The residue was dissolved in 2.5 mL methanol
(25%, v/v) and 20 uL of the extract was subjected to HPLC system (Waters, 2695 Separations Modulek,
Milford, MA, USA) equipped with a photodiode array detector. A reverse phase Zorbax C18 column
(5 um, 250 x 4.6 mm) was employed at temperature of 40 °C. Mobile phase for analysis include solvent
A (0.1% acetic acid in water) and solvent B (methanol). The flow rate was set at 0.7 mL/min and the
working wavelength of the detector was set at 262 nm. The chromatograms of 14 phenolic acids were
extracted at different maximum absorption wavelength from 210 nm to 320 nm. The contents of 14
free phenolic acids were expressed as microgram free phenolic acid per gram sample (g/g sample) on
dry weight basis. The regressive equations and correlation coefficients for phenolic acid standards are
provided in the Supplemental Table S1.

2.13. Statistical Analysis

All experiments were performed in triplicates and the data were expressed as mean + standard
deviation. The significant differences among mean values were analyzed using One-Way ANOVA.
Duncan test was performed to determine the significant differences (p < 0.05) among the mean values
of different samples. Statistical analysis was performed by using IBM SPSS Statistics version 22 (IBM
Corporation, New York, USA).
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3. Results

3.1. Yield of Chestnut Flours and Moisture Content

Among all the chestnut samples under investigation, the flour yield ranged from 39.11% in case
of samples from Jixian, Tianjin (North China) to 61.17% in case of samples from Huairou (North China)
as shown in Table 2. Moisture content values of all the chestnut samples exhibit a significant difference
(p < 0.05) as shown in Table 2. Among all the samples under investigation, the highest moisture content
was recorded as 13.14% in samples from Jixian, Tianjin, (North China) while the lowest value (5.02%)
was found in samples collected from Anging, Anhui, (East China).

Table 2. Yield, moisture content, and color value of chestnuts from different geographic areas.

Code Region Growing Area Yield Moisture Content (%) ColorLValue p b*

1 North China Huairou, Beijing 61.17% 9.15 + 0.00 4¢ 88.818 -1.534 11.39 9
2 Jixian, Tianjin 39.11% 13.14 +0.00° 91.04 ¢f -0.83 % 10.94 80
3 Tangshan, Hebei 46.92% 10.21 +0.00 € 91.04 ¢f -0.364 9.03°
4 Xingtai, Hebei 58.38% 9.17 +0.01 4 90.56 ©F —0.28¢ 11.72¢
5 Q‘“‘ﬁ‘:ﬁ‘gda"' 56.55% 7.24%0.000 92,57 b -095™ 10.76 i
6 Northwest China  Shangluo, Shanxi 42.23% 7.54 +0.00 8" 90.77 of -0.89! 11.09 8
7 East China Wuxi, Jiangsu 44.86% 5.76 + 0.00 ¥ 91.62 <de -1.00" 9.76 ™

8 Wenzhou, Zhejiang 49.55% 9.56 +0.01 %4 93.51° -0.06° 7.634
9 Anging, Anhui 48.68% 5.02 +0.001 93392 —0.44°¢ 8.57P
10 Nanping, Fujian 51.90% 8.95 + 0.01 df 90.98 of -0.70" 11.14 8
11 Fuzhou, Jiangxi 54.70% 8.37 +0.01 &8 85.77h 0.502 10.16™
12 Taian, Shandong 47.16% 10.30 +0.01 ¢ 91.55 «de -042¢ 10.70 hii
13 Linyi, Shandong 52.06% 8.24 +0.00 &8 92,17 bed -1.25P 10.28 '
14 Central China Xinyang, Henan 49.97% 11.54 £0.01° 92,57 abe -1.81* 13.00°
15 Xiangyang, Hubei 53.16% 6.21+0.01" 90.81 ¢f -1.04° 11.46 9
16 South China Yangjiang, 47.03% 5.87 +0.00 92.95 b -252°¢ 14,942

Guangdong )

17 Guilin, Guangxi 51.27% 7.66 + 0.00 8" 90.80 & —0.741 10.59 Mk
18 Liuzhou, Guangxi 47.19% 8.16 = 0.00 81 90.00 f —0.588 11.41 9
19 Haikou, Hainan 49.78% 7.43 +0.01 8h 91.40 ¢ -0.65" 10.46 71
20  Southwest China  Zhaotong, Yunnan 54.65% 8.69 + 0.00 4of 90.10 f -091! 11.35 def
21 Kunming, Yunnan 50.76% 8.99 +0.01 def 90.22f -0561f  10.35kIm

Values are expressed as the mean of triplicates + standard deviation. Means in the same column with unlike
superscripts (*~°) differ significantly. (p < 0.05).

3.2. Color Value

The color values of all the twenty-one chestnut samples are mentioned in Table 2. Among all
the samples, the significant differences (p < 0.05) were observed in their color parameters L*a *b.
The lightness value (L) of the samples were ranged from 85.77 in case of samples collected from Fuzhou,
Jiangxi (East China) to 93.51 in chestnut samples from Wenzhou, Zhejiang (East China). The a* value
was varied from —2.52 in samples from Yangjiang, Guangdong (South China) to 0.50 in case of samples
collected from Fuzhou, Jiangxi (East China). The b* value was ranged from 7.63 in chestnut samples
from Wenzhou, Zhejiang (East China) to 14.94 in case of samples belong to Yangjiang, Guangdong
(South China).

3.3. Phenolic Profiles and Antioxidant Capacities of Chestnut Samples

The phenolic profiles in terms of TPC, TFC, and CTC values along with the antioxidant activity of
all the chestnut samples as assessed by DPPH, FRAP, and ABTS assay are presented in Table 3. The
samples collected from different geographical areas exhibited a wide range of variation among their
TPC, TFC, CTC values, and antioxidant capacities.
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Among all the chestnut samples, TPC values were ranged from 1.03 mg GAE/g in the samples
collected from Zhaotong, Yunnan (Southwest China) to 2.35 mg GAE/g in case of samples belonging
to Fuzhou, Jiangxi (East China). Overall, chestnut samples from South China exhibited higher mean
TPC values (1.89 mg GAE/g) compared to the samples from other regions, whereas, the samples from
Southwest China revealed minimum mean TPC values (1.41 mg GAE/g). It was also interesting to
observe that the TPC values of chestnuts samples collected from Guilin (2.19 mg GAE/g) and Liuzhou
(2.12 mg GAE/g) cities of Guangxi province were comparatively higher than samples collected from
other regions in South China.

TFC values were ranged from 0.57 mg CAE/g in case of samples collected from Nanping, Fujian
(East China) to 1.13 mg CAE/g in case of samples procured from Kunming, Yunnan (Southwest China).
Overall, the samples from Southwest region of China demonstrated the highest mean value of TFC
(0.88 mg CAE/g) and samples from North China exhibited least mean value for TPC (0.72 mg CAE/g)
compared to samples from other regions. It was also observed that the TFC content of chestnut
samples collected from different cities of the same province exhibit a significant difference (p < 0.05).
In this study, TFC values of samples from Tangshan (0.78 mg CAE/g), Xingtai (0.68 mg CAE/g) and
Qinhuangdao (0.84 mg CAE/g) cities of Hebei province presented significant differences (p < 0.05).

The chestnut samples procured from different geographical areas had also presented a wide range
of variation in their CTC values. The highest CTC value (13.58 mg CAE/g) was observed in the case of
samples collected from Liuzhou, Guangxi (South China). In general, chestnut samples from South
China exhibit maximum mean value for CTC (9.41 mg CAE/g) and the samples from North China
presented minimum mean value for CTC (7.24 mg CAE/g). Alike the TFC values, significant differences
(p < 0.05) were also observed among the CTC values of samples collected from different regions of the
same province.

DPPH values of chestnut samples under investigation were ranged from 7.08 umol TE/g in case of
samples procured from Zhaotong, Yunnan (Southwest China) to 16.74 umol TE/g in case of samples
from Fuzhou, Jiangxi (East China). Overall, among all the geographical regions, the highest mean
DPPH value was exhibited by the samples from South China (11.76 pmol TE/g) and the lowest mean
DPPH value was presented by the samples procured from Southwest China (8.30 umol TE/g). Alike
TEC and CTC values, DPPH values of chestnut samples collected from different cities of same province
also exhibits a significant difference (p < 0.05) except the samples procured from Tangshan (10.18 umol
TE/g) and Xingtai (10.02 umol TE/g) cities of Hebei province and the samples from Guilin (13.87 pmol
TE/g) and Liuzhou (13.62 pmol TE/g) from the Guangxi Province.

The FRAP values of chestnut samples under investigation varied from 0.66 mmol FE/100 g in case
of samples from Linyi, Shandong (East China) to 3.24 mmol FE/100 g in case of samples collected from
Guilin, Guangxi (South China). Overall, the samples from South China presented higher mean FRAP
value (2.37 mmol FE/100 g), whereas, the chestnut samples from Southwest China (0.99 mmol FE/100
g) exhibit lower mean FRAP values compared to the samples collected from other regions. It was also
observed that the chestnut samples collected from different cities of the same province also exhibit
significant differences (p < 0.05) in their FRAP values.

The ABTS values of chestnut samples collected from various regions of China also exhibit
a wide range of variation. Among all the samples, chestnut procured from Zhaotong, Yunnan
(Southwest China) exhibit the lowest ABTS value (6.53 pumol TE/g). Whereas, the samples from Fuzhou,
Jiangxi (East China) exhibit higher ABTS value (24.83 pmol TE/g). While comparing the mean ABTS
values presented by samples from five different geographical regions, it was observed that samples
collected from East China exhibit the highest mean ABTS value (14.94 umol TE/g) followed by the
samples from Central China (14.69 umol TE/g), South China (14.68 umol TE/g), and North China
(13.10 umol TE/g). The lowest mean ABTS value (11.52 pmol TE/g) was presented by the samples
collected from Southwest China.
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3.4. Free Phenolic Acids Contents of Chestnut Samples

The chromatograms of 14 phenolic acids (including gallic acid, protocatechuic acid,
2,3,4-trihydroxybenzoic acid, protocatechualdehyde, p-hydroxybenzoic acid, gentisic acid, chlorogenic
acid, vanillic and caffeic acid, syringic acid, vanillin, p-coumaric and syringaldehyde, ferulic acid,
sinapic acid, and salicylic acid) determined by HPLC were shown in Supplemental Figure S3. Chemical
structure of each phenolic compound was presented in Table 4. The contents of these phenolic acids in
chestnut samples among different geographical areas were significantly different (p < 0.05), and values
were summarized in Table 5.

Table 4. Chemical structures of phenolic compounds.

Name Structure Name Structure
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Overall, the highest total phenolic content (314.87 ug/g) was observed in samples collected from
Fuzhou, Jiangxi. Among five geographical regions, samples collected from East China were shown to
have the highest mean value of total phenolic acids (211.37 ng/g), followed by South China (188.72 ug/g)
and North China (183.85 pg/g).

In terms of individual phenolic compounds, vanillin was the most abundant phenolic compound
and the contents were ranged from 21.23 ug/g in the sample collected from Xinyang, Henan to 99.33 ug/g
in the sample collected from Haikou, Hainan. Overall, samples from North China contained the highest
mean value of vanillin among all five different regions, whereas samples from Central China contained
the lowest amount. Besides, although high amount of vanillin was found in North China region, no
significant differences (p < 0.05) were found in chestnut samples between different cities. However,
significant differences of vanillin content were found in samples collected from cities in South China.

Gallic acid was found to be the second dominant phenolic compound in chestnut samples.
Contents of gallic acid were ranged from 19.47 ug/g in the sample collected from Huairou, Beijing to
62.61 pg/g in the sample collected from Jixian, Tianjin. Overall, chestnut samples from Central China
contained relatively higher mean value of gallic acid than the samples from other regions. However,
chestnut samples collected from South China contained the minimum mean value of gallic acid.

With regard to gentisic acid, levels ranged from 8.95 pg/g in samples collected from Tangshan,
Hebei to 35.15 pg/g in samples collected from Fuzhou, Jiangxi. The highest mean value of gentisic acid
was found in East China, and samples collected from Fuzhou, Jiangxi were shown as much higher
value of gentisic acid (35.15 pg/g) than other cities in the group of East China. The similar tendency
was also observed in vanillic acid and caffeic acid. In terms of 2,3,4-trihydroxybenzoic acid, contents
were ranged from 5.71 pug/g in samples collected from Wenzhou, Zhejiang to 9.45 pug/g in samples
collected from Haikou, Hainan. No results were detected in samples collected from several cities,
including Tangshan and Qinhuangdao (North China), Linyi (East China), Xinyang (Central China),
Liuzhou (South China), and Kunming (Southwest China).

Contents of protocatechuic acid were ranged from 5.97 ug/g in the sample collected from Xinyang,
Henan to 51.78 pg/g in the sample collected from Fuzhou, Jiangxi. Overall, samples collected from East
China contained highest average value of protocatechuic acid while that from Central China contained
the lowest value. The similar tendency was also observed in p-hydroxybenzoic acid. The content
of p-hydroxybenzoic acid were ranged from 2 pg/g in the samples collected from Jixian, Tianjin to
27.01 pg/g in the samples collected from Fuzhou, Jiangxi. For chlorogenic acid, contents were ranged
from 3.40 pg/g in samples collected from Kunming, Yunnan to 22.86 pig/g in the samples collected from
Angqing, Anhui.

In terms of protocatechualdehyde, syringic acid, p-coumaric acid and syringaldehyde, ferulic acid,
and sinapic acid, all detected contents were pretty low (typically below 10 ug/g). The highest level
of protocatechualdehyde and ferulic acids were found in Southern regions. However, more synaptic
acid and p-coumaric acid were observed in Central China. The content of syringic acid ranged from
2.43 pug/g to 10.05 ug/g, and was observed most in East China. Overall, contents of different phenolic
compounds were significantly different (p < 0.05) from different regions.

4. Discussion

4.1. Phenolic and Antioxidant Properties among 21 Raw Chestnut Samples

This study has revealed that all the chestnut samples under investigation are rich sources of
TPC, TFC, and CTC. These samples have also presented high antioxidant activities as assessed by
DPPH, FRAP, and ABTS assay. It has been well reported in the literature that phenolic compounds
prevent cardiovascular diseases, cataract development, oxidative injury caused by heat stress, lower the
incidence of influenza infection, reduce fat absorption, and enhance energy expenditure [9,19]. Overall,
significant differences (p < 0.05) were observed among the phenolic profiles and antioxidant activities
of all chestnut samples procured from five different geographic regions of China. As mentioned in
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Table 3, raw chestnut samples from in South China presented relatively higher values of TPC, CTC,
and antioxidant activities in terms of DPPH, FRAP, and ABTS values compared to samples collected
from other regions. However, the samples from Southwest China presented relatively higher TFC
values but contain lower level of TPC, DPPH, FRAP, and ABTS values compared to the samples from
other geographical regions.

In particular, samples from Fuzhou (East China) exhibit higher values corresponding to TPC
(2.35 mg GAE/g), DPPH (16.74 umol TE/g), FRAP (3.20 mmol FE/100 g), and ABTS (24.83 umol TE/g)
assays. Previously, a study has reported 2.84 mg GAE/g of TPC in chestnut fruits collected from
Tenerife, Spain (C. sativa Mill) [20] Whereas, Otles and Selek [21] mentioned even higher TPC values
from 5.00 to 32.82 mg GAE/g in Turkish chestnuts (C. sativa Mill). The relatively lower phenolic
contents of chestnuts investigated in this study may be attributed to the certain degree of oxidation
of raw chestnuts peeled by chestnut peeler. Earlier, chestnuts from Italy reported to exhibit lower
values for ABTS (4.77 to 8.15 umol TE/g) compared to the present study [22]. The samples from
Kunming (Southwest China) presented the highest values for TFC (1.13 mg CAE/g). However, earlier
2.62 mg CAE/g of TFC was reported in Spanish chestnuts (C. sativa Mill) [6].

Furthermore, in spite of differences among the phenolic profile of samples from different geographic
regions, inter-provincial and intra-provincial disparities among the TPC, TFC, CTC, and antioxidant
values of all the chestnut samples were also observed. The samples collected from Qinhuangdao,
Hebei presented relatively higher values for phenolics and antioxidant capacities compared to the
samples procured from Tangshan and Xingtai cities of Hebei Province. However, samples from
Tangshan and Xingtai of Hebei Province presented less difference among the TPC, TFC, CTC, DPPH
and ABTS values except for the FRAP value (2.13 mmol FE/100 g in case of samples from Tangshan and
1.40 mmol FE/100 g in case of samples from Xingtai). A similar phenomenon was also presented by
the samples collected from South China. The samples from Guilin and Liuzhou of Guangxi Province
exhibit comparatively less difference in TPC, TFC, DPPH, and FRAP values. However, as shown
in Table 3, a considerable difference was observed in CTC and ABTS values of samples collected
from these two different regions of Guangxi Province. Nevertheless, the samples from Zhaotong
and Kunming of Yunnan Province exhibit significant differences among the values of all the assays.
The TFC (1.13 mg CAE/g) and CTC (10.69 mg CAE/g) values of samples procured from Kunming
were about two times compared to TFC (0.63 mg CAE/g) and CTC (4.57 mg CAE/g) values presented
by samples from Zhaotong. However, the ABTS value of samples from Kumming was observed
to be approximately three times higher than the ABTS value presented by samples from Zhaotong.
The samples procured from Taian and Linyi region of Shandong Province also revealed significant
differences among all the values related to phenolics and antioxidant assays. It was also observed
that the samples from Taian exhibit significantly higher ABTS values (16.71 umol TE/g) compared to
samples collected from Linyi region (12.55 umol TE/g).

Based on these findings, it may be concluded that differences among the phenolic profiles and
antioxidant activities of chestnut samples significantly depend on the geographical factors, such
as temperature and sunlight exposure. The correlation between average temperature and sunlight
with phenolic contents and antioxidant capacities were shown in Supplemental Figure S4. Higher
average temperature during growing period (27.26 °C in South China) of chestnut helps present
higher phenolic contents (in terms of TPC and CTC) and antioxidant activities. This may due to the
elevated temperature could facilitate photosynthetic capacity of plants to produce more secondary
metabolites, such as phenolic acids [23]. Chestnuts grown in Fuzhou, Jiangxi, although belong to East
China (average temperature = 23.72 °C), its geographical location is very near the South China and
the average temperature reaches to 26.33 oC during growing period [16]. On the other side, more
sunlight duration (213.12 h/month in North China) also helps improve antioxidant activities in terms of
DPPH and FRAP. i.e., Chestnut samples from North China (213.12 h/month) exhibited higher average
values than Central China (180.84 h/month) and Southwest China (162.02 h/month). In response to
high levels of sunlight, plants are able to adapt to the circumstances and release various secondary
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metabolites including phenolic compounds and triterpenoids, which have well-known antioxidant
properties [24,25]. However, TFC value is less affected by these geographical factors. This finding is
in agreement with results of the previous study that reported a significant difference in flavonoids
and phenolic content of Chinese chestnut collected from various ecological regions [15]. Compared
with other chestnut varieties, Castanea sativa Mill (European variety) were found to present the highest
performance in net photosynthesis with higher temperature (26 °C) in September [23]. This was also in
agreement with results from Almeida et al. [26], in which the optimal temperature for the highest rates
of net photosynthesis of chestnut (C. sativa Mill) were in a range of 31 to 33.5 °C.

4.2. Analysis of Phenolic and Antioxidant Contents Based on Morphological Features

The mean values of TPC, TFC, CTC, and antioxidant activities of three identified sub-groups of
chestnut, Banli, Maoli, and Youli are described in Table 6. Overall, the phenolic profile and antioxidant
activities exhibit significant differences (p < 0.05) among these three sub-groups. It was also observed
that Banli presented the highest values for TPC, TFC, CTC, and antioxidant capacities as assessed by
DPPH, FRAP, and ABTS assays, followed by Maoli and Youli.

Table 6. Results of phenolic profiles and antioxidant values based on morphological properties.

Mean TPC TFC CTC DPPH FRAP ABTS

e (mg GAE/g) (mg CAE/g) (mg CAE/g) (umol TE/g) (mM FE/100 g) (umol TE/g)
Banli 1.76 +0.33 2 0.82+0.172 9.75 +3.052 10.84 + 1.89 @ 2.04+0952 15.57 +3.63
Maoli 1.61 + 0.44 2b 0.77 +0.14 2P 767 +331P 10.51 + 3.26 2P 1.73 +0.94P 14.25 + 6.13 2
Youli 147 £0.24° 0.70 +0.16 © 6.14 £2.69° 9.11+127° 147 +0.33°¢ 1127 £1.25°

Values are expressed as the mean of triplicates + standard deviation. Means in the same column with unlike
superscripts (*) differ significantly (p < 0.05).

Specifically, among all Banli varieties, chestnuts from Guilin and Liuzhou of Guangxi Province
(South China) contributed considerably towards the higher level of phenolics and antioxidant activities.
The Banli samples collected from Kunming (Southwest China) observed to impose a major impact on
the overall high TFC level of Banli variety. The Banli samples from Xiangyang, Hubei (Central China)
presented the highest ABTS value (19.86 umol TE/g) compared to other samples.

Amongst Maoli varieties, samples from Fuzhou, Jiangxi (East China) exhibit a major contribution
towards the high mean values of all the assays employed to determine the phenolic profile and
antioxidant capacities. On the other hand, chestnuts from Zhaotong, Yunnan (Southwest China)
exhibited the lowest values in TPC, TFC, CTC, DPPH, and ABTS assays.

In case of Youli varieties, samples from Wenzhou, Zhejiang (East China) presented relatively
higher values for TPC, TFC, CTC, DPPH, and ABTS assays. However, Youli samples from Xinyang,
Henan (Central China) contain relatively lower values for TPC, TFC, CTC and antioxidant activities
determined by DPPH, FRAP, and ABTS assay. These results are also in agreement with conclusion
that phenolic profiles and antioxidant activities are largely depend on other geographical factors not
limited to sample varieties.

4.3. Correlation among Phenolic Contents, Antioxidant Activities, and Color Values

The correlation coefficient (r) between phenolic compounds, antioxidant capacities, and color
values has also been established and presented in Table 7. The strong and positive correlations
were observed in phenolic profiles of chestnut samples in terms of TPC, TFC, and CTC. The highest
correlation coefficient value was found between TPC and CTC (r = 0.834, p < 0.01), followed by between
TPC and TFC (r = 0.762, p < 0.01) and between TFC and CTC (r = 0.708, p < 0.01). Additionally,
the stronger positive correlation was also exhibited between three antioxidant assays. The highest
correlation coefficient (r) was determined as 0.875 (p < 0.01) between DPPH and ABTS values, followed
by 0.819 (p < 0.01) between FRAP and DPPH as well as between FRAP and ABTS values. All the
parameters related to phenolic contents and antioxidant capacities have presented a positive linear
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correlation with each other. The highest correlation value was shown as 0.884 (p < 0.01) between TPC
and ABTS. A comparatively low and positive correlation was found between TFC and FRAP (r = 0.540,
p < 0.05). For color values, no significant correlations were found between lightness (L) and other
phenolic and antioxidant parameters.

Table 7. Correlation analysis between phenolic contents, antioxidant activities, and color value.

Correlation TPC TFC CTC DPPH FRAP ABTS
Coefficient (r)

TPC - - - - - -
TFC 0.762 ; ; - - -
CTC 0.834 0.708 ** - - - -
DPPH 0.821 0.575 0.782 : - -
FRAP 0.866 ** 0.540 * 0.719 +* 0.819 #* - :
ABTS 0.884 0.684 0.866 ** 0.875 0.819 -

~0214 ~0.114 ~0.182 —0.444% ~0.162 ~0374

Color a 0.539 * 0.515* 0.483 * 0.471* 0.423 0.539 *

b ~0.344 ~0502* ~0.363 ~0.180 ~0.167 ~0.209

(Sample size: N = 21, p < 0.05 was recorded as *; p < 0.01 was recorded as **).

4.4. Analysis of Phenolic Acid Profile Based on Geographic Regions

Overall, chestnut samples from all five regions of China were abundant with phenolic acids.
The beneficial function of phenolic acid has been illustrated in this article, including preventing cancer,
heart disease, and cardiovascular disease [27]. In all 14 phenolic acids detected in this study, gallic acid
and vanillin were two most predominant phenolic acids found in chestnuts, which in accordance
with the results from the research conducted by Otles and Selek [21]. However, three phenolic acids,
2,3 4-trihydroxybenzoic acid, protocatechualdehyde and sinapic acid, were found the least values in
chestnut samples collected in China.

Based on different geographic areas of China, chestnut samples collected from East China
contained the highest total phenolic acids (211.37 ug/g), followed by South China (188.72 ug/g) and
North China (183.85 pg/g). Central China contained the fewest overall phenolic acids (168.81 nug/g).
Phenolic acids in samples collected from different regions varied significantly, mainly attributed to
both geographical factors and some human factors. From the perspective of geographical factors,
adequate exposure to sunlight and moderate precipitation contributed to higher value of phenolic acid
inside plants [25]. Especially, Fuzhou, Jiangxi (East China) exhibited overwhelmingly high contents
of vanillin (70.72 ug/g), gallic acid (55.08 ng/g) and protocatechuic acid (51.78 pg/g). The higher
contents of chestnuts collected from Fuzhou may attributed to warmer temperature (26.33 °C) and
adequate precipitation (1600 mm) during growing seasons. The results observed by HPLC were also
in accordance with the previous colorimetric assays.

Taking a deeper look at the different types of phenolic acids, vanillin was the most abundant one
among other phenolic acids observed in chestnuts samples collected from China. The higher contents
of vanillin were found in South China (61.05 pg/g) and North China (61.47 ng/g), due to the warmer
average temperature (27.26 °C in South China) and sufficient sunlight exposure (213.12 h/month in
North China). It is delightful to observe higher amount of vanillin in chestnut samples as vanillin has
been proved to possess potent antioxidant capacity [28]. According to Clemens et al. [29], vanillin
is also shown to have some beneficial health effects to human, such as inhibiting lipid oxidation,
preventing DNA damage from exposure to excessive sunlight, preventing the forming of cancer, etc.
Besides, Sanz et al. [30] has proved that toasting will lead to the degradation of lignin, and promote
releasing of low-molecular weight phenolic compound, such as vanillin. Therefore, higher contents of
vanillin found in chestnut samples (99.33 p1g/g) collected from Haikou, Hainan could be explained by
sufficient sunlight exposure and higher average temperature during the growing season.
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In terms of gallic acid, it is known as having anti-inflammatory, anti-microbial and radical
scavenging activities which can be very helpful in treating diseases including cancer, asthma, Alzheimer,
and so on according to [31]. In contrast to vanillin, the highest contents of gallic acid were found in
Central China (42.97 ug/g) and East China (41.69 ug/g). A reasonable explanation for this can also be
found in research conducted by Sanz et al. [30], which illustrated that gallic acid was very sensitive to
heat, thus decomposition of gallic acid may occur with higher temperature.

4.5. Analysis of Phenolic Acid Profile Based on Morphological Features

Mean values of 14 phenolic acids of three types of chestnuts based on morphological features
were described in Table 8. Overall, the total phenolic acid content among three chestnut varieties were
significantly differed (p < 0.05), and Youli presented the highest value (206.53 nug/g), followed by Banli
(193.43 ug/g) and Maoli (176.78 ug/g).

Specifically, in terms of Youli varieties, the extremely high value of total phenolic content (314 ug/g)
was observed in chestnut samples collected from Fuzhou, Jiangxi, which becomes the key factor for
higher value of this variety. However, there is only two out of five of Youli variety chestnut samples
exceeded the average total phenolic acid value (206.53 pug/g). The lowest value of phenolic acid among
21 chestnuts was observed in samples collected from Xinyang, Henan (142.35 pug/g).

With regard to Banli varieties, five out of ten chestnut samples exceeded the mean value
(193.43 ug/g). The major contributors to higher phenolic content of Banli variety are samples collected
from Haikou, Hainan (240.43 pg/g) and Anging, Anhui (237.67 pug/g). The lowest total phenolic acid
content among Banli varieties was observed in Kunming, Yunnan (154.11 pg/g).

In terms of Maoli varieties, the mean phenolic acid content was the lowest among three varieties
which is mainly due to the sample collected from Taian, Shandong (144.28 ug/g). Based on the
above-mentioned findings, it could be seen that no observable relationships between phenolic acid
content and morphological features were found.
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5. Conclusions

The phenolic profile and antioxidant activity of chestnut from five different geographical areas
of China have been explored in this study. All the samples from different regions and varieties
exhibit significant difference (p < 0.05) in TPC, TFC, CTC, DPPH, FRAP, and ABTS values. It was
observed that the chestnut samples from Fuzhou, Jiangxi (East China) exhibited the higher level of TPC
(2.35 mg GAE/g) and CTC (13.52 mg CAE/g) and antioxidant activity among all the chestnut samples,
and also exhibited the highest total phenolic acid content (314.87 jg/g). However, the samples collected
from Kunming, Yunnan (Southwest China) presented the highest level of TFC (1.13 mg CAE/g). Among
the five geographical regions, samples from South China revealed maximum mean values for TPC
(1.89 mg GAE/g), CTC (9.41 mg CAE/g), DPPH (11.76 umol TE/g), and FRAP (2.37 mmol FE/100 g).
Whereas the samples from Southwest China exhibit minimum mean values for TPC (1.41 mg GAE/g),
DPPH (8.30 pmol TE/g), FRAP (0.99 mmol FE/100 g) and ABTS (11.52 umol TE/g). Among 14 free
phenolic compounds, vanillin and gallic acid were found to be most abundant. The content of vanillin
is more in warmer regions because high temperature may lead to decomposition of lignin and release
more phenolic compounds. Higher temperature and more sunlight exposure during growing period
of chestnuts help to improve phenolic profiles and antioxidant activities of chestnut samples. Among
three varieties of chestnut, Banli presented higher mean values for TPC, TFC, CTC, and antioxidant
capacities, followed by Maoli and Youli. However, no observable relationships between phenolic acid
content and morphological features were found. Overall, chestnuts samples exhibit a considerable
number of phenolic compounds and potent antioxidant activities. The significant variations in phenolic
compounds and antioxidant activity were observed based on the geographical regions and varieties of
chestnuts. The findings of this study will have a major importance for the consumers, food scientists,
plant breeders and commercial chestnut growers for the better selection of specific chestnut variety
from a particular geographical region for maximum health benefits, production of functional food,
developing high-value chestnut varieties and selection of geographical site for further cultivation
of chestnut plants. In future study, the effect on the thermal processing of chestnuts from different
geographical areas will be further investigated.
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coefficient (r) between temperature and sunlight with phenolic contents and antioxidant activities.
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Abstract: Salix spp. have been exploited for energy generation, along with folk medicine use of bark
extracts for antipyretic and analgesic benefits. Bark phenolic components, rather than salicin, have
demonstrated interesting bioactivities, which may ensure the sustainable bioprospection of Salix
bark. Therefore, this study highlights the detailed phenolic characterization, as well as the in vitro
antioxidant, anti-hypertensive, Staphylococcus aureus growth inhibitory effects, and biocompatibility
of Salix atrocinerea Brot., Salix fragilis L., and Salix viminalis L. bark polar extracts. Fifteen phenolic
compounds were characterized by ultra-high-performance liquid chromatography-ultraviolet
detection-mass spectrometry analysis, from which two flavan-3-ols, an acetophenone, five flavanones,
and a flavonol were detected, for the first time, as their bark components. Salix bark extracts
demonstrated strong free radical scavenging activity (5.58-23.62 ug mL~! ICs range), effective
inhibition on angiotensin-I converting enzyme (58-84%), and S. aureus bactericidal action at 1250-2500
ng mL~! (6-8 log CFU mL~! reduction range). All tested Salix bark extracts did not show cytotoxic
potential against Caco-2 cells, as well as S. atrocinerea Brot. and S. fragilis L. extracts at 625 and 1250
ug mL~! against HaCaT and 1.929 cells. These valuable findings can pave innovative and safer food,
nutraceutical, and/or cosmetic applications of Salix bark phenolic-containing fractions.

Keywords: Salix spp. bark polar extracts; phenolic compounds; antioxidant activity; anti-hypertensive
potential; antibacterial effect; bioeconomy-based value chain

1. Introduction

Presently, the population’s growing rate, the climate change, and the ecosystem degradation have
aroused society’s awareness and political decisions for the utmost importance to consume and produce
chemicals, energy, and materials in a more ecological and sustainable way. The European Commission
launched in 2012 the bioeconomy strategy for addressing the conversion of biomass into bioenergy,
food and feed ingredients, fine chemicals, and biomaterials, in order to boost the modernization
of economic primary and secondary activities, contributing to reduce fossil fuel dependency and
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respecting the ecological world’s boundaries [1]. In this context, biorefinery-based industrial plants
are attracting broad interest, but the biomass demand has risen the attention to the potential stress
on agricultural land use, environment, and ecosystem [2]. In addition to the by-products and wastes
of the agriculture, forestry, and food industries, energy crops and short-rotation woody crops can be
valuable biomass sources for biorefinery-based plants. Salix (Salicaceae), commonly known as willow,
is among the most promising short-rotation woody crops, since it grows quickly and can provide
high commercial biomass yields, generally reaching 8-10 dry t ha™! year~! in European countries [3].
Additionally, it can be cultivated in abandoned soils, and not necessarily in agricultural fertile fields,
leading to a positive impact on biodiversity and rural income [3,4].

Willow has traditionally been used in basket manufacturing and for ornamental aspects, and more
recently, for thermal and electricity generation [3]. Furthermore, Salix spp. bark extracts are well-known
in folk medicine, since the ancient Egyptian, Greek, and Roman civilizations, owing to their analgesic
and antipyretic actions which are mainly ascribed to the physiological oxidation of salicin to salicylic
acid [5]. In fact, salicin-standardized extracts of Salix fragilis L., Salix purpurea L., and Salix daphnoides
Vill. barks are also recommended for lower back pain [6]. Moreover, Salix spp. bark polar extracts and
phenolic-enriched fractions have exhibited anti-inflammatory, antioxidant, and tumor antiproliferative
effects, which have been related with the presence of catechin and procyanidins, instead of the extracts’
marker component salicin [7-9]. Other phenolic compounds, namely, acetophenones (e.g., picein),
chalcones (e.g., isosalipurposide), and flavanones (e.g., naringenin 7-O-glucoside), have also been reported
in several Salix spp. bark extracts, including commercial ones [10-13]. These phenolic compounds have
also demonstrated anti-hypertensive [14,15], cytoprotective [16], and antimicrobial [17] effects.

Considering the vast set of biological activities of Salix spp. bark extracts and their phenolic
constituents, along with society’s increasing interest for natural components rather than synthetic
ones, innovative food, nutraceutical, and cosmetic purposes can be envisaged. Actually, phenolic
compounds have been increasingly used in the food industry as natural additives [18], as well as in the
cosmetic field, including sunscreen and anti-aging cream formulations [19]. All of these applications
are normally associated with their antioxidant activity, since phenolic compounds can disrupt the
cascade oxidation reactions, either in food matrixes, allowing longer shelf life [18], or in dermatological
preparations, preventing the oxidation of the other ingredients [19]. At the same time, the oral or topical
administration of phenolic compounds can promote human wellbeing [18-20]. In this sense, alternative
or complementary natural-based therapeutics have been researched for tackling current worldwide
health problems, like hypertension [14,21] and multidrug-resistant bacterial infections [22,23].

Hypertension affects ca. 1.13 billion people, and is associated with premature mortality and
disability [24]. Synthetic inhibitors of angiotensin-I converting enzyme (ACE) are the most used
anti-hypertensive drugs; however, they can cause skin rashes, cough, angioedema, hypotension, renal
disfunction, and other disturbing side effects [25]. Among phenolic compounds, flavan-3-ols, in
particular procyanidins, have shown active ACE inhibition, being promising natural anti-hypertensive
agents or coadjuvants [14].

Additionally, multidrug-resistant bacterial infections are a serious threat to public health, with
an increased risk of morbidity and mortality, and financial burden on healthcare systems. Despite
colonizing the skin of healthy humans, Staphylococcus aureus represents one of the leading causes of
bacteremia, in addition to skin, soft tissue, and bone infections [26]. This Gram-positive bacterium
can also lead to gastrointestinal illness, which comes from food contaminated by one of the 20
staphylococcal enterotoxins [27]. Phenolic compounds, like acetophenones and hydroxycinnamic
acids, have exhibited anti-S. aureus effect [17,22,28].

Although Salix cultivation is more expanded in Northern Europe, several species of this genera are
disseminated in Continental Portugal, namely Salix atrocinerea Brot., S. fragilis L., and Salix viminalis L.,
assuming a huge importance for the biodiversity and the soil stability in humid zones, within riparian
ecosystems. Few works have evidenced the presence of phenolic constituents in the bark of these Salix
species [29-32], but it is still missing a systematic approach, integrating the detailed phenolic composition,
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bioactivity, and biocompatibility of polar extracts of the individual species in question. Given the adequate
edaphoclimatic conditions of Portugal for the selected Salix spp., this knowledge can boost their sustainable
exploitation in Southern Europe, preserving the riparian ecosystem, enhancing the biodiversity, and
contributing to rural development, in the context of the bioeconomy concept.

In the scope of our interest in bioprospecting Salix spp. bark [32], the present work aims
to characterize the phenolic composition of S. atrocinerea Brot., S. fragilis L., and S. viminalis L.
barks by ultra-high-performance liquid chromatography-diode array-tandem mass spectrometry
(UHPLC-DAD-MS"), as well as to evaluate three key in vitro biological activities of their polar extracts,
such as: (1) antioxidant activity, using two in chimico assays; (2) anti-hypertensive via ACE inhibitory
effect; and (3) antibacterial effect against S. aureus. The cytotoxicity of the studied Salix spp. bark
phenolic-containing extracts is also approached in three mammalian cell lines, namely, Caco-2, HaCaT,
and 1929 cell lines, towards potential safe food, nutraceutical, and cosmetic usages.

2. Materials and Methods

2.1. Chemicals

Dichloromethane (p.a., 299%), methanol (p.a., >99.8%), HPLC-grade methanol and acetonitrile
were supplied by Fisher Scientific (Pittsburgh, PA, USA). Before UHPLC analysis, mobile phase
solvents were previously filtered via a Solvent Filtration Apparatus 58061 from Supelco (Bellefonte,
PA, USA). Acetic acid glacial (p.a., >99.5%) was purchased from Labkem (Madrid, Spain). Sodium
carbonate (p.a., 299.9%) was obtained from Panreac AppliChem ITW Reagents (Barcelona, Spain).
Gallic acid (>97.5%), Folin-Ciocalteu’s phenol reagent (2 N), HPLC-grade water, formic acid (>98%),
catechin (>99%), eriodictyol (>98%), naringenin (98%), procyanidin B1 (>90%), procyanidin B2
(290%), quercetin (>98%), quercetin 3-O-galactoside (>97%), 2,2-diphenyl-1-picrylhydrazyl free
radical (DPPHe), 2,2’-azino-bis(3-ethyl-benzothiazoline-6-sulfonic acid) diammonium salt (ABTS),
ascorbic acid (>99.5%), angiotensin-I converting enzyme (ACE) (peptidyl-di-peptidase A, EC
3.4.15.1, 51 U mg_]), MEM non-essential amino acid solution, phenazine methosulfate, and
2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) were supplied by
Sigma-Aldrich (Merck, Darmstadt, Germany). The intramolecularly quenched fluorescent tripeptide
o-aminobenzoylglycyl-p-nitro- -phenylalanyl-; -proline [Abz-Gly-Phe(NO;)-Pro] was purchased from
Bachem Feinchemikalien (Bubendorf, Switzerland). Tris [trithydromethyl) aminomethane] was
afforded by Fluka (Gmbh, Germany). Dulbecco’s Modified Eagle Medium (DMEM) high glucose
and Penicillin-Streptomycin mixture were obtained from Lonza (Basel, Switzerland). Fetal bovine
serum (FBS) was purchased from Biowest (Nuaillé, France). Piceol (>98%), m-hydroxybenzoic
acid (>99%), tryptic soy broth and tryptic soy agar were afforded by Merck (Darmstadt, Germany).
p-Hydroxybenzoic acid (>99%) was purchased from Fisher Scientific (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Naringenin 7-O-glucoside (>99%) was supplied by Extrasynthese (Lyon, France).

2.2. Sampling of Salix spp. Barks

Branches from 8-year-old trees of S. atrocinerea Brot., S. fragilis L., and S. viminalis L. were collected
nearby Aveiro (GPS coordinates 40°41’54.78” N, 8°36’3.23” W), from an industrial experimental
plantation of The Navigator Company, in October 2017, and air-dried at room temperature until the
biomass weight was stable [32]. Bark samples were hand-separated and ground using a hammer mill,
in order to select the fraction with a granulometry lower than 1 mm.

2.3. Extraction of Phenolic Compounds

The lipophilic components were previously removed from the milled barks of the three Salix
spp., as earlier reported [32]. Then, 2 g of lipophilic component free-dry bark was submitted to
methanol/water/acetic acid (49.5:49.5:1) extraction, by stirring at 900 r.p.m. for 24 h, in the dark at room
temperature, following a previously described approach [33]. After vacuum filtration through a glass
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filter of porosity 3 to separate the extract from the biomass, methanol was removed at 37 °C using a
rotative evaporator, whilst water was removed by freeze-drying. Salix spp. extracts were prepared in
triplicate, and the respective extractive yield (EY) was expressed as the percentage of dry bark. The
extracts were then kept at room temperature and protected from the light, until the chemical analysis
and the biological activity assays were performed.

2.4. Total Phenolic Content

The total phenolic content (TPC) of Salix spp. barks was determined using the Folin—-Ciocalteu
reagent, according to procedures carried out elsewhere [34,35], with some alterations. In a 96-well plate,
150 pL of Folin-Ciocalteu reagent previously diluted 1:10 (v/v) with water, and 120 uL of 75 g L™! sodium
carbonate aqueous solution were added to 30 uL of Salix spp. bark extracts, previously dissolved in
methanol/water (1:1, v/v) and diluted with water, corresponding to 0.2 mg mL! of extract. After 60 min
of incubation at room temperature and in the dark, the absorbance was recorded at 750 nm, against a
blank containing 30 pL of water instead of the sample volume, in a Thermo Scientific Multiskan™ FC
microplate reader (Thermo Fisher Scientific Inc., Waltham, MA, USA). TPC was determined as gallic acid
equivalents (GAE) using the linear regression equation (y = 0.0103x — 0.0276; r= = 0.9995) obtained from
the standard curve of gallic acid (5-100 pg mL™1), and expressed as grams of GAE per kilogram of dry
bark and milligrams of GAE per gram of extract, according to Equations (1) and (2), as follows:

TPC (g GAE kg™! of dry bark) = TPC (g GAE kg™! of extract) X [EY (kg of extract kg™! of dry bark)/100] 1)

TPC (mg GAE g! of extract) = [TPC (ug GAE mL™!) x dilution factor]/[extract concentration (g L™) x 0.001] ~ (2)

All of the assays were performed three times, each one in triplicate (1 = 9).

2.5. Identification of Phenolic Compounds by UHPLC-DAD-MS" Analysis

Salix spp. bark extracts were first dissolved in methanol/water (1:1, v/v), at 10 mg mL~! and
filtered using PTFE filters with 0.2 um pore diameter. Extracts (10 uL) were injected in the UHPLC
system equipped with an Accela 600 LC pump, an Accela autosampler (set at 16 °C), and an Accela 80
Hz photo diode array detector (DAD) (Thermo Fisher Scientific, San Jose, CA, USA). The separation
of the extract components was developed in a Hypersil Gold RP C18 column (100 X 2.1 mm; 1.9 um
particle size) afforded by Thermo Fisher Scientific (San Jose, CA, USA), preceded by a C18 pre-column
(2.1 mm i.d.) supplied by Thermo Fisher Scientific (San Jose, CA, USA), and both were kept at 45 °C.
The binary mobile phase included (A) water/acetonitrile (99:1, v/v) and (B) acetonitrile, both containing
0.1% (v/v) formic acid. A gradient elution program was applied at a flow rate of 0.45 mL min~!, as
follows: 1% B kept from 0 to 3 min; 1-31% B from 3 to 30 min; 31-100% B from 30 to 32 min, and 100-1%
B from 32 to 36 min, keeping 1% B from 36 to 40 min for column re-equilibration. The chromatograms
were recorded at 235, 280, and 370 nm and UV-Vis spectra from 210 to 600 nm.

The UHPLC system was coupled to a LCQ Fleet ion trap mass spectrometer (ThermoFinnigan,
San Jose, CA, USA), equipped with an electrospray ionization (ESI) source. The ESI-MS was operated
under the negative ionization mode with a spray voltage of 5 kV and capillary temperature of 320
°C. The flow rate of nitrogen sheath and auxiliary gas were 40 and 5 (arbitrary units), respectively.
The capillary and tube lens voltages were set at —44 and —225 V, respectively. CID-MS" experiments
were executed on mass-selected precursor ions in the range of m/z 100-2000. The isolation width of
precursor ions was 1.0 mass units. The scan time was 100 ms and the collision energy was 35 arbitrary
units, using helium as collision gas. The data acquisition was carried out by using Xcalibur® data
system (Thermo Finnigan, San Jose, CA, USA).

2.6. Quantification of Phenolic Compounds by UHPLC-UV Analysis

Standard curves were obtained through the UHPLC injection of catechin, m-hydroxybenzoic
acid, naringenin, piceol, and quercetin standard solutions in HPLC grade methanol/water (1:1, v/v),
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with six concentrations ranging from 0.10 to 30.89 ug mL~!. The quantification of individual phenolic
compounds was determined by using the linear regression equation (Table 1), obtained with the most
similar standard compound. The limit of detection (LOD) and the limit of quantification (LOQ) were
approached for each standard curve (Table 1), based on Equations (3) and (4), respectively, as follows:

LOD = (standard deviation of the ordinate intercept/slope of the linear regression) x 3 3)

LOQ = (standard deviation of the ordinate intercept/slope of the linear regression) x 10 4)

Table 1. Standard data used for the HPLC-UV quantification of phenolic compounds present in
methanol/water/acetic acid (49.5:49.5:1) extracts of Salix spp. bark.

Standard Compound A (nm) A C"“C&(ﬁgﬁ‘fﬂ}‘mge L‘“‘;‘:::fig;:s;m“ 2  LOD(ugmL-1) LOQ (ugmL-)
Catechin 280 0.10-30.29 y=93621x + 17212 0.9998 052 1.74
m-Hydroxybenzoicacid 235 0.51-30.89 y = 245747x + 909936 0.9929 3.42 11.40
Naringenin 280 0.11-21.17 y=398130x + 61541 09990 0.87 2.89
Piceol 280 0.30-18.23 y=765733x + 59082 0.9992 0.68 225
Quercetin 370 0.10-19.21 y=320421x - 99949 09989 0.85 2.83

. Wavelength used in the quantitative analysis; B y = peak area, x = concentration in ug mL~!. LOD, limit of
detection; LOQ, limit of quantification.

The quantitative analysis was performed in triplicate for each sample (1 = 3).
2.7. Antioxidant Activity

2.7.1. DPPH Free Radical Scavenging Effect

The DPPHe scavenging effect of Salix spp. bark extracts was measured according to a former
method [34], with slight modifications for 96-well microplate scale. Ascorbic acid was used as the
natural antioxidant reference. Briefly, stock solutions of extracts and ascorbic acid were firstly prepared
in methanol/water (1:1, v/v). Then, 30 uL of 1 mM DPPHe methanolic solution was added to 75 pL of
sample and 195 uL of methanol, in each microwell. The control was constituted by 270 uL of methanol
and 30 pL of 1 mM DPPHe methanolic solution. The concentrations of extracts and ascorbic acid
were tested in the 1-40 g mL~! and 0.5-20 ug mL~! range, respectively. After a gentle mixing, the
microplate was kept in the dark for 30 min, and the absorbance at 520 nm was thereafter read against
the blank (methanol), using a Thermo Scientific Multiskan™ FC microplate reader. The DPPHe
scavenging effect percentage was calculated according to Equation (5):

DPPHe scavenging effect (%) = [(Acontrol — Asample)/Acontrol] x 100 ®)

where Acontrol and Agample are the absorbances at 520 nm of control and sample, respectively. The
inhibitory concentration of extracts and ascorbic acid able to scavenge 50% of DPPHe (ICsy) was
calculated through the graph of scavenging effect percentage against concentration logarithm.

To compare the obtained results with the literature, the Antioxidant Activity Index (AAI) was
determined according to Equation (6) [36]:

AAI = DPPHe final concentration (g mL™1)/ICs (ug mL™) (6)

where DPPHe final concentration was 61.874 pg mL™!. All of the assays were performed three times,
each one in triplicate (n = 9).

2.7.2. ABTS Radical Cation Scavenging Effect

The ABTS radical cation (ABTSe*) scavenging effect of Salix spp. bark extracts was assayed based
on the methodology reported elsewhere [34,37], which was adapted to the 96-well microplate scale.
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Ascorbic acid was used as the reference antioxidant. The ABTSe* was first generated by mixing 7
mM ABTS and 2.45 mM potassium persulfate, and keeping the reactional mixture in the dark at room
temperature for 16 h. Then, the ABTSe* solution was diluted with methanol, in order to reach the
absorbance value of 0.700 at 750 nm. Meanwhile, stock solutions of extracts and ascorbic acid were
prepared in methanol/water (1:1, v/v). In each microwell, 250 uL of diluted ABTSe* solution was added
to 50 pL of sample, obtaining the 0.5-40 g mL~! and 0.5-16 ug mL! range for extracts and ascorbic
acid, respectively. The control contained 250 uL of diluted ABTSe™" solution and 50 uL of methanol.
Then, the microplate was kept in the dark for 30 min, and the absorbance at 750 nm was read against
the blank (methanol) using the Thermo Scientific Multiskan™ FC microplate reader. The ABTSe*
scavenging effect percentage was determined according to Equation (7):

ABTSe™ scavenging effect (%) = [(Acontrol — Asample)/Acontrol] X 100 ?)

where Acontrol and Agample are the absorbances at 750 nm of control and sample, respectively. The ICsy
of extracts and ascorbic acid was determined from the scavenging effect percentage versus logarithm
of concentration. All of the assays were performed three times, each one in triplicate (n = 9).

2.8. Angiotensin-I Converting Enzyme Inhibitory Activity

The ACE-inhibitory activity of Salix spp. bark extracts, at 625 pg mL~!, was measured by
fluorescence using the method of Sentandreu and Toldra [38], with some modifications [21]. The
method consists in the ACE-catalyzed hydrolysis of a specific substrate [ABz-Gly-Phe(NO,)-Pro] to
the fluorescent o-aminobenzoylglycine. Commercial ACE was diluted in 5 mL of 50% (v/v) glycerol
aqueous solution, which was kept at —20 °C until use. Thereafter, the ACE solution was diluted (1:24)
with 150 mM Tris buffer solution pH 8.3, containing 1 uM zinc chloride, for a final concentration of 42
mU mL~L. Then, 40 uL of ultrapure water or ACE working solution was added to each microplate well,
and the volume was thereafter adjusted to 80 uL by adding ultrapure water to blank, control, or samples.
A sample blank was also made. The enzymatic reaction was started by adding 160 pL of substrate
solution (0.45 mM ABz-Gly-Phe(NO,)-Pro prepared in 150 mM Tris buffer pH 8.3, and containing
1.125 M sodium chloride), and then the mixture was incubated at 37 °C. The generated fluorescence was
measured at 30 min using a Multidetection plate reader (Synergy H1, BioTek Instruments, Winooski,
VT, USA). The assay was performed in a black 96-well microplate (Thermo Scientific Nunc, Roskilde,
Denmark). Excitation and emission wavelengths were 350 and 420 nm, respectively. The inhibitory
activity was calculated as the percentage decrease of ACE activity compared with the maximum ACE
activity (control). All of the assays were performed two times, each one in duplicate (1 = 4).

2.9. Inhibitory Effect Against Staphylococcus aureus Growth

The inhibitory effects of Salix spp. bark extracts were evaluated against the growth of a Gram-positive
S. aureus strain (ATCC® 6538). This bacterium was aseptically inoculated in tryptic soy broth, and grown
at 37 °C under 120 r.p.m. for 24 h. Before the antibacterial test, the S. aureus density was adjusted to 0.5
McFarland in phosphate-buffered saline (PBS) solution, corresponding to 108-10” colony forming units
(CFUs) mL™L. Then, the bacterial inoculum was incubated with the aqueous solutions of Salix spp. bark
extracts at 37 °C for 24 h, obtaining the final concentrations of 625, 1250, and 2500 ug mL~L. The control
containing only bacterial inoculum in PBS was also performed. Thereafter, the S. aureus bacterial density
was determined by plating serial dilutions in tryptic soy agar. After 24 h of incubation at 37 °C, the
antibacterial effect was assayed by determining the logarithm units of CFU mL~" and comparing it with
that of growth control group. In this study, the bacteriostatic and bactericidal effects were considered as
the decrease of <3-log and >3-log in CFU mL71, respectively, in comparison with the control inoculum [39].
All of the assays were performed three times, each one in duplicate (1 = 6).
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2.10. In Vitro Biocompatibility

2.10.1. Mammalian Cell Lines

Three different cell lines were considered throughout this work, namely, Caucasian
colon adenocarcinoma cells—Caco-2 (86010202, Sigma-Aldrich, St. Louis, MO, USA); human
keratinocyte—HaCaT (300493, CLS, Eppelheim, Germany); and mouse fibroblast cells—I[.929 (NCTC)
(ECACC 85103115). Caco-2 cells were maintained in DMEM high glucose supplemented with 10%
(vfv) FBS, 1% (v/v) penicillin-streptomycin, and MEM non-essential amino acid solution. HaCaT and
1929 cells were maintained using DMEM high glucose supplemented with 10% (v/v) FBS and 1% (v/v)
penicillin-streptomycin. All of cell lines were incubated at 37 °C in a 5% (v/v) CO, humidified atmosphere.

2.10.2. Metabolic Inhibition via XTT Assay

Cells were detached using TrypLE Exress (Thermo Scientific, Waltham, MA, USA), seeded (1 x
10* cells/well) into 96-well Nunclon Delta microplates (Thermo Scientific, Waltham, MA, USA), and
incubated for 24 h. Afterwards, the culture media were carefully removed and replaced with Salix spp.
bark extracts at 625, 1250, and 2500 ug mL~! (sterile filtered). After incubation for 24 h, the cytotoxicity
of the samples was evaluated using the XTT assay. Immediately before use, 10 uL of 10 mM phenazine
methosulfate solution was added to 4 mL of 1 mg mL~! XTT solution prepared in DMEM. Then, 25 pL
of this mixture was added to each well, and the plates were, once again, incubated at 37 °C. After 2 h,
the optical density at 485 nm was measured using a microplate reader (Synergy H1, Biotek Instruments,
Winooski, VT, USA). Cells in culture medium were used as control, and wells without cells were used
as blanks. The metabolic inhibition was determined according to the following Equation (8):

Metabolic inhibition (%) = [(Acontrol — Asample)/ Acontrol] X 100 (8)

where Acontrol and Agample are the absorbances at 485 nm of control and sample, respectively. Five
replicates for each condition were performed (1 = 5).

2.11. Statistical Analysis

The statistical analysis was performed using the IBM® SPSS® Statistics Version 25 (IBM
Corporation, New York, NY, USA). The EY, TPC, and the in vitro bioactivity assay data were analyzed
through the one-way analysis of variance (ANOVA). Where differences existed, the source of the
differences at p < 0.05 of significance level was identified by all pairwise multiple comparison procedures,
through the Tukey’s honestly significant difference (HSD) post-hoc test. The Pearson’s correlation r
values between TPC or phenolic compound abundances and the antioxidant activity ICsy values were
also determined using the aforementioned software.

3. Results

3.1. Extractive Yield and Total Phenolic Content

In the present work, a methanol/water/acetic acid (49.5:49.5:1) solution was used for the extraction
and chemical analysis of phenolic compounds in the studied Salix spp. barks, as it has proven to be
suitable for the removal of these type of bioactive compounds from crops’ biomass [33].

The EY and TPC of S. atrocinerea Brot., S. fragilis L., and S. viminalis L. barks are summarized in
Table 2.

S. atrocinerea Brot. bark showed the highest EY (15.1% of dry bark (w/w)), being significantly
higher than EYs of S. fragilis L. and S. viminalis L. barks (p < 0.05). Considering the TPC determined
using the Folin—Ciocalteu reagent, S. atrocinerea Brot. bark revealed the highest TPC, accounting for
4447 ¢ GAE kg~! dry weight (dw). In terms of TPC expressed in mg g~! of extract, S. atrocinerea
Brot. bark extract also demonstrated the highest TPC (293.36 mg GAE g’1 of extract), but it was not
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statistically different from TPC of S. viminalis L. bark extract (p > 0.05). S. fragilis L. bark extract also
presented considerable TPC, reaching 17.47 g kg’1 dw and 179.06 mg GAE g’l of extract.

Table 2. Extractive yield (EY) and total phenolic content (TPC) of methanol/water/acetic acid (49.5:49.5:1)
extracts of Salix atrocinerea Brot., Salix fragilis L., and Salix viminalis L. barks.

Salix spp. EY (% of Dry Bark, wj/w) TPC (g GAE kg~ of Dry Bark) ~ TPC (mg GAE g~ of Extract)
Salix atrocinerea Brot. 15.1+1.7P 44.47 + 6.68° 293.36 +19.52°
Salix fragilis L. 9.7+032 1747 £3.19°2 179.06 + 30.64 2
Salix viminalis L. 10.1+08? 2476 +0.82° 246.44 + 16.58 b

The results represent the mean + standard deviation. Means with different superscript minor case letters (a, b)
within the same column are statistically different (one-way ANOVA, followed by Tukey’s HSD test, p < 0.05). GAE,
gallic acid equivalents.

3.2. Phenolic Composition

3.2.1. Identification of Phenolic Compounds

Figure 1 depicts the UHPLC-UV chromatograms of methanol/water/acetic acid extracts from S.
atrocinerea Brot., S. fragilis L., and S. viminalis L. barks.
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Figure 1. UHPLC-UV chromatograms of methanol/water/acetic acid (49.5:49.5:1) extracts, derived from
(A) Salix atrocinerea Brot., (B) Salix fragilis L., and (C) Salix viminalis L. barks, recorded at 280 nm. The
peak numbers correspond to those represented in Tables 3 and 4 and Figure 2.
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Fifteen phenolic compounds were detected in the studied Salix spp. bark polar extracts by
HPLC-DAD-MS" analysis, as listed in Table 3 and explained thoroughly below.

Flavan-3-ols

Compound 1 was tentatively assigned as a prodelphinidin dimer isomer, or
(epi)gallocatechin-(epi)catechin dimer isomer (Figure 2), based on its UV spectrum (Figure S1A),
and on the detection of the [M—H]™ ion at 1/z 593 and MS" fragmentation (Table 3). The MS? spectrum
of the [M—H]™ ion showed the base peak at m/z 425, resulting from the retro-Diels-Alder fission of the
C ring in the upper subunit ((M—-H-168]7), as well as the product ion at 1/z 407 given the sequent loss
of a water molecule ((M-H-168-H,0]") (see mass fragmentation 1 in Figure S2, in Supplementary
Material) [40,41]. Moreover, the MS? spectrum presented two product ions at m/z 303 and m/z 289
formed by the cleavage of the interflavanic linkage, corresponding to the quinone methide of the
upper unit residue ([(epi)gallocatechin-3H]~) and the deprotonated ion of the lower unit residue
([(epi)catechin—H]~), respectively (see mass fragmentation 2 in Figure S2, in Supplementary Material).
The product ion at m/z 289 can also be generated from the interflavanic fission of the product ion
at m/z 467, after the C ring fission and the loss of a phloroglucinol moiety ([M—H-126]") (see mass
fragmentation 3 in Figure S2, in Supplementary Material) [43]. Additionally, the MS? spectrum of
the ion at m/z 289 showed the product ion at m/z 245, which is common to the mass fragmentation of
catechin and epicatechin [42].

OR
3 R=Clc Picein
7 R=H Piceol

1 R = OH (Epi)gallocatechin-(epijcatechin dimer isomer R
2,8,8 R=H B-type procyanidin dimer isomers

OH O

14 R=0H Eriodictyol
OH 15 R=H Naringanin

5 Catechin 9 Salicylic acid
OH OH

12 Quercetin 3-0O-galactoside

Figure 2. Proposed chemical structures for main phenolic compounds detected in the Salix atrocinerea
Brot., Salix fragilis L., and Salix viminalis L. barks. Glc, glucosyl.

Compound 4 was identified as procyanidin Bl ((—)-epicatechin-(4(3-8)-(+)-catechin) (Figure 2).
The retention time, UV spectrum, the detection of the [M—H]™ ion at m/z 577, and the MS? and
MS?® fragmentations (Table 3) are in agreement with that of commercial standard, injected in the
UHPLC-DAD-MS system, under the same experimental conditions.

Compounds 2, 6, and 8 were tentatively identified as B-type procyanidin dimer isomers (Figure 2)
formed by two (epi)catechin units, due to their characteristic UV spectra (Figure S1B, in Supplementary
Material), the detection of the [M—H]~ ion at m/z 577, and the MS" data (Table 3). The MS? fragmentation
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of the [M—H]~ ion originated the product ion at m/z 425 (base peak) from the retro-Diels-Alder fission
of the C ring ([M-H-152]7), which afforded the product ion at m/z 407 after a water molecule loss
([M-H-152-H,0]") [43]. Furthermore, four characteristic product ions were detected, namely, at m/z
559 (loss of a water molecule), m/z 451 (heterocyclic C ring fission with the phloroglucinol moiety loss),
as well as at m/z 289 and m/z 287, which resulted from the quinone methide fission of the interflavanic
linkage between C and D rings [41,43]. Moreover, the Ms? spectrum of the ion at m/z 289 presented
the characteristic product ions of catechin or epicatechin [42]. It was not possible to attribute the
chemical structures of compounds 2, 6, and 8 to procyanidin B2, since none of their retention times were
coincidental with the corresponding commercial standard. Since these compounds are procyanidin
dimers of (epi)catechin units, there are six hypotheses of B-type procyanidins, namely, procyanidins
B4, B5, and B8 [41], in addition to procyanidins B3, B6, and B7 detected earlier in Salix species [31],
which can be suggested for their identification.

Compound 5 was identified as catechin (Figure 2 and Table 3) based on its UV spectrum, the
detection of the [M—H]~ ion at m/z 289, and the characteristic MS? data of the ion at m/z 289 [42], in
addition to the injection of the commercial standard, at the same experimental conditions.

Acetophenones

Compound 3 presented a similar UV spectrum (Figure S14A, in Supplementary Material) to that
of the picein (Figure 2), and afforded the ion at m/z 343, under the negative ionization [11], which
corresponds to the formate adduct ion of that acetophenone ([M+HCOO]") (Table 3). In addition to
the [M—H]~ ion at m/z 297, two product ions were detected in the MS? spectrum of the ion at m/z
343, namely, the base peak at m/z 135 resulting from the loss of a hexosyl unit of the [M—H]™ ion
([M—H-162]"), and the anion radical at m/z 120 which may be originated by homolytic fission of the
methyl group from the aglycone ion ((M-H-162—-CHj3]™) [44]. In this sense, compound 3 was most
likely assigned as picein, although the mass spectrometry analysis did not allow to discriminate the
position of the O-glycosyl substituent. Nevertheless, the elution order of compound 3 relative to the
commercial standard of piceol is in agreement with literature data [45].

Compound 7 was identified as piceol (Figure 2). The retention time, the UV spectrum, the
detection of the [M~H]~ ion at m/z 135, and the MS? fragmentation of this ion (Table 3), yielding the
product ion at m/z 93 from the ketene loss ((M—H—-42]7) [44], were concordant with that of commercial
standard injected under the same experimental conditions. Although the product ion at 72/z 120 would
be expected in the mass fragmentation of the [M—H]~ ion at m/z 135 of compound 7, by comparison
with the MS data of compound 3 and with literature [44], it was not found in the MS? spectrum of the
[M-H]" ion obtained from the studied Salix extracts, or from the corresponding commercial standard.
However, this fact does not hamper its unambiguous identification, since it has been corroborated
with the retention time and MS data of the commercial standard.

Hydroxybenzoic Acids

Compound 9 was identified as o-hydroxybenzoic acid, commonly known as salicylic acid (Figure 2),
presenting a UV spectrum (Figure S1B, in Supplementary Material) similar to that of salicylic acid [11],
and the [M—H]" ion at m/z 137 (Table 3). Additionally, the product ion at m/z 93 was found in the
MS? spectrum of the [M—H]~ ion, due to the CO; loss ([M—H-44]") [46], being concordant with the
MS/MS data of salicylic acid, under the negative ionization mode [11]. Moreover, the retention time
of compound 9 was different from those of commercial standards of m- and p-hydroxybenzoic acids
injected in the HPLC-UV-MS system, under the same experimental conditions, thus being assigned as
salicylic acid.

Flavanones

Compounds 10 and 11 were tentatively identified as two naringenin-O-hexoside isomers 1 and 2,
respectively, whilst compound 15 was identified as naringenin (Figure 2) in the studied Salix spp. bark
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extracts (Table 3). Naringenin-O-hexoside isomers were assigned considering their UV spectra (Figure
S1A, in Supplementary Material), the detection of the [M—H]" ion at m/z 433, and the characteristic
MS" fragmentation [11]. Indeed, the base peak of the MS? spectrum of the aforementioned [M-H]~
ion was noted at m/z 271, which evidenced the loss of a hexosyl residue (=162 amu). Additionally,
the MS? spectrum of the ion at m/z 271 presented the characteristic product ions of naringenin [47].
Despite similar MS data, none of these compounds might be the chalcone isosalipurposide, since their
absorption maxima wavelengths (274 and 277 nm) are completely different from that of the latter (370
nm) [11]. Furthermore, the retention times of compounds 10 and 11 were not concordant with that
of commercial standard of naringenin 7-O-glucoside. Several hypotheses of naringenin-O-hexoside
isomers can be proposed for their identification, including (+)- and (—)-naringenin 5-O-glucoside, as
these have previously been found in S. daphnoides bark [11,12]. Nevertheless, the UV and MS data
did not allow to distinguish the chemical structure of the glycosyl substituent and its position in the
naringenin. Therefore, it was not possible to unequivocally identify compounds 10 and 11, only by UV
spectra and MS data, being compounds’ isolation and chemical structure elucidation by NMR needed
for their unambiguous identification. Compound 15 was identified as naringenin, based on the UV
spectrum, the detection of the [M—H]~ ion at m/z 271, and the MS? spectrum (Table 3). Furthermore,
its identification was confirmed by running a commercial standard in the UHPLC-UV-MS system, at
the same experimental conditions.

Compounds 13 and 14 were tentatively assigned as eriodictyol-O-hexoside isomer and eriodictyol
(Figure 2), respectively, considering their UV spectra (Figure S1A, in Supplementary Material), the
detection of the [M—H]~ ions at, respectively, n1/z 449 and m/z 287, and the respective MS" fragmentation
(Table 3) [33,48]. Regarding compound 13, the MS? spectrum of the ion at 71/z 449 showed the base peak
at m/z 287, as a consequence of the hexosyl unit loss (—162 amu), whose MS? spectrum demonstrated
the characteristic product ions of the eriodictyol mass fragmentation [33]. Also, the earlier elution order
of eriodictyol-O-hexoside in comparison to naringenin 7-O-glucoside is concordant with that reported
in the literature [33]. Furthermore, the identification of eriodictyol was confirmed by comparing its
retention time, molecular absorption UV spectrum, and MS data with that of a commercial standard.

Flavonols

Compound 12 was identified as quercetin 3-O-galactoside (Figure 2), taking into account its UV
spectrum, the detection of the [M—H]~ ion at m/z 463, and the MS" data (Table 3) [49]. In fact, the MS?
spectrum of the [M—H]™ ion presented the base peak at m/z 301, whose product ion resulted from a
hexosyl unit loss ((M—H-162]~. Furthermore, the MS? spectrum of the ion at 7/z 301 was concordant
with that of quercetin [47]. The identification of compound 12 was unambiguously confirmed with the
injection of the commercial standard of quercetin 3-O-galactoside in the HPLC-UV-MS system, under
the same experimental conditions.

3.2.2. Quantification of Identified Phenolic Compounds by UHPLC-UV Analysis

Table 4 depicts the contents of phenolic compounds present in the studied Salix spp.
methanol/water/acetic acid extracts, expressed in mg kg™! of dry weight (dw) and in mg g™ of extract.

The total contents of identified phenolic compounds ranged from 490 mg kg~! dw in S. viminalis
L. bark (4.83 mg g~! of extract) to 2871 mg kg’1 dw in S. atrocinerea Brot. bark (19.18 mg g’l of extract).

Acetophenones represented the predominant phenolic compounds identified in S. atrocinerea Brot.
bark extracts, accounting for 2155 mg kg™ dw (14.42 mg g~ ! of extract), as well as in S. fragilis L. bark
extracts (1564 mg kg~! dw and 16.15 mg g~! of extract), mainly represented by piceol (7). Picein (3)
was the second major phenolic compound identified in S. atrocinerea Brot. bark extracts, while it was
present in S. fragilis L. bark extracts at a much lower content (up to 29-fold).
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S. atrocinerea Brot. bark also contained the highest flavan-3-ol content, representing 617 mg kg™
dw (4.10 mg g~! of extract), and being up to 4-fold higher than in S. fragilis L. bark. In particular,
procyanidin Bl (4) and catechin (5) were the major flavan-3-ols present in S. atrocinerea Brot. bark
extracts. Salicylic acid (9) was majorly present in S. viminalis L. bark extracts (200 mg kg~! dw and
2.00 mg g’1 of extract). Additionally, S. viminalis L. bark extracts demonstrated the highest flavanone
content (103 mg kg™! dw and 1.00 mg g™! of extract), being 21-fold higher relative to S. fragilis L.,
whereas S. atrocinerea Brot. bark extracts showed the highest flavonol content (up to 6-fold higher
when compared with S. fragilis L. bark extracts).

Taking in account the differentiated phenolic composition of Salix spp. bark extracts, in addition
to the reported antioxidant, anti-hypertensive, and antimicrobial effects of the identified phenolic
compounds [9,14,15,17], three in vitro biological activities were evaluated, as follows: (1) antioxidant
activity, via scavenging effects against DPPHe and ABTSe™ free radicals; (2) anti-hypertensive potential,
via the inhibitory effect on ACE enzymatic activity; and (3) antibacterial action via inhibitory effect
against S. aureus. Finally, to ensure that the extracts can be safely used, for instance in food, nutraceutical,
or cosmetic formulations, the in vitro biocompatibility of Salix spp. bark extracts was also conducted
in three mammalian cell lines, namely, Caco-2, HaCaT, and 1.929 cell lines.

3.3. In Vitro Bioactivity of Salix spp. Bark Polar Extracts

3.3.1. Antioxidant Activity

The antioxidant activity of Salix spp. bark polar extracts was assessed through the DPPHe and
ABTSe™* scavenging effect assays, as denoted in Table 5.

Table 5. Antioxidant activity of methanol/water/acetic acid extracts (49.5:49.5:1) of Salix atrocinerea Brot.,
Salix fragilis L., and Salix viminalis L. bark, through DPPHe and ABTSe* scavenging effects.

. . ABTSe*
Salix spp. Bark DPPHe Scavenging Effect Scavenging Effect
Extract/Reference
ICsp (ug mL—1) ICsp (mg AAE g1 of Dry Bark)  AAI ICsp (ug mL—1)

Salix atrocinerea Brot. 10.98 + 0.77 &b 54.41+822° 5.64 5.58 + 0.72 &b
Salix fragilis L. 23.62 +4.82°¢ 16.79 £3.542 2.62 1024 +1.54°¢
Salix viminalis L. 14.06 +1.73P 28.63 +4.34°2 4.40 7.82 + 0.45 b<
Ascorbic acid 3.92+0.082 - - 3.37+0.06 2

The results represent the mean + standard deviation (1 = 9). Means with different superscript minor case letters
(a—c) within the same column are statistically different (one-way ANOVA, followed by Tukey’s HSD test, p < 0.05).
AAE, ascorbic acid equivalents; AAI, antioxidant activity index; ICsq, inhibitory concentration at 50%.

S. atrocinerea Brot. bark extracts were the most active in scavenging the DPPHe and ABTSe*
(ICs0 of 10.98 and 5.58 ug mL~!, respectively), although their ICsy were not statistically different from
S. viminalis L. extracts (p > 0.05), when using Tukey’s HSD test for pairwise multiple comparison
procedure. On the other hand, S. fragilis L. bark extracts presented the lowest antioxidant effect,
with IC5) of 23.62 and 10.24 ug mL™1, respectively in the DPPHe and ABTSe* scavenging activities.
Particularly in what concerns to the ABTSe* scavenging effect, the ICs of S. fragilis L. extracts was not
statistically different from that of S. viminalis L. extracts (p > 0.05), using Tukey’s HSD test. Comparing
the DPPHe and ABTSe* scavenging effects of Salix spp. bark extracts with that of ascorbic acid,
S. atrocinerea Brot. was 2.8- and 1.7-fold less effective than the natural antioxidant standard in the
respective assays, but with no statistical differences using the Tukey’s HSD test (p > 0.05) were observed.
Furthermore, the antioxidant activity of S. fragilis L. and S. viminalis L. bark extracts was significantly
weaker than that of ascorbic acid (p < 0.05) in both assays. According to the AAI rank suggested by
Scherer and Godoy [36], all Salix spp. bark extracts presented very strong antioxidant activity in the
DPPHe assay.
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3.3.2. Angiotensin-I Converting Enzyme Inhibitory Activity

The inhibitory effects of Salix spp. bark extracts were assessed at 625 pg mL~! against the
enzymatic activity of ACE, as illustrated in Figure 3.

100
= b
5 80 —
]
o 60 =t
8
S 40
=
E
w
] 20
<

0 T T
Salix Salix Salix
atrocinerea Brot. fragilis L. viminalis L.

625 ng mL" Salix spp. bark polar extracts

Figure 3. Inhibitory effect of 625 ug mL~" Salix atrocinerea Brot., Salix fragilis L., and Salix viminalis L.
bark extracts against the angiotensin I-converting enzyme (ACE). Each column and bar represents the
mean and the standard deviation, respectively (1 = 4). Columns with different minor case letters (a, b)
are statistically different (one-way ANOVA, followed by Tukey’s HSD test, p < 0.05).

Hence, S. atrocinerea Brot. bark polar extracts largely decreased the enzymatic activity of ACE (84
+ 2% of inhibition), being 1.5- and 1.3-fold more active than S. fragilis L. (58 + 4%) and S. viminalis L. (63
+ 4%) bark extracts, respectively (p < 0.05). To the best of our knowledge, the inhibitory effect of Salix
spp. bark extracts on ACE was evaluated herein for the first time, showing the promising potential for
the anti-hypertensive purpose.

3.3.3. Inhibitory Effect against S. aureus Growth

The inhibitory effects of S. atrocinerea Brot., S. fragilis L., and S. viminalis L. bark extracts were
tested for 24 h against the growth of the Gram-positive bacterium S. aureus, as depicted in Figure 4.

All the 24 h-treatments reduced the bacterial growth in a concentration-dependent manner, but
statistical differences were not found with 625 pg mL~! Salix spp. bark extracts, when compared with
the growth control group (p > 0.05). Notwithstanding, all Salix spp. bark extracts tested at 1250 and
2500 pg mL~! reduced significantly the bacterial growth regarding to the control group (p < 0.05),
exhibiting bactericidal effects, as caused >3 log CFU mL~! decrease. More specifically, 1250 g mL™! S.
atrocinerea Brot. led to 6 log CFU mL™! decrease, whereas S. fragilis L. and S. viminalis L. extracts to 7
log CFU mL~! reduction. It is noteworthy to highlight that no bacterial colonies were detected after the
treatments with 2500 pg mL™! S. atrocinerea Brot. and S. fragilis L. extracts (8 log CFU mL~! reduction),
whilst S. viminalis L. extracts decreased significantly 7 log CFU mL™, at the same concentration, in
comparison with the control (p < 0.05).

3.4. In Vitro Biocompatibility of Salix spp. Bark Polar Extracts

The cytotoxicity of S. atrocinerea Brot., S. fragilis L., and S. viminalis L. bark extracts was assayed at
the 625-2500 ug mL~! range for 24 h in Caco-2, HaCaT, and 1.929 cells (Figure 5).
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Figure 4. Bacterial density expressed as log CFU mL™! of Staphylococcus aureus ATCC® 6538, after
24 h of incubation with 625, 1250, and 2500 ug mL! of Salix atrocinerea Brot., Salix fragilis L., and
Salix viminalis L. bark polar extracts. Growth bacterial control is also depicted. Each column and bar
represents the mean and the standard deviation, respectively (1 = 6). Columns with the symbol * are
statistically different from the growth control (one-way ANOVA, followed by Tukey’s HSD test, p <
0.05). CFU, colony forming unit.

According to the international standard ISO 10993-5 for the biological evaluation of medical
devices (part 5: Tests for in vitro cytotoxicity), the threshold value for a sample to be cytotoxic is a
metabolic inhibition of 30%. As such, as can be seen in Figure 5A, none of the tested Salix spp. bark
extracts exerted a cytotoxic effect against Caco-2 cells. In fact, some of the concentrations appeared
to stimulate the mitochondrial metabolism of this cell line. For HaCaT cells (Figure 5B), none of the
tested concentrations of S. fragilis L. bark extracts exhibited a cytotoxic effect against this cell line, with
the S. atrocinerea Brot bark extracts at 625 and 1250 pg mL~! demonstrating the same effect. In fact,
only the highest concentration of S. atrocinerea Brot. exhibited a clear cytotoxic effect, as well as the two
lower concentrations of S. viminalis L. (625 and 1250 ug mL1) resulted in a metabolic inhibition which
is close to the threshold value, therefore requiring further studies (namely, to study the production of
apopototic markers), particularly as S. viminalis L. bark extract at 2500 pg mL~! did not exert a cytotoxic
effect. The mouse fibroblast L929 cells (Figure 5C) appeared to be more susceptible to the presence of
the extracts than the remaining tested cell lines, with the highest concentration of S. atrocinerea Brot.
and S. fragilis L. extracts, along with all concentrations of S. viminalis L. extracts, resulting in metabolic
inhibitions above 30%. Overall, it is important to mark that, at 625 and 1250 ug mL™1, S. atrocinerea
Brot. and S. fragilis L. extracts did not exert a cytotoxic effect against any of the tested cell lines.
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Figure 5. Metabolic inhibition of Salix atrocinerea Brot., Salix fragilis L., and Salix viminalis L. bark polar
extracts at 625, 1250, and 2500 pg mL~! for 24 h against three mammalian cell lines, namely: (A) human
colorectal adenocarcinoma Caco-2 cells; (B) human keratinocyte HaCaT cells; and (C) mouse fibroblast
1929 cells. Each column and bar represents the mean and the standard deviation, respectively (1 = 5).
Columns with different minor case letters (a—e) are statistically different (one-way ANOVA, followed
by Tukey’s HSD test, p < 0.05).

4. Discussion

The present work describes, for the first time, the detailed phenolic characterization, as well as the
in vitro bioactivity and biocompatibility, of S. atrocinerea Brot., S. fragilis L., and S. viminalis L. bark
polar extracts, aiming at their sustainable and safer bioprospection towards novel and innovative food,
nutraceutical, and/or cosmetic applications.

Using methanol/water/acetic acid (49.5:49.5:1) solution for the phenolic compounds’ extraction
from the studied Salix spp. barks, the EY ranged from 9.7% in S. fragilis L. to 15.1% (w/w) in S. atrocinerea
Brot. barks (Table 2). Comparing with the literature data for the distinct Salix species and extraction
solvents, the EY of S. atrocinerea Brot. bark was 1.2-fold higher than that of 70% (v/v) acetone extract of
S. psammophila bark, but 1.8- and 2.0-fold lower than the same kind of extracts of S. sachalinensis and S.
pet-susu bark, respectively [50].
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Moreover, S. atrocinerea Brot. bark showed the highest TPC (Table 2), accounting for 44.47 g
GAE kg’1 dw and 293.36 mg GAE g’l of extract, but with no statistical significance (p > 0.05) when
comparing its TPC expressed in mg GAE g~! of extract with that of S. viminalis L. bark. S. fragilis L.
bark also demonstrated considerable TPC, i.e., 17.47 g GAE kg~! dw and 179.06 mg GAE g~! of extract.
TPC of S. atrocinerea Brot. bark was 2.8-fold higher relative to S. psammophila bark [50], but lower than
S. subserrata Willd. (up to 1.8-fold) [51], S. aegyptiaca L. (up to 4.8-fold) [52], S. sachalinensis (2.3-fold),
and S. pet-susu (2.5-fold) barks [50]. Nevertheless, some caution should be taken in these comparisons,
since Salix barks from different species and geographical origins were used, in addition to the different
extraction media and methodologies applied, obviously affecting EY and TPC.

Fifteen phenolic compounds were found in bark polar extracts of the three Salix spp. in study, by
UHPLC-UV-MS" (Figure 1 and Table 3), namely six flavan-3-ols (1, 2, 4-6, and 8), two acetophenones
(3 and 7), a hydroxybenzoic acid (9), five flavanones (10, 11, 13-15), and a flavonol (12) (Figure 2).
Regarding to flavan-3-ols, procyanidin Bl (4) and catechin (5) have been previously detected in S.
viminalis L. bark [31,53]. In addition to procyanidin Bl (4), three other B-type procyanidin dimer
isomers (2, 6, and 8) were also detected in S. viminalis L. bark. However, no B-type procyanidin dimer
isomers were herein identified in S. fragilis L. bark, contrarily to what reported by Pobtocka-Olech
and Krauze-Baranowska [31], which may be related not only with the extraction methodology and
analytical techniques, but also with the geographical origin, climatic conditions, season, plant age, and
genotype-phenotype associations. Still, it is remarkable the number of B-type procyanidins besides
procyanidin B1 that have already been identified in several Salix spp., namely, procyanidins B3, B6,
and B7 [31], which may potentiate interesting applications of this biomass in the food and health fields,
due to their vast biological effects, including antioxidant.

This work also evidences, for the first time, the identification of catechin (5) in S. atrocinerea Brot.
and S. fragilis L. barks, as well as a prodelphinidin dimer isomer (1) and procyanidin Bl (4) in S.
atrocinerea Brot. bark. Considering the acetophenones, picein (3) was identified here, for the first
time, in S. atrocinerea Brot. and S. fragilis L. barks. Furthermore, this phenolic compound has been
described in the bark of other Salix species, namely, S. daphnoides [11], S. purpurea [13], and willow
hybrid “Karin” [10]. In the same sense, piceol (7) and salicylic acid (9) were also found in the studied
extracts of the two aforementioned Salix species, being recently identified in the respective lipophilic
fractions [32].

In what concerns flavanones, two naringenin-O-hexoside isomers (10 and 11) were herein identified
for the first time as phenolic constituents of the three analyzed Salix spp. barks. Naringenin (15) has
recently been detected in S. fragilis L. bark [54], but it is revealed, for the first time in this work, as a
phenolic component of S. atrocinerea Brot. bark. It is worth underlining that (+)- and (—)-naringenin
5-O-glucoside, naringenin 7-O-glucoside, and naringenin (15) have also been found in the barks of S.
daphnoides and S. purpurea [11-13,30]. Eriodictyol-7-O-glucoside and eriodictyol (14) have been isolated
from a commercial willow bark extract, with S. fragilis L. bark included in the formulation [55,56].
However, to the best of our knowledge, an eriodictyol-O-hexoside isomer (13) and eriodictyol (14) were
reported herein for the first time in S. atrocinerea Brot. and S. viminalis L. barks. Regarding flavonols,
only quercetin 3-O-galactoside (12) was found in S. atrocinerea Brot., S. fragilis L., and S. viminalis L.
barks, being described in these raw materials for the first time.

Considering their quantitative analysis (Table 4), the total contents of identified phenolic
compounds varied between 490 mg kg™ dw in S. viminalis L. bark and 2871 mg kg™ dw in S.
atrocinerea Brot. bark. Comparing these results with TPC (Table 2), not only they did not follow the
same trend as TPC, but they also corresponded to a minor part of TPC (ca. 2-10%), similar to what
has been observed with other shrubs [57]. This may be explained by an array of extracts’ components
other than phenolic compounds that can react with the Folin—-Ciocalteu’s reagent in alkaline medium,
including sugars and organic acids, among others [58].

Acetophenones were the main phenolic constituents of S. atrocinerea Brot. and S. fragilis L. barks,
accounting for 2155 and 1564 mg kg~! dw, respectively. Piceol (7) abundance is clearly higher in
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both Salix bark polar extracts than in the respective lipophilic fractions [32], while picein (3) content
is up to 10.5-fold higher than in S. caprea L. bark [59], but up to 5.7-fold lower than that described
for S. phylicifolia L., S. myrsinifolia Salisb., and S. pentandra L. barks [60], which may be related to the
aforementioned factors.

Flavan-3-ols were also present at considerable contents in S. atrocinerea Brot. bark, accounting for
617 mg kg™! dw, followed by S. viminalis L. and S. fragilis L. barks, but being 4.5-fold lower than the
one reported for S. viminalis L. bark [53]. Minor abundances of flavanones and flavonols were detected
in the studied Salix species.

Due to the antioxidant [9,61], anti-hypertensive [14,15], and antimicrobial [17] effects exhibited
by the analyzed phenolic compounds, Salix spp. bark polar extracts were evaluated for these
biological activities.

The antioxidant activity of Salix spp. bark polar extracts was assessed through the scavenging
activity against DPPHe and ABTSe* radicals (Table 5). Ascorbic acid was used as a natural antioxidant
reference. Indeed, S. atrocinerea Brot. extracts were more active in scavenging DPPHe and ABTSe*
radicals, although with no statistical difference (p > 0.05) when using Tukey’s HSD test, in comparison
with S. viminalis L. extracts. Despite evidencing higher ICsy values, the antioxidant activity of S.
atrocinerea Brot. extracts was not significantly different from ascorbic acid in both assays (p > 0.05),
using Tukey’s HSD test. Nevertheless, the DPPHe scavenging effect of Salix spp. bark extracts can be
considered as very strong, according to the AAI (Table 5) [36]. Yet, taking the AAI in consideration,
S. atrocinerea Brot. bark extracts are 8.5- and 2.3-fold stronger than, respectively, S. alba L. bark 70%
methanol [62] and S. aegyptiaca L. bark ethanol extracts [52], but slightly weaker (1.4-fold) than S.
subserrata Willd. bark 80% methanol extracts [51]. Comparing the ABTSe* scavenging effect of the
studied Salix spp. bark extracts with other species, all are considerably much stronger than the water
extracts of S. myrsinifolia and S. purpurea barks (ICsy values of 7 and 20 mg mL™, respectively) [63].
Bridging the phenolic composition with the antioxidant activity of the studied Salix spp. bark extracts,
the strongest significant correlation in each assay was found between flavan-3-ol content and DPPHe
scavenging effect (Pearson’s correlation, r = —0.637; p < 0.033), and between flavan-3-ol abundance
and ABTSe" scavenging effect (Pearson’s correlation, r = —0.669; p < 0.024). Actually, flavan-3-ols
like procyanidins have demonstrated strong DPPHe and ABTSe" scavenging effects [64,65]. A
significant correlation was also achieved between the flavonol abundance and ABTSe* scavenging
effect (Pearson’s correlation, r = —0.647; p < 0.030). Moreover, flavanone and flavonol contents could be
slightly correlated with DPPHe scavenging effect (Pearson’s correlation, r values of —0.580 and —0.543
respectively), but they were not statistically significant (p > 0.05). TPC was also significantly correlated
with the DPPHe scavenging effect (Pearson’s correlation, r = —0.665; p < 0.025). Although there was a
smooth correlation between TPC and ABTSe™ scavenging effect (Pearson’s correlation, r = —0.546), it
was not significant (p > 0.05). The hypothesis of synergisms occurring between flavan-3-ols and other
phenolic compounds, or even other extracts” components, should indeed be placed.

Salix spp. bark phenolic-containing extracts were investigated for their anti-hypertensive potential
(Figure 3), through the inhibitory effects against ACE. Hence, all Salix spp. bark extracts at 625 ug mL!
diminished the enzymatic activity of ACE, ranging from 58 to 84% of inhibition, with S. atrocinerea
Brot. bark extracts as the most effective (p < 0.05). To the best of our knowledge, the inhibitory effect of
Salix spp. bark extracts on ACE was evaluated herein for the first time. In fact, the ACE inhibitory
effect has been poorly approached for polar extracts of woody plants, as assayed with 70% ethanol
extracts of Populus tremula L. (Salicaceae) bark, Betula pendula Rot. (Betulaceae) buds, and Quercus
robur L. (Fagaceae) bark, at 100 g mL~!, and ranging from 11 to 28% of inhibition, respectively [66].
Flavan-3-ols may be strongly involved in the inhibitory effect of S. atrocinerea Brot. bark extracts, since
these phenolic compounds have shown an interesting ACE inhibitory activity [14,15].

The inhibitory effect of Salix spp. bark polar extracts was also evaluated against the growth of
the bacterium S. aureus ATCC® 6538 (Figure 4). Thus, the 24 h-treatments with S. atrocinerea Brot., S.
fragilis L., and S. viminalis L. bark polar extracts reduced S. aureus growth, in a concentration-dependent
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manner (Figure 4), but statistical differences were not found at 625 ug mL~! Salix spp. bark extracts,
when compared with the control group (p > 0.05). On the other hand, Salix spp. bark extracts at 1250
and 2500 pg mL ! significantly decreased the S. aureus growth compared to the control group (p <
0.05), with a 6-8 log CFU mL"~! range reduction, meaning that all extracts were bactericidal for this
microorganism. Previous studies have demonstrated the anti-S. aureus potential of other Salix spp.
bark extracts, including S. mucronate L. bark ethyl acetate (minimum inhibitory concentration (MIC) of
3125 ug mL 1) [67] and S. capense extracts (5-1000 pg mL~! MIC range) [68]. Phenolic compounds, like
picein (3) and piceol (7), have also exhibited inhibitory effect against S. aureus growth, with MICs of
650 and 900 pg mL1, respectively [17]. Synergisms between phenolic and other extracts’ constituents
may have occurred, but a bioactive-guided fractionation should be conducted.

For future safe usage of Salix spp. bark phenolic-containing extracts, especially in what regards to
food, nutraceutical, or cosmetic applications, their in vitro biocompatibility was addressed in human
colorectal adenocarcinoma Caco-2 cells, human keratinocyte HaCaT cells, and mouse fibroblast L.929
cells, analyzing the 24 h-inhibitory effects on cell metabolism (Figure 5). Globally, S. atrocinerea Brot.
and S. fragilis L. bark extracts did not present cytotoxic effects at 625 and 1250 g mL™! against the
three cell lines, as the metabolic inhibition was lower than 30%. Regarding to S. viminalis L. bark
extracts, they were not cytotoxic against Caco-2 cells at all tested doses (Figure 5A), and against HaCaT
cells at the highest concentration (Figure 5B), although all the tested concentrations suppressed the
metabolism of L929 cells (Figure 5C) more than 30%. The cytotoxic potential of these Salix spp. bark
extracts may be associated with some of the identified phenolic compounds, such as naringenin (15)
and catechin (5), which have previously shown mild cytotoxic effect against H1299 human lung cancer
cells after 24 h-incubation [69]. In this sense, the proposed applications of Salix spp. bark polar extracts
should be tuned based on their non-cytotoxic concentrations.

In summary, Salix spp. bark polar extracts evidenced strong antioxidant activity, promising
anti-hypertensive potential and effective antibacterial action against S. aureus. Notwithstanding, some
attention should be paid to the non-cytotoxic concentrations of these extracts, being necessary to plan
applications of S. atrocinerea Brot. and S. fragilis L. extracts for non-cytotoxic doses, and to better
understand the cytotoxic effect of S. viminalis L. extracts. Moreover, an activity-guided fractionation is
further needed in order to clarify the main bioactive constituents of Salix spp. bark extracts. Alternative
extraction methodologies and solvents, like ultrasound and microwave-assisted extractions, and deep
eutectic solvents should be considered for the extraction of Salix spp. bark phenolic compounds,
intending their promising applicability in food, nutraceutical, and dermatological fields, towards the
sustainable exploitation of this biomass and, at the same time, contributing for the biodiversity and
rural profits.

5. Conclusions

The present study evidences, for the first time, the detailed phenolic characterization of three
Portuguese Salix spp. bark samples, namely, S. atrocinerea Brot., S. fragilis L., and S. viminalis L., as well
as the in vitro health-promoting potential of these polar extracts, such as antioxidant, anti-hypertensive,
and antibacterial effects, and biocompatibility. Fifteen phenolic compounds were revealed in Salix spp.
barks, by UHPLC-UV-MS", being two flavan-3-ols, an acetophenone, five flavanones, and a flavonol,
detected for the first time in the studied Salix spp. barks. S. atrocinerea Brot. extracts demonstrated the
highest total content of identified phenolic compounds (2871 mg kg™! dw and 19.18 mg g™ of extract),
including acetophenones (2155 mg kg~! dw and 14.42 mg g~! of extract) and flavan-3-ols (617 mg kg’1
dw and 4.10 mg g~ of extract). In what concerns the in vitro biological activity, Salix spp. bark extracts
exhibit strong DPPHe and ABTSe* free radical scavenging effects (5.58-23.62 pg mL~! IC5y range) and
ACE inhibitory effects (58-84% of inhibition). Moreover, all extracts at 1250-2500 ug mL ™" exhibited
bactericidal activity (6-8 log CFU mL~! reduction) against S. aureus. The three in vitro biological
activities may be mainly related to the presence of flavan-3-ols and acetophenones, but synergism
effects may occur between these compounds and other extracts” phenolic subclasses or constituents.
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Indeed, a bioactivity-guided fractionation should be further performed to clearly elucidate the bioactive
component(s). Nonetheless, some caution should be taken in the safe use of these extracts, considering
their non-cytotoxic doses. Overall, these promising insights can foster the economic valorization of the
three studied Portuguese Salix spp., as raw materials of phenolic-containing extracts with an array of
biological activities, towards innovative and novel food, nutraceutical, or cosmetic applications, along
with the energy generation, being in line with the biorefinery concept.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/8/12/609/s1,
Figure S1: UHPLC-UV chromatograms of methanol/water/acetic acid (49.5:49.5:1) extracts, from (A) Salix atrocinerea
Brot. and (B) Salix viminalis L. barks, recorded at 280 nm. The peak numbers correspond to compounds 1-6,
8-11 and 13. The molecular absorption UV spectra of these compounds are also depicted; Figure S2: Mass
fragmentation of a prodelphinidin dimer isomer, under negative ionization mode.
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Abstract: Lespedeza bicolor (LB) is one of the ornamental plants used for the treatment of inflammation
caused by oxidative damage. However, its beneficial effects on hyperglycemia-induced hepatic
damage and the related molecular mechanisms remain unclear. We hypothesized that Lespedeza
bicolor extract (LBE) would attenuate hyperglycemia-induced liver injury in type 2 diabetes mellitus
(T2DM). Diabetes was induced by a low dosage of streptozotocin (STZ) injection (30 mg/kg) with
a high fat diet in male C57BL/6] mice. LBE was administered orally at 100 mg/kg or 250 mg/kg for
12 weeks. LBE supplementation regardless of dosage ameliorated plasma levels of hemoglobin Alc
(HbA1lc) in diabetic mice. Moreover, both LBE supplementations upregulated AMP-activation kinase
(AMPK), which may activate sirtuinl (SIRT) associated pathway accompanied by decreased lipid
synthesis at low dose of LBE supplementation. These changes were in part explained by reduced
protein levels of oxidative stress (nuclear factor erythroid 2-related factor 2 (Nrf2) and catalase),
inflammation (nuclear factor kappa B (NF-«B), interleukin-1 (IL-1B), interleukin-6 (IL-6), and nitric
oxide synthases (iNOS)), and fibrosis (x-smooth muscle actin («-SMA) and protein kinase C (PKC))
in diabetic liver. Taken together, LBE might be a potential nutraceutical to ameliorate hepatic damage
by regulation of AMPK associated pathway via oxidative stress, inflammation, and fibrosis in T2DM.

Keywords: Lespedeza bicolor; type 2 diabetes; AMPK; lipid metabolism; inflammation; oxidative
stress; fibrosis

1. Introduction

With around more than 500 million prevalent cases in 2018, type 2 diabetes mellitus (T2DM) is
one of the most frequent metabolic syndromes in the world. In T2DM, insulin resistance (IR) caused by
hyperglycemia leads to various diabetic complications [1-3]. As an insulin-sensitive tissue, the liver is
susceptible to hyperglycemia-induced oxidative stress, which can cause hepatic damage [4,5].

Oxidative stress causes an imbalance between free radicals and antioxidants and reduces proliferation
of mature hepatocytes [6-9]. As a result, chronic oxidative stress proliferates hepatic stellate cells (HSCs),
which play a key role in the progression of hepatic fibrosis [10]. Nuclear factor erythroid 2-related factor 2
(Nrf2), a major transcription factor, regulates cellular resistance to oxidant exposure [11]. It modulates its
downstream antioxidant defense mediators such as catalase, glutathione peroxidase (GPx), NAD(P)H
dehydrogenase quinone 1 (NQO1), and superoxide dismutase (SOD) which eliminate excessive reactive
oxygen species (ROS) [11]. Furthermore, oxidative stress triggers nuclear factor kappa B (NF-«B),
which modulates various inflammatory mediators including interleukin-13 (IL-1p), interleukin-6 (IL-6),
and tumor necrosis factor « (TNF«), causing chronic inflammation [9,11].
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On the other hand, there is substantial evidence suggesting that adenosine monophosphate
-activation kinase (AMPK) is dysregulated in metabolic syndrome such as obesity and T2DM [12].
More specifically, sirtuinl (SIRT1) and AMPK have clinical relevance with regard to type 2 diabetes
because of their effects on various cellular metabolism such as energy turnover, glucose metabolism,
and lipotoxicity [12]. When the level of AMP is increased, AMPK is activated to maintain energy
homeostasis. SIRT1 is an NAD+-dependent protein deacetylase which acts as a major regulator of
energy homeostasis in response to nutrient availability. AMPK relies on SIRT1 activity to regulate
lipid metabolism related pathway [12,13]. Moreover, AMPK downregulates lipogenesis related
factors such as sterol regulatory element-binding proteinl (SREBP1), SREBP2, and fatty acid synthase
(FAS) [12]. AMPK activation also decreases CAAT box/enhancer binding protein alpha (C/EBP«),
which upregulates adipocyte differentiation [12-14]. Therefore, activation of AMPK associated pathway
would be a therapeutic mechanism to reduce hepatic lipid accumulation in diabetes.

Lespedeza bicolor (LB) is a perennial deciduous shrub belonging to the leguminosae and is cultivated
for ornamental purposes throughout Asia [15]. LB has been used traditionally for the treatment of
inflammation. LB contains various compounds such as genistein, quercetin, daidzein, catechin, rutin,
luteolin, and naringin [16]. These natural phytoconstituents affluent in Lespedeza bicolor extract (LBE)
have been confirmed to exert antioxidants, decreasing the blood glucose level and anti-inflammatory
activity. Especially, genistein, quercetin, and naringin have antioxidant activities such as electron
donating and ROS scavenging activity [17]. Importantly, the previous study has shown that LBE
ameliorated endothelial dysfunction induced methylglyoxal glucotoxicity in vitro [18]. Furthermore, LB
attenuated methylglyoxal (MGO)-induced diabetic renal damage in vitro and in vivo [19]. These results
suggest that LB had a potential for preventing or curing diabetic complications related to hyperglycemia.

However, no research has focused on the effect of LB on hyperglycemia-induced hepatic damage
and its molecular mechanism. In this study, we hypothesized isoflavones and quercetin enriched LBE
would ameliorative the effect on hyperglycemia-induced hepatic lipid metabolism by regulation of
lipid metabolism in T2DM.

2. Materials and Methods

2.1. Preparation of Lespedeza Bicolor Extracts (LBE)

The aerial parts of LB were purchased from Jayeonchunsa Co. (Damyang, Korea). The preprocessing
of LB was described in our previous research [18]. Briefly, LB was extracted with 70% ethanol at room
temperature overnight. Afterwards, the extract was filtered, evaporated, and freeze-dried. The extract
was dissolved in distilled water at a concentration of 100 and 250 mg/kg body weight (BW), respectively.
The concentration of each stock solution was 25 mg/ml (low dosage of LBE, LL) and 62.5 mg/ml (high dosage
of LBE, HL), respectively.

2.2. Animals and Experimental Design

C57BL/6] male (n = 40; 5-weeks-old) mice were provided (Raon Bio, Gyeonggi-do, Korea) and
lodged in a room at 22 + 1 °C, 50 + 5% suitable humidity, and 12 h dark/light cycle. In a constant
environment (12 h light/dark cycle, 21 + 1 °C, and 50 + 3% humidity), food and distilled water were
supplied ad libitum. A randomly allocated diabetic group were fed with 40% kcal high-fat diet,
while a non-diabetic control group (NC) was fed with 10% kcal control diet (AIN-93G). After 4 weeks,
the diabetic group was intraperitoneally injected with 30 mg/kg body weight (BW) of streptozotocin
(STZ) twice to induce diabetes [20]. The normal control mice were injected with only a citric acid
buffer. One week after the second injection, mice with fasting blood glucose (FBG) levels higher than
140.4 mg/dl were included in the diabetic group. After induction of diabetes for 9 weeks, all mice
were divided into 4 experimental groups (1 = 10 per group) as follows: normal control, NC; diabetes
mellitus control, DMC; low dosage of LBE, LL; high dosage of LBE, HL. The treatment groups were
administrated with 100 mg/kg BW (LL) and 250 mg/kg BW (HL) by oral gavage every day for 12 weeks.
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LBE was freshly suspended in distilled water. At the same time, LBE untreated groups, the NC and
DMC groups were treated with identical volumes of distilled water. During the treatment period, body
weight, food intake, and fasting blood glucose (FBG) levels from the tail vein were measured once a
week. At the end of treatment for 12 weeks, the animals were anesthetized by inhalation with diethyl
ether (Duksan, Seoul, Korea). Blood sample was collected by heparin-coated (Sigma Aldrich, St. Louis,
MO, USA) syringe from cardiac puncture and centrifuged at 845 g at 4 °C for 10 min to obtain plasma.
The hepatic tissue was weighed and washed by saline. For protein extraction, part of the hepatic tissue
was frozen in liquid nitrogen, and stored at —80 °C before experiments. Other parts of the hepatic
tissue were fixed in 10% formaldehyde for paraffin embedding. All experiments were approved by
Kyung Hee University for animal welfare (KHUASP(SE)-16-001) and were performed in accordance
with the guidelines.

2.3. Hemoglobin Alc (HbAlc)

HbA1lc levels were measured according to commercial reagent methods (Crystal Chem., Downers
Grove, Elk Grove Village, IL, USA).

2.4. Plasma Glutamate Oxaloacetate Transaminase (GOT) and Glutamate Pyruvate Transaminase (GPT)

Plasma GOT and GPT were measured using commercial detection kits (Bio Clinical System,
Gyeonggi-do, Korea).

2.5. Lipid Profile Analysis

Hepatic triglyceride (TG) and total cholesterol (TC) concentrations were measured using commercial
kits (Bio-Clinical System, Gyeonggi-do, Korea) according to the manufacturer’s recommendation.

2.6. Histological Analysis

Hepatic tissue was fixed in 10% buffered formalin and embedded in paraffin wax. Histological
sections (4 pm) of hepatic tissue were stained with hematoxylin and eosin (H&E) for conventional
morphological evaluation using an optical microscope (Olympus BX51; Olympus Optical, Tokyo, Japan).

2.7. Western Blot Analysis

Hepatic tissue was homogenized in lysis buffer (20 mM Tris-Hcl, 150 mM NaCl, pH 7.5, 1% NP40,
0.5% Na-deoxycholate stock, ImM ethylene diamineteraacetic acid (EDTA) and 0.1% sodium dodecyl
sulfate (SDS)) and then centrifuged at 9000 g at 4 °C for 30 min. The supernatants were used for
hepatic cytosol protein extract, the pelleted nuclei remnants were resuspended in a hypertonic buffer
containing glycerol, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 4 mM NaCl,
1 mM MgCl,, 500 mM EDTA, 1 mM dithiothreitol (DTT), phenylmethylsulfonyl fluoride (PMSF), 1
mM benzamidine, pepstatin, leupeptin, aprotinin, and distilled water. The lysed nuclei were stored at
—80 °C until used for nuclear analysis. The hepatic extract was separated by 10% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore, Billerica, MA, USA). The membranes were blocked with 3% bovine
serum albumin (BSA) and incubated overnight at 4 °C with the primary antibodies: NF-kB, monocyte
chemoattractant protein-1 (MCP-1), a-smooth muscle actin (x.-SMA), catalase, C/EBP«, p-AMPK,
AMPK, peroxisome proliferator-activated receptor-y (PPARY) (Cell Signaling Technology, Inc., Danvers,
MA, USA, 1:500); Nrf2, SIRT1, nSREBP1, peroxisome proliferator-activated receptor-o (PPAR«), FAS,
GPx, NQOYV, c-reactive protein (CRP), receptor AGE (RAGE) (Abcam, Cambridge, MA, USA, 1:1000);
TNF-«, IL-1p3, IL-6, MnSOD, transforming growth factor  (TGF-f), protein kinase C (PKC), CuZnSOD,
peroxisome proliferator-activated receptor gamma coactivator 1-« (PGClw), protein kinase C-pII
(PKCBII), B-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:200); nitric oxide synthases
(iNOS), cyclooxygenase-2 (COX2) (Stressgen, 1:1000); heme oxygenase-1 (HO-1), proliferating cell
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nuclear antigen (PCNA) (Enzolife science, 1:1000), 4-hydroxynonenal (4-HNE) (R&D system, Inc.).
After washing by phosphate-buffered saline supplemented with Tween (PBS-T) three times, the
membrane was then incubated with the relative secondary antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). After being washed an additional three times by PBS-T, the membranes were
developed using the enhanced chemiluminescence (ECL) luminol reagent (Biorad, Hercules, CA, USA).
The luminescent signal was recorded and quantified with the Syngene G box (Syngene, Cambridge,
MA, USA).

2.8. Statistical Analysis

Results were presented as means + SEM. The significance of difference was analyzed by one-way
ANOVA followed by Tukey’s test. A probability level of p < 0.05 was considered statically significant.
All statistical analysis used SPSS software (version 20.0 K for windows, Armonk, NY, USA) and
Graphpad Prism (Version 5.0, San Diego, CA, USA).

3. Results

3.1. Effects of LBE Supplementation on Body Weight, Food Intake, and FBG Level in T2DM

After diabetes was induced, the body weight and FBG level of the DMC group was significantly
higher compared to that in the NC group. However, LBE supplementation did not change body weight,
food intake, and FBG levels in the diabetic mice (Table 1).

Table 1. Effects of Lespedeza bicolor extract (LBE) supplementation on body weight and food intake in
type 2 diabetes (T2DM) mice.

Group NC DMC LL HL
Body weight (g)
Before treatment 2658 +1.35%  32.04+329P 30.94 +240° 3251 +4.13P
After treatment 3042 +1.83% 4393 +4.97b 39.02 £5.15b 40.34 +6.35"
Gain 3.85+0.332 8.89+0.70 P 8.09 +1.34P 7.82+1.72P
Food intake (g/day) 240+0.7312  3.36 +0.89 &P 356 +1.70° 416+ 1.27°

Fasting blood glucose (FBG) (mg/dL) 1222 +16.78% 173.8 +31.97 b 1356+1328%P 1708 +2831P

Values are means + SEM (1 = 10). Mean values with different letters (* and ®) were significantly different. (p < 0.05).

3.2. Effects of LBE Supplementation on Glycation Products in T2DM Mice

HbA1lc and advanced glycation end products receptor (RAGE) expression in plasma were used
to estimate advanced glycation end products (AGE) formation. As shown in Figure 1A, HbAlc was
significantly higher in the DMC group than that in the NC group. However, LBE supplementation
lowered the HbAlc level in the diabetic mice regardless of dose.

The protein levels of plasma RAGE in the DMC group were significantly higher compared to that
in the NC group. The HL group showed significantly lower levels of RAGE than that in the DMC
group. However, the protein level of RAGE in the LL group was not significantly different from that in
the DMC group (Figure 1B).
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Figure 1. Effects of LBE supplementation on glycation products in T2DM mice. (A) %HbAlc and
(B) plasma advanced glycation end products receptor (RAGE). Values are means + SEM (n = 6).
Mean values with different letters (2 and ) were significantly different. (p < 0.05). NC: non-diabetic
control group; DMC: diabetes mellitus control; LL: low dosage of LBE; HL: high dosage of LBE.

3.3. Effects of LBE Supplementation on Plasma GOT and GPT in T2DM Mice

Plasma GOT and GPT levels were measured as biomarkers of liver injury. GOT and GPT
levels were significantly higher in the DMC group than those in the NC group. Low dosage of LBE
supplementation significantly lowered GOT and GPT levels compared to the DMC group whereas a
high dosage of LBE supplementation did not (Figure 2).
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Figure 2. Effects of LBE supplementation on glutamate oxaloacetate transaminase (GOT) and glutamate
pyruvate transaminase (GPT) in T2DM mice. Values are means + SEM (1 = 10). Mean values with
different letters (* and P) were significantly different. (p < 0.05).

3.4. Effects of LBE on Hepatic Morphology and Lipid Profiles in T2DM Mice

Figure 3A shows the hepatic histology in each group. The white area estimated by fat deposition
in the liver was increased in the DMC group compared to that in the NC group. However, in particular,
the LL group showed a decrease in white areas compared to the DMC group. These findings could
represent less fat deposition after the LBE treatment.

Moreover, TG and TC levels were significantly higher in the DMC group compared to those in the

NC group. However, TG and TC levels in the LBE treatment groups were significantly lower than
those in the DMC group (Figure 3B).
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Triglyceride Total cholesterol

Figure 3. Effects of LBE supplementation on (A) hepatic morphology and (B) lipid profiles in T2DM
mice. Levels of triglyceride (TG) and total cholesterol (TC) were measured in hepatic tissues. Values are
means + SEM (11 = 6). Mean values with different letters (* and ) were significantly different. (p < 0.05).

3.5. Effects of LBE Supplementation on Hepatic Protein Levels of Lipid Metabolism Related Markers in
T2DM Mice

The protein levels of nNSREBP1, C/EBP«, PPARY, and FAS in the DMC group were significantly
higher than those in the NC group. Only the LL group showed normalized lipid metabolism related
markers compared to the DMC group. The protein level of PPAR« in the DMC group was significantly
lower than those in the NC group. The LL group showed a significantly higher level of PPARx than
that in the DMC group (Figure 4). The protein level of FAS was increased in the DMC group compared
to that of the NC group, but it was lowered by a low dose of LBE supplementation.
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Figure 4. Effects of LBE supplementation on hepatic protein levels of lipid metabolism related
markers: nuclear sterol regulatory element-binding proteinl (nSREBP1), CAAT box/enhancer
binding protein alpha (C/EBP«), peroxisome proliferator-activated receptor-y (PPARYy), peroxisome
proliferator-activated receptor-a (PPARw), and fatty acid synthase (FAS) in T2DM mice. The hepatic
protein was measured by Western blot. The bands show the intensity of the bands that were
densitometrically measured and normalized to the band levels of proliferating cell nuclear antigen
(PCNA) (nucleus) or -actin (cytosol). Data are presented as means + SEM (1 = 6). Values with the
same superscript letter (2 and ) are not significantly different. (p < 0.05).

3.6. Effects of LBE Supplementation on Hepatic Protein Levels of Energy Metabolism Related Markers in
T2DM Mice

The protein levels of energy metabolism related markers including AMPK, p-AMPK, nuclear
PGCl«, and SIRT1 were measured. The protein levels of AMPK, P-AMPK, nuclear PGClx, and SIRT1
were decreased in the DMC group compared to those in the NC group. However, the protein levels of
AMPK and p-AMPK in the LB treatment groups were significantly higher compared to those in the
DMC group. The LL group showed a significantly higher level of SIRT1 than that in the DMC group.
However, the protein level of PGC1x was not normalized by LBE supplementation (Figure 5).
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Figure 5. Effects of LBE supplementation on hepatic protein levels of energy metabolism related
markers in T2DM mice. The hepatic protein was measured by Western blot. Representative band
images of (A) adenosine monophosphate activation kinase (AMPK) phosphorylation and (B) nuclear
peroxisome proliferator-activated receptor gamma coactivator 1-« (PGCle) and Sirtuinl (SIRT1)
activation. The bands show the intensity of the bands that were densitometrically measured
and normalized to the band levels of PCNA (nucleus) or 3-actin (cytosol). Data are presented
as means + SEM (1 = 6). Values with the same superscript letter (* and ?) are not significantly
different. (p < 0.05).

3.7. Effects of LBE Supplementation on Plasma and Hepatic Protein Levels of Oxidative Stress Markers
T2DM Mice

4-HNE and protein carbonyls were used as markers for oxidative stress in plasma (Figure 6A).
The protein levels of plasma 4-HNE and protein carbonyls in the DMC group were significantly higher
than those in the NC group. Both LL and HL groups showed significantly lower levels of 4-HNE than
the DMC group. The level of protein carbonyls in the HL group was significantly lowered compared
to that in the DMC group. The protein levels of nuclear Nrf2 and cytosolic CuZnSOD, MnSOD, HO-1,
catalase, and NQO1 were significantly higher in the DMC group compared to those in the NC group.
The protein levels of Nrf2 and catalase in the LBE supplementation groups were significantly lowered

compared to those in the DMC group (Figure 6B). The protein levels of GPx were not different among
the groups.

(A) Plasma Liver
4-Hydroxynonenal protein carbonyls

NC DMC LL HL NC DMC LL HL

Plasma 4-HNE Liver protein carbonyls

Figure 6. Cont.
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Figure 6. Effects of LBE supplementation on plasma and hepatic protein levels of oxidative stress markers

Arbitrary Unit

in T2DM mice. (A) Plasma 4-hydroxynonenal (4-HNE) and liver protein carbonyls and (B) nuclear factor
erythroid 2-related factor 2 (Nrf2) associated antioxidant defense markers: nuclear factor erythroid
2-related factor 2 (N1f2), copper-zinc-superoxide dismutase (SOD), manganese superoxide dismutase
(SOD), glutathione peroxidase (GPx), heme oxygenase-1 (HO-1), catalase, and NAD(P)H dehydrogenase
quinone 1 (NQO1). The bands show the intensity of the bands that were densitometrically measured
and normalized to the band levels of PCNA (nucleus) or -actin (cytosol). Data are presented as means
+ SEM (1 = 6). Values with the same superscript letter (* and P) are not significantly different. (p < 0.05).

3.8. Effects of LBE Supplementation on Hepatic Protein Levels of Inflammatory Response Related Markers in
T2DM Mice

The protein levels of inflammatory response related markers were measured by Western blot
in hepatic tissue (Figure 7). The protein levels of nuclear factor kappa B (NF-«kB) and its related
inflammatory genes including TNF-«, IL-1$3, IL-6, iNOS, MCP-1, and CRP were significantly higher in
the DMC group than those in the NC group. However, the levels of NF-«B, IL-1, IL-6, and iNOS in
both LBE treated groups were significantly lowered compared to those in the DMC group. Furthermore,
the protein levels of COX2 and MCP-1 were lowered in the HL group compared to the DMC group.
The protein levels of TNF-a and CRP were not reduced in both LBE supplementation groups.
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Figure 7. Effects of LBE supplementation on hepatic protein levels of inflammatory response related
markers in T2DM mice. (A) Nuclear factor kappa B (NF-«B)-related markers: monocyte chemoattractant
protein-1 (MCP-1), tumor necrosis factor « (TNFw), interleukin-1p (IL-1p), interleukin-6 (IL-6),
cyclooxygenase-2 (COX2), and nitric oxide synthases (iNOS) and (B) inflammatory proteins: c-reactive
protein (CRP). The hepatic protein was measured by Western blot. The bands show the intensity of the
bands that were densitometrically measured and normalized to the band levels of PCNA (nucleus) or
B-actin (cytosol). Data are presented as means + SEM (1 = 6). Values with the same superscript letter
(® and P) are not significantly different. (p < 0.05).
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3.9. Effects of LBE Supplementation on Hepatic Fibrosis in T2DM Mice

The protein levels of fibrosis-related markers including x-SMA, TGF-f3, PKC, and PKCII were
significantly higher in the DMC group compared to those in the NC group. The protein levels of
«-SMA and PKC in both LBE treatment groups regardless of dose were significantly lower than those
in the DMC group. Furthermore, the protein level of PKCRII only in the HL group was significantly
lower than that in the DMC group (Figure 8). The protein level of TGF- was not significantly reduced
in both LB supplementation groups.

NC DMC LL HL

o-SMA | e Q E - 3 b I NC
Il DMC

TGF-[ | S S—— L
B H

PKC | o S s a—
PKCR2 | " GNP Wmp ===

B-actin [—

Arbitrary Unit
N

-

a-SMA TGF-p PKC PKCgll

Figure 8. Effects of LBE supplementation on hepatic fibrosis markers: x-smooth muscle actin (x-SMA),
transforming growth factor  (TGF-f), protein kinase C (PKC), and protein kinase C-BII (PKCRII) in
T2DM mice. The hepatic protein was measured by Western blot. The bands show the intensity of the
bands that were densitometrically measured and normalized to the band levels of (3-actin (cytosol).
Data are presented as means + SEM (1 = 6). Values with the same superscript letter (%, b and ©) are not
significantly different. (p < 0.05).

4. Discussion

In the present study, we investigated the effect of LBE on hyperglycemia-induced hepatic damage
in diabetes. Consequently, the results demonstrated that LBE effectively attenuated hepatic damage by
regulation of lipogenesis associated with oxidative stress, inflammation, and fibrosis in T2DM.

According to the HPLC analysis previously reported by our group, the concentration of genistein,
daidzein, quercetin, and naringenin in LBE were determined as about 0.053 mg/g, 0.165 mg/g, 0.853 mg/g,
and 0.08 mg/g, respectively [18]. These natural compounds showed antioxidant effects and exerted
anti-diabetic and anti-lipogenic potentials in in vitro studies [21-25]. In the current study, a high dose
of LBE supplementation reduced the levels of HbAlc along with RAGE, which was considered as
an index of chronic hyperglycemic states [26], although a low dose of LBE treatment decreased only
HbA1c, which is a more useful clinical biomarker of diabetes. Therefore, one can conclude that LBE is
beneficial for attenuating the hyperglycemic condition in T2DM.

Hyperglycemia is a key contributor of hepatic damage in T2DM. We measured plasma levels of
GOT and GPT which are sensitive clinical markers of hepatic damage [27]. Our data showed that a
low dosage of LBE ameliorated hepatic damage by reducing GOT and GPT levels. Furthermore, LBE
decreased hepatic fat droplets by reducing hepatic TG and TC levels in diabetes. These results are well
in accordance with our histological observation of hepatic tissue. Therefore, LBE can be a potential
nutrient attenuating hepatic lipid accumulation without extra hepatic burden.

We examined how LBE influences hyperglycemia-induced abnormal hepatic lipid metabolism.
AMPK, which has a major role in lipid metabolism is known to decrease in diabetes [28].
Especially, AMPK downregulates the expression of SREBP1, which is a major transcription factor
of fatty acid synthesis [29]. SREBP1 leads to an increase in the expression of lipogenic enzymes
such as ACC and FAS [29]. Moreover, AMPK can change the NAD+/NADH ratio and accordingly
stimulate SIRT1 expression in the hepatocyte [28,30]. SIRT1 activation also leads to an increase
fatty acid oxidation via PPARx and PGClwx as well as a decrease in inflammatory response via
NF-«B regulation [31]. Previous studies have shown that polyphenols in natural products activated
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AMPK-SIRTT1 signaling pathway, which triggers lipogenesis and B-oxidation [31-34]. For the first
time, the present study revealed that LBE treatment regardless of dosage increased the protein level of
hepatic AMPK, which may increase NAD+ production by 3-oxidation and lead to SIRT1 activation in
T2DM mice.

In addition, LBE supplementation ameliorated hyperglycemia-induced oxidative stress in our
study. Hyperglycemia-induced AGEs formation leads to RAGE production in the cell membrane [35].
Activated RAGE increases ROS, subsequently, leading to chronic oxidative stress [36]. As mentioned
before, LBE supplementation at a high dose reduced the levels of RAGE expression in diabetic mice.
A previous study also showed the ameliorative effects of LBE on MGO-induced RAGE expression
in kidney tissue, which subsequently reduced AGE-RAGE interactions [37]. These results suggested
that LBE reduced glycation products which can cause hepatic complications in diabetes. Furthermore,
LBE has been known to have an antioxidant effect by scavenging nitrite in normal mice [38]. Our data
demonstrated that the 4-HNE and protein carbonyls, representative biomarker of oxidative stress [39],
were significantly increased in the DMC group compared to those in the NC. LBE supplementation
regardless of dosage decreased the levels of 4-HNE but only a high dose of LBE treatment reduced
protein carbonyl level in the diabetic mice. In addition, both LBE treatment reduced oxidative stress by
regulation of Nrf2 and its downstream enzymes including catalase in diabetic liver.

Increased oxidative stress directly contributes to inflammation via activation of NF-«kB,
which regulates expression of inflammatory mediators [40]. In the current study, both LBE treatments
significantly ameliorated NF-«kB activation and its related inflammatory proteins including IL-13, IL-6,
and iNOS in diabetic mice and only a high dose of LBE treatment reduced levels of COX-2 and MCP-1,
suggesting that LBE ameliorated hepatic hyper-inflammation related to NF-«B activation under diabetic
condition. On the contrary, LBE treatment did not attenuate hepatic protein levels of CRP, which is
not directly/indirectly regulated by NF-«B activation, in T2DM mice. A previous study also reported
that LBE is capable of inhibiting NO production by inhibiting NF-«B in vitro [15]. As mentioned
previously, genistein, quercetin, daidzein, and naringenin are affluent in LBE, and previous research
showed that these compounds inhibited NF-kB activation along with decreased iNOS expression
and NO production in vitro [41-43] and in vivo [44-46]. Therefore, it might be inferred that LBE
supplementation might reduce hepatic oxidative stress along with NFkB associated inflammatory
responses in T2DM.

Oxidative stress and inflammation resulting from chronic hyperglycemia also promote hepatic
fibrosis in diabetes [46]. HSCs transform into proliferative and fibrogenic myofibroblasts, which express
«-SMA in response to ROS [47]. Oxidative stress also induces the production of TGF- and PKC which
can cause cell death and activate collagen synthesis resulting in hepatic fibrosis [19,48]. The current
study showed that LBE treatment regardless of dose attenuated hepatic protein levels of x-SMA and
PKC II and only a high dose of LBE treatment reduced PKCf level in T2DM mice. In the previous
study, the level of increased fibrotic collagen in MGO-induced renal damage was attenuated by LBE in
diabetic nephropathy [19]. Therefore, it can be concluded that LBE has an ameliorative effect on fibrosis
related mediators along with reduced oxidative stress and inflammation in hyperglycemia-induced
damaged tissue.

5. Conclusions

The present study demonstrated that LBE supplementation attenuated hyperglycemia-induced
hepatic damage by regulation of AMPK associated lipogenesis in T2DM. Furthermore, LBE ameliorated
hepatic oxidative stress, inflammation, and fibrosis although some molecular markers were selectively
ameliorated at different treatment dosage of LBE in T2DM mice. Conclusively, LBE could be considered
as a potential nutraceutical to ameliorate hyperglycemia-induced diabetic damage in T2DM.
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Abbreviations

The following abbreviations are used in this manuscript:

AGE Advanced glycation end products

AMPK adenosine monophosphate activation kinase
AUC Area under the curve

BSA Bovine serum albumin

BW Body weight

C/EBPx CAAT box/enhancer binding protein alpha
DM Diabetes mellitus

FAS Fatty acid synthase

FBG Fasting blood glucose

4-HNE Four-hydroxynonenal

GOT Glutamate oxaloacetate transaminase

GPT Glutamate pyruvate transaminase

GPx Glutathione peroxidase

H&E Hematoxylin and eosin

HSCs Hepatic stellate cells

IL-1B Interleukin-1f

1L-6 Interleukin-6

LB Lespedeza Bicolor

MGO Methylglyoxal

NC Normal control

NF-«B nuclear factor kappa B
NQO1 NAD(P)H degydrogenase quinine 1

Nrf2 Nuclear factor erythroid2-related factor 2
OGTT Oral glucose tolerance test

PVDF Polyvinylidene fluoride

SIRT1 Sirtuinl

SOD Superoxide dismutase

STZ Streptozotocin

RAGE Advanced glycation end products receptor
ROS Reactive oxygen species

RNS Reactive nitrogen species

SREBP1 Sterol regulatory element-binding protein 1
T2DM Type 2 diabetes mellitus

TC Total cholesterol

TG Triglyceride

TNFo Tumor necrosis factor o
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Abstract: In this research we utilized extracts from two different nature products, Achatina fulica
and Heimiella retispora, to enhance skin moisturizing abilities, anti-oxidative properties, and cell
proliferations. It was observed that two polysaccharides with anti-oxidative effects by chelating metal
ions reduced oxidative stress and further blocked the formation of reactive oxygen species syntheses.
To detect whether there was a similar effect within the cellular mechanism, a flow cytometry was
applied for sensing the oxidative level and it was found that both materials inhibited the endogenous
oxidative stress, which was induced by phorbol-12-myristate-13-acetate (PMA). Both polysaccharides
also stimulated the production of collagen to maintain skin tightness and a moisturizing effect.
In summary, we developed two macromolecular polysaccharides with potential applications in
dermal care.

Keywords: Achatina fulica; Heimiella retispora; reactive oxygen species (ROS), collagen; moisturizing

1. Introduction

The skin is the body’s largest organ. It consists of three layers: The epidermis, dermis, and the
subcutaneous tissue. The outer layer of the epidermis consists of dead skin cells, natural oils,
and lipids to protect the skin from irritants and toxins and to prevent the loss of water, biomolecules,
and electrolytes [1]. When the outer layer of the epidermis is exposed to some detergent and detergent
ingredients, these protective elements on the surface of the skin are peeled off. Once these irritants
penetrate the outer layers of the skin, they can cause dry skin and skin health problems. One of the
most important functions of the skin is to provide a barrier to prevent excessive transepidermal water
loss [2,3]. Constant water movement on the skin plays an important role in the epidermal repair process.
Thus, skin moisturization is very important [4]. The base layer of the epidermis is attached to the
dermis, wherein the basal layer contains melanocytes. The synthesis of melanin causes the skin, eyes,
and hair to darken, which is composed of colored biopolymers in the melanosomes of melanocytes.
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Melanin is a protective mechanism against UV damage [5,6]. A copper-containing enzyme plays
a key role in melanin production. Known as tyrosinase, tyrosinase catalyzes the hydroxylation of
L-tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA) and then oxidizes L-DOPA to dopaquinone [7].
Several tyrosinase inhibitors are currently used as agents for epidermal hyperpigmentation. Many
skin lightening agents have been developed, such as hydroquinone, kjoic acid, and amla fruit extract
powder. Ultraviolet radiation (UVR) can cause light irritation, photoaging, and carcinogenesis to
induce skin inflammation. Enhanced endogenous protective mechanisms of oxidative damage are
promising strategies for reducing skin damage [5,7-11]. Skin cells are formulated with antioxidants
to eliminate ROS to maintain a balance of pro-oxidant/antioxidants. However, the proliferation of
reactive oxygen species (ROS) leads to the consumption of antioxidants and the further formation of
reaction products, leading to oxidative stresses [12,13]. When the skin is physically damaged, a wound
is created, and the wound is repaired by inflammation, cell proliferation, and tissue remodeling.
This study focuses on cell proliferation because cell proliferation is very important in the speed of
wound repair.

The study of polysaccharides has been very popular in recent years. Depending on the corresponding
chemical structure, polysaccharides and their derivatives have some special biological characteristics,
such as biological response modifiers, anti-inflammatory, hypolipidemic, and anticoagulant. However,
no one has specifically applied it to skin maintenance. In this century, snails have become available
through aquaculture. Due to its traditional sensory qualities and particularly high nutritional value in
Europe, especially in France, Spain, the Netherlands, Belgium, and Portugal, the use of snail-related
products and the snails themselves are still considered to be extravagant [14]. The main species of edible
snails belong to two families: Helicidae and Achantinide. The Helicidae is mainly found in Europaen
countries, and Achantinide is usually found in African and Asian countries [15-17]. In the Taiwan
market Achatina fulica exists in a traditional dish that is delicious and nutritious, called hot-fried snails.
The research on A. fulica in the scientific field is limited, and the main research is biology [14]. Snails
are rich in beneficial ingredients, the polysaccharide derivative isolated from A. fulica can selectively
block angiogenesis in an inflammatory model induced by VEGF (vascular endothelial growth factor),
and it is speculated the bioactive polysaccharide may have some health promoting activity [14]. A rot
fungus is called “Heimiella retispora” by the Chinese, and it has been used to improve human health
and longevity in the past millennium [18]. Many studies have confirmed polysaccharides isolated
from H. retispora possess many special characteristics, such as improving insulin sensitivity and
having anti-inflammatory, immunomodulatory anti-inflammatory, and anti-tumor properties [18-21].
H. retispora have flourished in the food and pharmaceutical industries in recent years. However, data
on skin maintenance and repair of H. retispora is limited.

Polysaccharides have been researched and found to have many beneficial activities, but research
on polysaccharides in skin care is limited. This research performed a series of biofunctional tests for two
polysaccharides enriched extracts—A. fulica extracts and H. retispora extracts. Due to its moisturizing
and skin-repairing properties, we discovered these two extracts have potential for the application in
skin care products.

2. Materials and Methods

2.1. Chemicals and Reagents

Ascorbic acid (vitamin C), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
L-3,4-dihydroxyphenylalanine (L-DOPA), dimethyl sulfoxide (DMSO), 1,1-diphenyl-2-picrylhydrazyl
(DPPH), ethanol, ethylenediaminetetraacetic acid (EDTA), ferrous chloride (FeCl,-4H,0), ferric chloride
(FeCly), kojic acid, methanol, potassium ferricyanide (K3Fe(CN)g), 3-tert-butyl-4-hydroxyanisole (BHA),
5-hydroxy-2-hydroxymethyl-4-pyrone (kojic acid), 12-O-Tetradecanoylphorbol-13-acetate (PMA),
and L-tyrosine were purchased from Sigma-Aldrich Company (St. Louis, MO, USA). Dulbecco’s
modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were obtained from Gibco BRL
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(Gaithersburg, MD, USA). Other chemical buffers and reagents were purchased at the highest available
purity and quality.

2.2. Extraction from Giant African Land Snail (Achatina Fulica) and Heimiella Retispora

Giant African land snails were purchased from a local snail farm, and the fruiting bodies of H.
retispora were from the mushroom market in Kunming, Yunnan Province in China. The snails were put
into a box with a sieve at the bottom, and the box was vibrated by an ultrasonic wave instrument to
stimulate the snails” secretions. The secretions were collected and diluted with reverse osmosis (RO)
water 1000 times. Ammonium sulfate was added into the snail secreted solution until 80% saturation
was reached. After standing at 4 °C for 12 h, the sediments were collected by centrifugation at 40 g
% 30 min, at 4 °C. The sediments were dialyzed with molecular weight cut-off (MWCO) of 10 kDa
against water. After dialyzing, the solution was centrifuged at 300 g X 30 min, at 4 °C to discharge the
sediments and collected the supernatant. After the supernatant was lyophilized, the snail secretion
powder was stored at =20 °C.

The fruiting bodies of H. retispora (500 g) were homogenized with a waring blender. The homogenized
sample was heated in a water boiler at 90 °C for 4 h. The supernatant were collected by a centrifugation
at 300 ¢ X 30 min, at 4 °C. Methanol was added to the supernatant until the concentration reached 70%
(v/v). After standing at room temperature for 10 h, the sediment was collected by a centrifugation at
500 g x 30 min, at4 °C. The sediments were dialyzed with MWCO 35 kDa against water. After dialyzing,
the solution was centrifuged at 300 g X 30 min, at 4 °C to discharge the sediments and to collect the
supernatant. After the supernatant were lyophilized, the snail secretion powder was stored at —20 °C.

2.3. Evaporation Rate of A. fulica Extracts and H. retispora Extracts

A simple method was used to estimate the evaporation rate of A. fulica extracts and H. retispora
extracts. Samples mixed with 1 mL water were applied to a 4-cm in diameter glass dish. This amount
was chosen so the sample fluid covered the entire filter glass at all times during the experiment.
The dish was placed on a scale in a draft-free environment at 32 °C for 2 h (the skin surface is typically
about 32 °C). The weight of the samples was recorded at time zero to determine the exact amount
applied and two hours later to determine the amount that had evaporated during that period, and the
evaporation rate was computed as:

AM‘ l
Evaporation rate (%) = % x 100% 1)
control

where AMgyp, means weight change of sample; AM o170 means weight change of control.

2.4. Determination of 1,1-Diphenyl-2-Picrylhydrazyl (DPPH) Radical Scavenging Capacity

DPPH has stable free radicals and it is an anti-oxidant assay to detect the ability of anti-oxidants to
scavenge free radicals [22]. It is a purple reagent, which transforms into yellow if the hydrogen of DPPH
transfers to anti-oxidants. Correction concentration samples were added to DPPH (60 uM), and the
DPPH became a bright color at 517 nm because the optical absorbance reduced. The percentages
of remaining DPPH and the sample were used to calculate the amount of anti-oxidant required.
Scavenging activity (%) was calculated according to:

(Asample - Ablunk)

Scavenging activity (%) = x 100% ()

Amntrol

where Ag;pe means absorption of samples at 595 nm wavelength; Ay, means absorption of blank at
595 nm wavelength; Aot means absorption of control at 595 nm wavelength.
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2.5. Metal Chelating Activity

Metal ion can cause lipid peroxidation, especially ferrous ion which is pro-oxidant. The samples
were filled into 10 puL FeCl,-4H,0 (2 mM) and then mixed in 20 pL ferrozine (5 mM). The admixture
was shaken and held at 25 °C for 10 min. The absorbance of the sample solution was observed at
562 nm. EDTA acted as a positive control, and the chelating power calculation formula was based on
Equation (2).

2.6. Reducing Power

The determination of the reduction force is based on the method of Oyaizu. Briefly, samples
were mixed with phosphate-buffered saline buffer (85 uL, 67 mM, pH6.8) and potassium ferricyanide
(K3Fe(CN)g) (2.5 uL, 20%). Then, the reaction was carried out at 50 °C for 20 min. Following this,
160 uL of trichloro acetic acid (10%) was mixed with the reaction and 20 min was spent to centrifuge
300x. The optical density was determined at 700 nm through a 96-well plate after the solution was
mixed with 2% FeCl3 (25 pL). Our positive control was based on butylated hydroxyanisole (BHA),
and a higher reducing performance had the property of higher light absorption.

2.7. Cytotoxicity Examinations

A total of 5% CO, at 37 °C was used to cultivate human dermal fibroblasts cell line HS68
(ATCC® CRL-1635™) (ATCC, Manassas, VA, USA) cell at a consistent monolayer culture of Dulbecco’s
modified Eagle medium (DMEM) for 24 h. Fetal bovine serum (FBS) (10%), penicillin (100 U/mL),
streptomycin (100 mg/mL), amphotericin B (0.25 ug/mL), and amphotericin B (0.25 ug/mL) were the
ingredients of DMEM. A. fulica mucus were dissolved in adding dimethyl sulfoxide (DMSO) at different
concentrations without any impurity, and the DMSO concentration was less than 1.0% compared to
the final working volume. The influences of testing samples on cell development were estimated
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were seeded at
1 x 10* cells/well in 96-well plates and allowed to hatch for 24 h before adding the extracts. After 24 h,
the MTT solution was dispensed into each well. After another two hours, the culture medium was
discarded, and DMSO was added to each well. The absorbance of the formazan salt was 595 nm,
and the cell viability was computed as Equation (3).

Asample = A
Cell viability (%) = (Asampte = Abtank) 1y 3)
(Acontml - Ahlank)

2.8. B16-F10 Cellular Tyrosinase Activity

According to the previous assay, the tyrosinase activity was turned on the dopachrome formation
rate [23]. Melanoma B16-F10 cells (10° cells/well) were added to 1000 puL of medium and seeded in a
12-well plate. During the next 24 h, they were treated by assigned concentrations of graphene oxide
nanoribbons. B16-F10 cells were lysed with 1% Triton X-100/ phosphate buffered saline (PBS) buffer
after PBS washing, and then, 50 pL of 2 mM L-tyrosine was added. The mixture was incubated in
darkness for 3 h at 37 °C. The optical absorbance was spectrophotometrically monitored at 490 nm.
The tyrosinase activity evaluation formula was similar to Equation (2).

2.9. Detection of ROS by 2’,7’-dichlorodihydrofluorescein Diacetate (DCFDA) Stain

HS68 cells were seeded in a 6-well micro-plate at a density of 1.2 x 10° cells/well as described [24].
After 24 h, the cells were treated with 10 and 25 mg/L of samples. Cells were then washed twice with
PBS bulffer, suspended with 1 mL trypsin, and loaded with DCFDA (5 pM) for 30 min at 37 °C in
DMEM without phenol red. Individual cells were suspended by gentle pipetting up and down three
times prior to flow cytometry analyses. DCFDA was illuminated with a 488 nm laser and detected at
535 nm.
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2.10. Statistical Analysis

Three of each concentration for the standard and the samples were used. Using Student’s f-test,
the results were statistically compared and were expressed using the average of the mean values +
standard deviation (SD).

3. Results and Discussion

3.1. Moisturizing Activities

The moisture of the skin is strongly correlated with skin maintenance. The moist environment
can decrease the rate of skin aging, promote wound repair, and reduce scar production. Therefore,
excellent moisturizing ability is very important for the application of the material in the skin. In the
article, we used A. fulica extracts and H. retispora extracts to measure the moisturizing activities of the
skin. We found A. fulica extracts decreased the evaporation rates by 12.8% and 14.3% at a concentration
of 10 mg/mL and 25mg/mL, and the H. retispora extracts had a better effect on moisturizing function;
it decreased 47.1% and 77.5% evaporation at a concentration of 10 mg/L and 25 mg/L. Moreover,
marketed essence has only 8% moisturizing power (Figure 1). Some previous reports explored the
use of natural products in moisturizing research, but most of them found indirect evidence, including
the production of hyaluronic acid and collagen in skin cells [25,26]. However, the outermost layer
of the skin is the stratum corneum rather than the cells, and the water does not directly evaporate
from the cells. Therefore, we made a measurement of moisture retention, making sure that it reduced
water evapotranspiration. From the results of Figure 1, both A. fulica extracts and H. retispora extracts
have the effects of inhibiting the evaporation of water directly, and the potential to be utilized in
skin moisturizing.
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Figure 1. Achatina fulica extracts and Heimiella retispora extracts showed potential moisturizing activities.
(Data represents mean + S.D of three independent experiments performed. * p < 0.01).

3.2. Anti-Oxidative Properties of the A. fulica Extracts and H. retispora Extracts

Antioxidant properties are much more abundant in the reporting of natural substances than
in moisturizing [22,27], and the use of antioxidant properties has a good effect in areas such as
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inflammation and whitening. In this research, we used multiple methods to determine these two
natural substances, including DPPH, chucking, reducing power tests intracellular oxidative stress
analysis. We found these extracts were particularly effective on the chelating test.

3.2.1. A. fulica Extracts and H. retispora Extracts Had No DPPH Free Radical Scavenging Activity

DPPH free radical scavenging activity is a common antioxidant activity method. However, the two
extracts had no significant effect in the DPPH test. We speculate A. fulica extracts and H. retispora
extracts do not work in DPPH. Since the material properties may vary, different antioxidant detection
methods will have different reactions (Table 1).

Table 1. Antioxidant activities of A. fulica extracts and H. retispora extracts, including reducing power,
1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging activity, and ferrous ion chelating power.
Data represents mean + S.D of three independent experiments performed.

Samples Concentration (mg/L)  DPPH (%) Chelating (%) Reducing Power (OD700)
Vitamin C 100 uM 874 +0.1 - -
EDTA 100 uM - 85.6 +0.1 -
BHA 100 uM - - 0.67 +0.02
. 10 21.83 + 0.06 N/A 0.25 +0.06
A. fulica extracts
25 40.15 £ 0.03 N/A 0.24 +0.02
. 10 14.48 + 0.05 N/A 0.17 £ 0.01
H. retispora extracts
25 28.03 + 0.04 N/A 0.18 £ 0.01

N/A: Unable to measure valid values.

3.2.2. Ferrous Ions Chelating Capacity Measurements

In the Ferrous ions chelating capacity measurements, ferrozine reacts with iron ions and turns into
a dark red color. Once the analyte can be chelated with iron ions, which causes a reduction reaction,
the Fe?* complex is destroyed and the color is lightened. EDTA was used as the positive control at a
concentration of 100 uM. In Table 1, A. fulica extracts and H. retispora extracts had chelating properties
at 25 mg/L (40.15 + 0.05%, 28.03 + 0.04%), while the EDTA reached the same condition at 100 uM
(87.38 + 0.08%). It can be observed from the experimental results that A. fulica extracts and H. retispora
extracts tend to achieve antioxidant effects by means of chelating iron ions.

3.2.3. Ferric Reducing Antioxidant Power (FRAP) Index Assessments

This study quantifies the Fe (III)-ferricyanide complex. The reduction reaction will change the
complex from yellow to blue. Table 1 shows the reducing powers of A. fulica extracts and H. retispora
extracts were OD 0.25 and 0.17 at 10 mg/L. From three different aspects of antioxidant response testing,
we can observe A. fulica and H. retispora extracts have antioxidant properties in vitro. We further test
the intracellular antioxidant assay to examine the antioxidant ability in the skin cells.

3.2.4. A. fulica Extracts and H. retispora Extracts Inhibit Intracellular ROS Accumulation

Previous reports revealed ROS caused damage on cellular biological morphological structures,
including cell membranes, organelles, DNA, and protein configurations [28-30]. Meanwhile, a high
level oxidative stress induced massive productions of melanin. Therefore, reducing oxidative stress
is one good guideline to decrease melanin production. We used a cell-permeant DCFDA stain assay
to test whether A. fulica extracts and H. retispora extracts treatments diminished intracellular ROS
levels. Chemical fluorescent DCFDA staining is often applied to measure oxidative stress, which can
be defined as the absence of oxidation. Typically, DCFDA is introduced into target cells via a small
amount of aqueous solution, and then rapidly diffuses through the cell membrane as a colorless
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probe. Once the two acetate groups are cleaved by esterases within the cell, DCFDA fluorescence is
detectable. A valuable property of DCFDA is that it cannot exit the cell while it has been cleaved within
the cell. This increasing period of time during DCFDA reactions can be determined as an oxidative
stress indicator. We used phorbol 12-myristate 13-acetate (PMA, 20 ng/mL), which is an inducer for
endogenous superoxide production, as a negative control to induce oxidative stress, and then treated
A. fulica extracts and H. retispora extracts for 24 h [31]. When the solution was comprised of 20 ng/mL
of PMA, it enhanced the relative expressions of ROS by 106%, and adding PMA enlarged the ROS
expression while AFMPS and GLNPS lessened the relative expression. There was a parallel trend
among A. fulica extracts and H. retispora extracts with PMA, with the latter of the two displaying
a larger difference compared to the solution containing only PMA. We observed both of these two
materials decreased ROS levels, and the anti-oxidative effect of H. retispora was better than A. fulica
(Figure 2). It showed similar results on in vitro antioxidant tests in Table 1.
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Figure 2. The 2,7’-dichlorodihydrofluorescein diacetate (DCFDA) assay results showing that A. fulica
extracts and H. retispora extracts treatment decreased ROS production in HS68 cells. The phorbol-12-
myristate-13-acetate (PMA) was used as negative control to increase the oxidative level. Data represents
mean + S.D of three independent experiments performed. (Data represents mean + S.D of three
independent experiments performed. * p < 0.01).
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3.3. Cell Growth of A. fulica Extracts and H. retispora Extracts Treated in Human Fibroblasts

Figure 3 shows the A. fulica extracts and H. retispora extracts increased the cell growth rate. The A. fulica
extracts increased the growth rate by 118% 24 h after the addition of the extract, while H. retispora
extracts increased by 146% at a concentration 25 mg/L. The chart shows as the length of concentration
after the addition of A. fulica extracts and H. retispora extracts into the medium increased, the cell
viability of fibroblasts was enhanced as well. In a previous study, both A. fulica extracts and H. retispora
extracts were found to contain polysaccharides [14], Polysaccharides have the effect of promoting
growth and can be applied to cell repair, skin care, and scar removal. This has also been verified in this
experiment, especially in GLNPS with better promotion of proliferation.

175

150
*
125 I
0 I I
10 25

Control 10 25

~
w

HS68 cell viability (%)
B 8

N
w

(mg/L) A. fulica extracts H. retispora extracts

Figure 3. A. fulica extracts and H. retispora extracts effects on human cell viability with various doses.
Fibroblasts were seeded in a 96-well micro titer plate which had a density of about 1 x 10* cells/well
and treated with 1, 5, and 10 mg/L of A. fulica extracts and H. retispora extracts for 24 h. The cell viability
of fibroblasts was measured by MTT assay 24 h after compound treatment. (Data represents mean +
S.D of three independent experiments performed. * p < 0.01).

3.4. Collagen Productions in Sirius Red Assays

The increased oxidative stress not only destroys the inside of the cell, but also affects the
extracellular matrix. The change in the extracellular matrix is also one of the reasons for inducing cell
carcinogenesis and tumor metastasis [32,33]. In previous experiments, we observed A. fulica extracts
and H. retispora extracts have antioxidant properties, so we did a test of collagen in the cell content.
PMA was used as a negative control, which induced oxidative stress and inhibited the production of
collagen in the cells. After adding A. fulica extracts and H. retispora extracts, we observed a significant
response of collagen, which was restored at a concentration of 25 mg/L. 44.9% and 55.4% (Figure 4),
meaning A. fulica extracts and H. retispora extracts contribute to the repair of extracellular matrices.
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Figure 4. (A) HS68 cells collagen production with A. fulica extracts and H. retispora extracts treatments
in Sirius red assay. PMA is used as negative control. (B) The quantitative data of collagen production;
Data represents mean + S.D of three independent experiments performed. (Data represents mean +
S.D of three independent experiments performed. * p < 0.01).

3.5. A. fulica Extracts and H. retispora Extracts on B16-F10 Cellular Tyrosinase Activity

Tyrosinase, a rate limiting enzyme, plays a critical role in pigment biosynthesis reactions.
Other downstream enzymes influence the differences in color types for the syntheses of eumelanin
and phenomelanin. To observe whether the four nanocarbons reduced melanin synthesis by
down-regulating tyrosinase, in vitro tyrosinase activity was examined in the melanoma cell B16-F10
type. The data showed A. fulica extracts and H. retispora extracts inhibited 17.1 + 2.9% and 12.6 + 3.5%
of the tyrosinase activity at a concentration of 25 mg/L, with both of them being in a dose-dependent
manner from 10-25 mg/L. We observed A. fulica extracts and H. retispora extracts had better properties to
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suppress tyrosinase activity (Figure 5). Melanin is the source of skin color, which absorbs UV radiation
to avoid UV-induced DNA damage and mutation. Although melanin can protect the skin from UV
damage, the over expression of melanin also causes some skin disorders [34]. The experimental results
suggested A. fulica extracts and H. retispora extracts could inhibit the synthesis of melanin. Table 1
shows the effect of chelating metal ion A. fulica extracts is better than the H. retispora extracts, meaning
A. fulica extracts could be more positively used in cosmetic production as whitening agents than
H. retispora extracts.

120

40 | I I | ‘
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Control Kojic acid 10
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N
o

(mg/L) A. fulica extracts H. retispora extracts
Figure 5. The inhibitory effects of tyrosinase activity. Treated with 10 and 25 ug/mL of A. fulica extracts
and H. retispora extracts.

4. Conclusions

To sum up, we tested A. fulica and H. retispora macromolecular polysaccharide extracts as
potential raw materials for cosmeceutical applications because of the multiple biofunctional properties.
The experiments showed that these two extracts played roles as antioxidant ingredients and electron
donors to stop free radical chain reactions. At the same time, A. fulica extracts inhibited tyrosinase
activity, and H. retispora extracts promoted cell proliferation.
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Abstract: Maltol, a food-flavoring agent and Maillard reaction product formed during the processing
of red ginseng (Panax ginseng, C.A. Meyer), has been confirmed to exert a hepatoprotective effect
in alcohol-induced oxidative damage in mice. However, its beneficial effects on acetaminophen
(APAP)-induced hepatotoxicity and the related molecular mechanisms remain unclear. The purpose
of this article was to investigate the protective effect and elucidate the mechanisms of action of
maltol on APAP-induced liver injury in vivo. Maltol was administered orally at 50 and 100 mg/kg
daily for seven consecutive days, then a single intraperitoneal injection of APAP (250 mg/kg) was
performed after the final maltol administration. Liver function, oxidative indices, inflammatory
factors—including serum alanine and aspartate aminotransferases (ALT and AST), tumor necrosis
factor o (TNF-«), interleukin-1$ (IL-1p3), liver glutathione (GSH), superoxide dismutase (SOD),
malondialdehyde (MDA), cytochrome P450 E1 (CYP2E1) and 4-hydroxynonenal (4-HNE) were
measured. Results demonstrated that maltol possessed a protective effect on APAP-induced liver
injury. Liver histological changes and Hoechst 33258 staining also provided strong evidence
for the protective effect of maltol. Furthermore, a maltol supplement mitigated APAP-induced
inflammatory responses by increasing phosphorylated nuclear factor-kappa B (NF-«B), inhibitor
kappa B kinase «/p (IKK«/p), and NF-kappa-B inhibitor alpha (IkBe) in NF-«B signal pathways.
Immunoblotting results showed that maltol pretreatment downregulated the protein expression
levels of the B-cell-lymphoma-2 (Bcl-2) family and caspase and altered the phosphorylation of
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) in a dose-dependent manner. In conclusion,
our findings clearly demonstrate that maltol exerts a significant liver protection effect, which may
partly be ascribed to its anti-inflammatory and anti-apoptotic action via regulation of the PI3K/Akt
signaling pathway.

Keywords: maltol; acetaminophen; liver injury; oxidative stress; apoptosis; inflammation response

1. Introduction

It is well known that drug-induced liver injury (DILI) is a common problem that leads to acute
liver failure (ALF) in clinical application and severely affects human health [1]. Acetaminophen (APAP),
an antipyretic-analgesic agent, is used in the clinic at therapeutic doses [2]. However, non-intentional
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misuse may result in hepatic toxicity and high mortality [3]. Initially, cytochrome P450 (CYP) bio-transforms
APAP into N-acetyl-P-aminophenol (NAPQI), a toxic reactive intermediate, which consumes glutathione
(GSH) and leads to mitochondrial dysfunction, oxidative stress, cellular necrosis, and apoptosis and
eventually exerts toxic effects on the organism [4,5]. Therefore, seeking novel drugs or supplementary
alternatives to prevent APAP-induced liver damage effectively is urgent for researchers.

APAP-mediated hepatotoxicity is closely related to oxidative stress, inflammatory response,
and apoptosis. Excessive APAP exposure can cause mitochondrial dysfunction, severe energy
debt, and oxidative stress, which induces reactive oxygen species (ROS) and further damage to
hepatocytes [6]. Nuclear factor-kappa B (NF-kb) is an important nuclear transport factor and is related
to immunoregulation, inflammatory response, and embryo development. Moreover, NF-«B also
upregulates death receptors, including tumor necrosis factor-o (TNF-«x), FAS (fatty acid synthetase),
and the apoptotic proteins of the B-cell-lymphoma-2 (Bcl-2) family [7]. Meanwhile, apoptosis is
also regarded as an important research subject in the development of liver diseases. At present,
some studies have reported that the phosphatidylinositol 3-kinase/ protein kinase B (PI3K/AKT)
signaling pathway is associated with the development of APAP-induced liver injury and early liver
regeneration [8]. Based on the above, most researchers have speculated that the inhibition of ROS,
apoptosis, and inflammation was a potential target for hepatoprotection.

Maltol (3-hydroxy-2-methyl-4-pyrrolidone) is a flavor enhancer, natural antioxidant, and one of
the Maillard reaction products of heated-processed ginseng [9]. Maltol was also found in the roasted
Korean ginseng root [10]. In recent years, maltol has been widely used in the fields of catalysis,
pharmaceutical preparations, and food chemistry [11,12]. Previous studies have shown that maltol
inhibited hexanal oxidation in a dose-dependent manner, and neuroprotective effects of maltol against
oxidative stress were also proposed by Kim and Wei et al. [13,14]. Importantly, our previous study
confirmed its potent antioxidant properties in TAA (thioacetamide) and alcohol-induced hepatic
injury in vivo, which might be attributed to the prevention of lipid peroxidation and alleviation of the
inflammation response [15-17].

Although maltol was demonstrated to contribute greatly to hepatic organ protection in an alcohol
liver injury model, its protective effect on APAP-induced hepatotoxicity has not been further
evaluated. Therefore, our aim was to prove the protective effects of maltol on APAP-induced
liver injury and explore potential mechanisms of action to develop a reasonable prevention plan for
APAP-induced hepatotoxicity.

2. Materials and Methods

2.1. Chemicals and Reagents

Maltol and APAP were purchased from Sigma-Aldrich (St. Louis, MO, USA). Alanine aminotransferase
(ALT), aspartate aminotransferase (AST), GSH, superoxide dismutase (SOD), malondialdehyde (MDA)
commercial kits, and haematoxylin and eosin (H&E) dye kits were provided by Nanjing Jiancheng
Bioengineering Research Institute (Nanjing, China). Two-site sandwich enzyme-linked immunosorbent
assay (ELISA) kits for the detection of mouse TNF-« and IL-1f3 were purchased from R&D systems
(Minneapolis, MN, USA). Antibodies against the rabbit proteins CYP2E1, 4-HNE, Bax, Bcl-2, Bcl-XL, caspase
3, 8,9, PI3K and p-PI3K, Akt and p-Akt, NF-kB and p-NF-«B, IKK«/f and p-IKK«/3, IkBoe and p-IkBe,
and (-actin were provided by Cell Signaling Technology (Danvers, MA, USA) and Proteintech (Rosemont,
IL, USA). Hoechst 33258 and DyLight 488-SABC immunofluorescence staining kits were provided by
Beyotime Institute of Biotechnology (Shanghai, China) and BOSTER Biological Technology (Wuhan, China)
dividedly. Other reagents were obtained from Beijing Chemical Factory (Beijing, China).

2.2. Animal Experiments

Male ICR mice of 22-25 g body weight were provided by YISI Experimental Animals Co.,
Ltd. (Changchun, China). Food and water were freely available, and the animals were housed at
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23.0 + 2.0 °C, 50-70% humidity, and light/dark cycle of 12 h. The procedures for all laboratory animals
were carried out in strict accordance with the ethical principles adopted in the Laboratory Animal
Care and Use Guide (Ministry of Science and Technology of China, 2016). All animal experiments
were approved by the Experimental Animal Ethics Committee of Jilin Agricultural University (Ethical
Code: ECLA-JLAU-18062). To measure the anti-APAP-induced-hepatotoxicity effect of maltol in mice,
the mice were randomly assigned to four groups after one week of adaptation to the environment:
a normal group, an APAP (250 mg/kg i.p.) group, and two groups receiving different doses of maltol
(50 and 100 mg/kg) (n = 8). Maltol was suspended in 0.9% saline. Maltol was administered to mice
in two treatment groups for 7 days at doses of 50 mg/kg and 100 mg/kg, respectively. The normal and
APAP groups received only 0.9% saline, in the same way. Then, all treatment groups, except the normal
group, received a single injection of APAP (250 mg/kg, i.p.) after the final administration to induce
acute liver injury. Mice from all groups were euthanized 24 h later. Tissues and blood samples were
collected instantly. The serum was stored at —80 °C to determine transaminase after centrifugation
(3500 rpm, 10 min, and 4 °C). The liver sections of each group were fixed in formalin for further use.

2.3. Analysis of ALT and AST Biochemical Markers

The liver biochemical indicators of serum ALT and AST were measured using commercial detection
kits. The samples were transferred to a 96-well plate containing the substrate or a buffer solution and
incubated at 37 °C, and the absorbance at 510 nm was measured after adding the developer. All data
were expressed as U/L.

2.4. Analysis of GSH, SOD, and MDA Oxidative Markers

GSH, SOD, and MDA levels in liver tissues were determined according to commercial reagent
methods. The lipid peroxides contained in the sample reacted with thiobarbituric acid (TBA) to form
a red mixture. Absorbance at 532 nm was measured. The supernatant of liver tissues was centrifuged
at 3500 rpm for 5 min, and then analyzed to determine SOD activity and GSH content.

2.5. Analysis of TNF-a and IL-1p Inflammation Markers

After serum samples were obtained, the concentrations of TNF-« and IL-1 were determined
using ELISA Kkits according to the protocols provided by the manufacturer. In brief, prepared reagents,
sample standards, and antibodies labeled with enzymes were added, then the reaction was carried
out at 37 °C for 1 h. After adding the stopping solution, the absorbance at 450 nm was measured via
an ELISA reader (Bio-Rad, Hercules, CA, USA).

2.6. Histopathological Examination

For histopathological examination, the liver samples were fixed over 24 h with 10% buffered
formaldehyde before paraffin embedding and sectioning into 5 um thickness. The liver tissues
were routinely stained with H&E dye kits (Nanjing Jiancheng Bioengineering Research Institute,
Nanjing, China) for conventional morphological evaluation using a light microscope (Olympus BX-60,
Olympus Corporation, Tokyo, Japan).

2.7. Hoechst 33258 Staining

To observe the nuclear changes of hepatocytes, Hoechst 33258 staining was performed as
described previously [18]. The sections were stained with Hoechst 33258 solution (10 pg/mL).
UV excitation in a fluorescence microscope allowed us to observe the stained nuclei (Leica TCS SP8,
Leica Microsystems, Wetzlar, Germany). The fluorescent intensity was quantified using Image-Pro
plus 6.0 software (Media Cybernetics, Rockville, MD, USA).
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2.8. Immunohistochemistry and Immunofluorescence Staining

As previously described, paraffin sections were deparaffinized and rehydrated prior to dyeing.
After antigen retrieval, the slides were incubated with 1% BSA (bovine serum albumin) for 1 h
and then with B-associated X (Bax) and Bcl-2 primary antibodies at 4 °C overnight, followed by
secondary antibodies for half an hour at room temperature. Positive cells showing a brownish-yellow
color in the cytoplasm or nucleus after DAB (diaminobenzidine) and hematoxylin staining were
observed [19]. Fluorescence microscopy (Olympus BX-60, Olympus Corporation, Tokyo, Japan) was
used for photographing, and positive cells were analyzed by Image-Pro Plus 6.0 software.

Immunofluorescence staining was used to measure CYP2E1 and 4-HNE proteins [20]. Briefly,
the sections were incubated with primary antibodies at 4 °C for 12 h, then marked with a secondary
antibody for 30 min at room temperature after washing the slides. Finally, the slides were exposed to
DyLight 488-SABC. 4, 6 diamidino-2-phenylindole (DAPI) staining used for visualizing the cell nucleui
and fluorescence intensities were analyzed by a Leica TCS SP8 microscope.

2.9. Western Blot Analysis

Total protein extracts from liver tissues were prepared with RIPA buffer (1:10, g/v), and a BCA
Protein Assay Kit (Beyotime Biotechnology, Shanghai, China) was used for the determination of total
protein content. An equal amount of proteins were isolated from the liver tissues and separated
by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), then transferred to
a polyvinylidene fluoride membrane (PVDEF). The membrane was blocked with 5% (w/v) defatted milk
for 2 h and then probed with different primary antibodies at 4 °C for 12 h. After being washed by
Tris-buffered saline-Tween (TBS-T), the proteins were incubated for 1.5 h in the presence of secondary
antibodies. Protein bands were visualized using Quantity One software (Bio-Rad Laboratories,
Hercules, CA, USA).

2.10. Statistical Analysis

Results are presented as mean + standard deviation (S.D.) All samples were tested in triplicate.
GraphPad Prism 6.0 (ISI, GraphPad Software, San Diego, CA, USA) was used to analyze the data.
ANOVA, followed by the Bonferroni post-test, was used for comparing the differences among groups:
p <0.05 or p < 0.01 were considered statistically significant.

3. Results

3.1. Maltol Ameliorated APAP-Induced Hepatic Dysfunction

The liver levels of ALT and AST were elevated after APAP (250 mg/kg) injection (p < 0.01, p < 0.05)
compared to those of the normal group, which indicated that hepatocellular damage induced by APAP
was successfully established. Supplementation with maltol (50 and 100 mg/kg) for 1 week inhibited
the increase in ALT and AST levels after exposure to APAP treatment (p < 0.01, p < 0.05) (Figure 1A,B).
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Figure 1. Effects of maltol pretreatment on hepatic dysfunction and histopathological changes caused
by an overdose of acetaminophen (APAP). (A) serum alanine aminotransferase (ALT) and (B) aspartate
aminotransferase (AST) activities; (C) liver glutathione (GSH) and (D) superoxide dismutase (SOD)
amount; (E) liver malondialdehyde (MDA) content. All data were expressed as mean + S.D; n =8,
*p <0.05,** p <0.01, vs. normal group; # p < 0.05, ## p < 0.01 vs. APAP group.

3.2. Maltol Mitigated APAP-Induced Oxidative Stress Injury

APAP-induced oxidative stress injury is associated with the antioxidant defense system. Compared
to the normal group, GSH and SOD contents significantly decreased in the APAP group (p < 0.01).
However, maltol inhibited the depletion of GSH and restored hepatic SOD activity caused by APAP
(Figure 1C,D) (p < 0.01, p < 0.05). In addition, maltol could also block the APAP-induced increase of
MDA level in the liver (Figure 1E) (p < 0.05). These results clearly demonstrated that maltol reduced
the oxidative stress injury caused by APAP.

For further evaluation of the hepatoprotective activity of maltol on APAP-induced oxidative stress
during the progress of acute liver injury, immunofluorescence staining was used to determine CYP2E1
and 4-HNE expression levels in liver tissues. The results showed that maltol treatment significantly
reversed the over-expression of CYP2E1 and 4-HNE caused by APAP compared to the normal group
(p < 0.01) (Figure 2). These findings further confirmed that maltol ameliorated the oxidative stress
injury induced by an overdose of APAP.
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Figure 2. (A) Effects of maltol pretreatment on the expression of cytochrome P450 E1 (CYP2E1) and
4-hydroxynonenal (4-HNE) in liver tissues. The expression levels of 4-HNE and CYP2E1 (green)
were determined by immunofluorescence (magnification x200), and nuclear counterstaining (blue)
was performed by 4, 6-Diamidino-2-phenylindole (DAPI). Quantitative fluorescence intensities of
CYP2E1-positive cells (B) and 4-HNE-positive cells (C). All data are expressed as mean + S.D.; n = 8.
** p < 0.01 vs. normal group; ## p < 0.01 vs. APAP group.

3.3. Maltol Mitigated APAP-Induced Liver Histopathological Changes

The results of H&E staining showed that the liver tissue in the normal group was normal and intact,
presenting normal cell nuclei and the hepatic central vein. However, severe liver injury characterized
by liver structural damage, intrahepatic hemorrhage, and inflammatory infiltration was observed
in the APAP group. After maltol treatment for 1 week, inflammation and apoptosis were significantly
attenuated (Figure 3).

APAP APAP + Maltol (100mg/kg

H&E

Figure 3. Liver tissue sections were stained with haematoxylin and eosin (H&E) for evaluation of

pathological changes.
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3.4. Maltol Mitigated APAP-Induced Apoptosis

Immunohistochemistry staining, Hoechst 33258 staining, and western bolt analysis were performed
to investigate the molecular mechanism of the maltol-mediated beneficial effect against APAP-induced
apoptosis by detecting the expression of the apoptotic proteins Bax, Bcl-XL, Bcl-2, caspase 3, 8, 9,
and cleaved caspase 3, 8, 9 in liver tissues. Immunohistochemistry staining results demonstrated that
APAP exposure caused hepatic cell apoptosis, as indicated by the higher Bax and lower Bcl-2 levels.
Nevertheless, maltol could significantly mitigate these changes (Figure 4A). Hoechst 33258 staining
supported the above results (Figure 4B). The western bolt analysis results showed that APAP injection
markedly increased hepatic Bax and cleaved caspase 3, 8, 9 and decreased Bcl-XL and Bcl-2 levels
(p < 0.01). Oppositely, apoptosis could be attenuated by maltol (Figure 5) (p < 0.01, p < 0.05). All results
showed that maltol pretreatment dramatically prevented hepatic caspase-mediated apoptosis.

A Normal APAP APAP + Maltol (100mg/kg)
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Figure 4. Effects of maltol pretreatment on the expression of B-associated X (Bax) and B-cell-lymphoma-2
(Bcl-2) and Hoechst 33258 staining in liver tissues. (A) The protein expression levels of Bax and Bcl-2
were examined by immunohistochemistry in liver tissues (magnification, x400). (B) Hoechst 33258
staining (magnification, x200). Arrows show necrotic and injured cells. All data are expressed as mean
+S.D., n=28;** p<0.01 vs. normal group; ## p < 0.01 vs. APAP group.
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Figure 5. Effects of maltol pretreatment on apoptosis signaling pathways in APAP-triggered acute
liver injury (ALI) mice. (A) Protein expression levels of Bax, Bcl-2, Bcl-XL, caspase 3, cleaved caspase
3, caspase 8, cleaved caspase 8, caspase 9, and cleaved caspase 9 were measured by western blotting
analysis. (B—G) Quantification of relative protein expression levels was performed by densitometric
analysis. All data are expressed as mean + S.D., n = 8; ** p < 0.01 vs. normal group; ## p < 0.01,
#p <0.05vs. APAP group.

3.5. Maltol Mitigated APAP-Induced Inflammatory Responses

APAP induced a series of inflammatory changes that mediated liver injury. Therefore, a western
blot was also used to analyze the anti-inflammatory effects of maltol on APAP-activated NF-«B signal
pathway. As shown in Figure 6A-E, APAP resulted in evidently higher levels of phosphorylated
NF-kB. The upstream regulators, IKK«/f3 and IkBx, were also upregulated (p < 0.01). However, maltol
treatment (50 and 100 mg/kg) prominently suppressed the release of NF-kB phosphorylation and
blocked IKKw/p and IkBx phosphorylation (p < 0.01, p < 0.05), indicating that maltol prevented
APAP-triggered inflammatory reaction partly via inhibiting the NF-kB pathway.

In addition, TNF-ac and IL-1f are two key proinflammatory cytokines involved in the above
progression. In our present study, as shown in Figure 6EG, APAP injection caused a dramatic increase
in the serum levels of TNF-oc and IL-1f3 compared to those in the normal group (p < 0.01). However,
pretreatment with maltol significantly inhibited the overproduction of TNF-« and IL-1f3 (p < 0.01, p < 0.05).
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Figure 6. Effects of maltol pretreatment on APAP-induced activation of the nuclear factor-kappa B
(NF-kB) signaling pathway in ALI mice. (A) Protein expression of phosphorylated and total inhibitor
kappa B kinase o/3 (IKKot/3), NE-kappa-B inhibitor alpha (IkBx) and NF-«kB were measured by western
blotting, and B-actin protein was used as a loading control. (B-E) The relative protein expression
levels were quantified by densitometric analysis. The levels of (F) tumor necrosis factor o (TNF-«) and
(G) interleukin-1f3 (IL-1p3) in the serum of mice. Data are expressed as mean + S.D., n = 8; ** p < 0.01 vs.
normal group; ## p < 0.01, # p < 0.05 vs. APAP group.

3.6. Maltol Regulated the PI3K/Akt Signaling Pathway

In order to explore the protective role of the PI3K/Akt signaling pathway, we investigated the
effects of maltol on the protein molecules in this signal pathway. From the results of the western bolt
analysis, we found clearly that a single exposure to APAP decreased PI3K level and Akt phosphorylation
(p < 0.01), which is consistent with our previous study [21]. However, maltol could reverse these
changes in a dose-independent manner (Figure 7) (p < 0.01, p < 0.05). The above results showed that
maltol exerted a potential protective effect by preventing APAP-induced acute liver toxicity at least
partially through modulation of the PI3K/Akt signaling pathway.
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Figure 7. Effects of maltol pretreatment on the phosphatidylinositol 3-kinase/protein kinase B
(PI3K/Akt) signaling pathway against APAP-induced liver injury. (A) The protein expression levels
of phosphorylated and total PI3K and Akt were measured by western blotting with specific primary
antibodies, and -actin protein was used as a loading control. (B,C) Quantification of relative protein
expression levels was performed by densitometric analysis. All data are expressed as mean + S.D.,
n=8.** p <0.01 vs normal group; ## p < 0.01, # p < 0.05 vs. APAP group.

4. Discussion

According to previous reports, APAP is a common harmful agent when misused or ingested
in an excess dose [22]. Hepatotoxicity induced by overdose of APAP has become the most common
cause of acute liver failure, replacing viral hepatitis in many developed countries [23]. However,
the therapeutic options for this kind of liver injury disease are rather limited. A previous study has
shown that maltol exerted beneficial anti-oxidative stress and anti-inflammatory actions in vitro [24].
Given that maltol was confirmed to have various medicinal activities, we evaluated whether maltol
has a protective effect for APAP hepatotoxicity. Our former work indicated that maltol pretreatment
exerted an important potential and beneficial effect on APAP-triggered acute liver injury and found
that its molecular mechanisms of action were related to the alteration of oxidative stress-mediated
inflammation and apoptosis, partly via regulation of the PI3K/Akt pathway.

Due to the conjugation with APAP metabolic product NAPQI, the GSH antioxidant system is
key to decreasing the toxicity caused by APAP, which causes a sharp depletion of GSH content and
then results in the necrosis of hepatocytes [25]. In the present study, it was found that excessive
APAP could result in hepatic oxidative stress and cellular necrosis through reducing GSH and SOD
levels and increasing MDA production, which were significantly reversed by maltol pretreatment for
seven days. These results suggest a potential antioxidant capacity of maltol, in agreement with our
previous study [17].

Previous studies have confirmed that oxidative stress is the central mediator of APAP-induced
hepatotoxicity [26]. APAP-induced liver injury activates biochemical signaling pathways that originate
mainly from CYP2E1-mediated formation of the reactive metabolite NAPQI [27]. It is well known that
CYP2EL1 has the greatest effect on acute hepatotoxicity caused by APAP, which is a potent inducer of
4-HNE lipid peroxide [28]. Therefore, we evaluated the oxidative stress injury caused by an overdose
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of APAP by analyzing CYP2E1 and 4-HNE expression. Our results showed that maltol pretreatment
could effectively suppress APAP-induced CYP2E1 and 4-HNE overexpression.

Apoptosis plays a critical role in the pathology of tissues and presents with morphological
and biochemical features such as DNA fragmentation, cell contraction, and Bcl-2 family protein
activation [29]. A key step in apoptotic signaling is the mitochondrial release of cytochrome c,
which promotes the formation of apoptotic bodies and the activation of caspase 9, followed by caspase
3[30]. Activated caspase 3 can promote the cleavage of caspase 8 and amplify the pro-apoptotic signaling
pathway through mitochondria. Moreover, cleaved downstream targets perpetuate the apoptotic
pathway [31]. In addition, the regulatory factors Bcl-2 and Bcl-XL are two anti-apoptotic molecules of
the pro-apoptotic protein Bax heterodimer in the mitochondrial outer membrane, which can prevent
the permeability of the outer membrane [32]. A recent study related to mitochondria-dependent
apoptosis proved that expression/stability of Bcl-2 could result in the release of the cytochrome and
in turn, establish caspase-dependent pathways [33]. As expected, our results clearly indicated that the
protein expression of cleaved caspase3, 8, 9 and Bax was remarkably inhibited, while that of Bcl-2 and
Bcl-XL was enhanced, indicating that maltol exerted a certain anti-apoptosis effect in APAP-caused
hepatotoxicity. Additionally, the result obtained from the Hoechst 33258 staining provided further
support that APAP exposure led to a high density of apoptosis, whereas pretreatment with maltol
significantly reversed the apoptosis in the liver, corroborating that maltol could dramatically inhibit
hepatocyte apoptosis.

Oxidative stress can upregulate pro-inflammatory gene expression [34], and then inflammatory
cells can trigger ROS overproduction, which would form a vicious circle and trigger the development
of liver damage [35]. NF-«B is a major transcription factor, participating in immunity and inflammation
processes, regulating apoptotic genes expression, and then causing apoptosis [36]. Previous literature
reported that extracellular stimuli induced the rapid phosphorylation of I-kB and lead to the dissociation
of NF-«B from I-«B [37]. Subsequently, activated NF-kB caused transcription of some inflammatory
genes, including TNF-« and IL-1§3 [38]. The pro-inflammatory cytokine TNF-« can activate IKK.
I-kB is phosphorylated by activated IKK, and subsequently, the inflammatory signal can also further
lead to free NF-«kB [39]. In our study, maltol was found to inhibit NF-«B activation by restraining
the phosphorylation of IKKe, IKKf3, and I-kBet in a dose-dependent manner. Based on a preceding
report describing the anti-inflammatory action of maltol [24], this study suggests that maltol could
potentially exert a protective mechanism against APAP liver toxicity that might be partly attributed to
the blockade of NF-«B signal activation.

PI3K is an intracellular phosphatidylinositol kinase. Akt is a key downstream effector of
PI3K, and its anti-apoptotic effect is mainly achieved by phosphorylation of multiple target proteins
in downstream pathways [40]. Our previous study proved that inhibited phosphorylation of Akt
contributes to APAP-induced liver injury in mice [41]. In this study, maltol was shown to prevent
APAP-induced liver injury by activating the PI3K/Akt signaling pathways. A more complete mechanism
of maltol anti-APAP hepatotoxicity could include several key signaling pathways (Figure 8).
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Figure 8. The possible mechanism of action underlying the protective effects of maltol against
APAP-induced hepatic injury through inhibition of oxidative stress-mediated activation of the
NEF-«B pathway and apoptosis and regulation of the PI3K/Akt pathway. Tumor necrosis factor
receptor-associated death domain protein (TRADD): Fas-Associated protein with Death Domain
(FADD); inhibitor kappa B kinase « (IKK«); inhibitor kappa B kinase 3 (IKKf3); Caspase 3; Caspase
8; Caspase 9; B-cell-lymphoma-2 (Bcl-2); B-cell-lymphoma-XL (Bcl-XL); B-associated X (Bax); Protein
kinase B (Akt); Phosphatidylinositol 3-kinase (PI3K).

5. Conclusions

In conclusion, the present study proved that maltol exerted a potential therapeutic effect
against APAP-induced acute liver injury, which is attributed to its anti-apoptosis, anti-inflammatory,
and anti-oxidation activities. The molecular mechanisms of action of maltol involved the suppression
of the NF-kB signaling pathway and caspase-dependent cascade and the activation of the PI3K/Akt
signaling pathway.
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AST Aspartate aminotransferase
GSH Glutathione

MDA Malondialdehyde

ROS Reactive Oxygen Species

CYP2E1 Cytochrome P450 E1
4-HNE 4-hydroxynonenal
NAPQI N-acetyl-P-aminophenol

H&E Hematoxylin and Eosin

NF-xB Nuclear factor-kappa B

Akt Protein kinase B

PIBK Phosphatidylinositol 3-kinase

IKK ox Inhibitor kappa B kinase «

IKKpB Inhibitor kappa B kinase (3

References

1. Jaeschke, H. Acetaminophen: Dose-dependent drug hepatotoxicity and acute liver failure in patients.

10.

11.

12.

13.

14.

Dig. Dis. 2015, 33, 464-471. [CrossRef] [PubMed]

Gandillet, A.; Vidal, I.; Alexandre, E.; Audet, M.; Chenard-Neu, M.P.; Stutzmann, J.; Heyd, B.; Jaeck, D.;
Richert, L. Experimental models of acute and chronic liver failure in nude mice to study hepatocyte
transplantation. Cell Transpl. 2005, 14, 277-290. [CrossRef] [PubMed]

Yoon, E.; Babar, A.; Choudhary, M.; Kutner, M.; Pyrsopoulos, N. Acetaminophen-induced hepatotoxicity:
A comprehensive update. J. Clin. Transl. Hepatol. 2016, 4, 131-142. [PubMed]

Hinson, J.A.; Reid, A.B.; McCullough, S.S.; James, L.P. Acetaminophen-induced hepatotoxicity: Role
of metabolic activation, reactive oxygen/nitrogen species, and mitochondrial permeability transition.
Drug Metab. Rev. 2004, 36, 805-822. [CrossRef] [PubMed]

Zhao, X.; Cong, X.; Zheng, L.; Xu, L.; Yin, L.; Peng, J. Dioscin, a natural steroid saponin, shows remarkable
protective effect against acetaminophen-induced liver damage in vitro and in vivo. Toxicol. Lett. 2012, 214,
69-80. [CrossRef]

Brown, J.M.; Kuhlman, C.; Terneus, M.V.; Labenski, M.T.; Lamyaithong, A.B.; Ball, ].G.; Lau, S.S,;
Valentovic, M.A. S-adenosyl-I-methionine protection of acetaminophen mediated oxidative stress and
identification of hepatic 4-hydroxynonenal protein adducts by mass spectrometry. Toxicol. Appl. Pharmacol.
2014, 281, 174-184. [CrossRef]

Jayasooriya, R.G.; Moon, D.O.; Yun, S.G.; Choi, Y.H.; Asami, Y.; Kim, M.O.; Jang, ] H.; Kim, B.Y.; Ahn, ].S.;
Kim, G.Y. Verrucarin A enhances TRAIL-induced apoptosis via NF-kappaB-mediated Fas overexpression.
Food Chem. Toxicol. 2013, 55, 1-7. [CrossRef]

Leng, J.; Wang, Z.; Fu, C.L. NF-kB and AMPK/PI3K/Akt signaling pathways are involved in the protective
effects of Platycodon grandiflorum saponins against acetaminophen-induced acute hepatotoxicity in mice.
Phytother. Res. 2018, 32, 1-12. [CrossRef]

Li, W.; Su, X.; Han, Y,; Xu, Q.; Zhang, J.; Wang, Z.; Wang, Y. Maltol, a Maillard reaction product, exerts
anti-tumor efficacy in H22 tumor-bearing mice via improving immune function and inducing apoptosis.
Rsc. Adv. 2015, 5,101850-101859. [CrossRef]

Sha, J.Y.; Zhou, Y.Y;; Yang, J.Y.; Leng, J.; Li, ].H.; Hu, ].N.; Liu, W,; Jiang, S.; Wang, Y.P.; Chen, C; et al.
Maltol (3-hydroxy-2-methyl-4-pyrone) slows D-galactose-induced brain aging process by damping the
Nrf2/HO-1-mediated oxidative stress in mice. J. Agric. Food Chem. 2019. [CrossRef]

Anwar-Mohamed, A.; El-Kadi, A.O. Induction of cytochrome P450 1al by the food flavoring agent, maltol.
Toxicol In Vitro 2007, 21, 685-690. [CrossRef]

Krishnakumar, V.; Barathi, D.; Mathammal, R.; Balamani, J.; Jayamani, N. Spectroscopic properties, NLO,
HOMO-LUMO and NBO of maltol. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2014, 121, 245-253. [CrossRef]
Kim, Y.B.; Oh, S.H.; Sok, D.E.; Kim, M.R. Neuroprotective effect of maltol against oxidative stress in brain of
mice challenged with kainic acid. Nutr. Neurosci. 2004, 7, 33-39.

Wei, A.; Mura, K.; Shibamoto, T. Antioxidative activity of volatile chemicals extracted from beer.
J. Agric. Food Chem. 2001, 49, 4097-4101. [CrossRef]

85



Antioxidants 2019, 8, 395

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

Mi, X.J.; Hou, J.G.; Jiang, S.; Liu, Z,; Tang, S.; Liu, X.X.; Wang, Y.P; Chen, C.; Wang, Z.; Li, W. Maltol mitigates
thioacetamide-induced liver fibrosis through TGE-betal-mediated activation of PI3K/Akt signaling pathway.
J. Agric. Food Chem. 2019, 67, 1392-1401. [CrossRef]

Liu, W.; Wang, Z.; Hou, ].G.; Zhou, Y.D.; He, Y.E; Jiang, S.; Wang, Y.P; Ren, S.; Li, W. The liver protection
effects of maltol, a flavoring agent, on carbon tetrachloride-induced acute liver injury in mice via inhibiting
apoptosis and inflammatory response. Molecules 2018, 23, 2120. [CrossRef]

Han, Y,; Xu, Q.; Hu, J.N.; Han, X.Y,; Li, W.; Zhao, L.C. Maltol, a food flavoring agent, attenuates acute
alcohol-induced oxidative damage in mice. Nutrients 2015, 7, 682-696. [CrossRef]

Li, W,; Yan, M.H.; Liu, Y.; Liu, Z.; Wang, Z.; Chen, C.; Zhang, J.; Sun, Y.S. Ginsenoside Rg5 ameliorates
cisplatin-induced nephrotoxicity in mice through inhibition of inflammation, oxidative stress, and apoptosis.
Nutrients 2016, 8, 566. [CrossRef]

Li, RY.;; Zhang, W.Z; Yan, X.T; Hou, ].G.; Wang, Z.; Ding, C.B.; Liu, W.C; Zheng, Y.N.; Chen, C.; Li, Y.R ; et al.
Arginyl-fructosyl-glucose, a major maillard reaction product of red ginseng, attenuates cisplatin-induced
acute kidney injury by regulating nuclear factor kappaB and phosphatidylinositol 3-kinase/protein kinase B
signaling pathways. ]. Agric. Food Chem. 2019, 67, 5754-5763. [CrossRef]

Xu, X.Y,; Hu, J.N; Liu, Z.; Zhang, R.; He, Y.E; Hou, W.; Wang, Z.Q.; Yang, G.; Li, W. Saponins (Ginsenosides)
from the leaves of panax quinquefolius ameliorated acetaminophen-induced hepatotoxicity in mice.
J. Agric. Food Chem. 2017, 65, 3684-3692. [CrossRef]

Yan, X.T.; Sun, Y.S.; Ren, S.; Zhao, L.C.; Liu, W.C.; Chen, C.; Wang, Z.; Li, W. Dietary alpha-mangostin
provides protective effects against acetaminophen-induced hepatotoxicity in mice via Akt/mTOR-mediated
inhibition of autophagy and apoptosis. Int. J. Mol. Sci. 2018, 19, 1335. [CrossRef]

Michael Brown, J.; Ball, ].G.; Wright, M.S.; Van Meter, S.; Valentovic, M.A. Novel protective mechanisms for
S-adenosyl-L-methionine against acetaminophen hepatotoxicity: Improvement of key antioxidant enzymatic
function. Toxicol. Lett. 2012, 212, 320-328. [CrossRef]

Lin, Z.; Wu, E; Lin, S.; Pan, X,; Jin, L.; Lu, T.; Shi, L.; Wang, Y.; Xu, A ; Li, X. Adiponectin protects against
acetaminophen-induced mitochondrial dysfunction and acute liver injury by promoting autophagy in mice.
J. Hepatol. 2014, 61, 825-831. [CrossRef]

Song, Y.; Hong, S.; lizuka, Y.; Kim, C.Y.; Seong, G.J. The neuroprotective effect of maltol against oxidative
stress on rat retinal neuronal cells. Korean ]. Ophthalmol. 2015, 29, 58-65. [CrossRef]

Wang, Z.; Hu, ].N.; Yan, M.-H.; Xing, ].J.; Liu, W.C.; Li, W. Caspase-mediated anti-apoptotic effect of ginsenoside
Rg5, a main rare ginsenoside, on acetaminophen-induced hepatotoxicity in mice. J. Agric. Food Chem. 2017, 65,
9226-9236. [CrossRef]

Hu, J.N; Xu, X.Y;; Li, W.; Wang, YM.; Liu, Y.; Wang, Z.; Wang, Y.P. Ginsenoside Rkl ameliorates
paracetamol-induced hepatotoxicity in mice through inhibition of inflammation, oxidative stress, nitrative
stress and apoptosis. J. Ginseng Res. 2019, 43, 10-19. [CrossRef]

McGill, M.R.; Jaeschke, H. Metabolism and disposition of acetaminophen: Recent advances in relation to
hepatotoxicity and diagnosis. Pharm. Res. 2013, 30, 2174-2187. [CrossRef]

Hau, D.K.; Gambari, R.; Wong, R.S.; Yuen, M.C.; Cheng, G.Y.; Tong, C.S.; Zhu, G.Y,; Leung, A K; Lai, P.B.;
Lau, EY;; et al. Phyllanthus urinaria extract attenuates acetaminophen induced hepatotoxicity: Involvement
of cytochrome P450 CYP2E1. Phytomedicine 2009, 16, 751-760. [CrossRef]

Shou, Y.; Li, N.; Li, L.; Borowitz, ].L.; Isom, G.E. NF-kappaB-mediated up-regulation of Bcl-X(S) and Bax
contributes to cytochrome c release in cyanide-induced apoptosis. |. Neurochem. 2002, 81, 842-852. [CrossRef]
McGill, M.R.; Sharpe, M.R.; Williams, C.D.; Taha, M.; Curry, S.C.; Jaeschke, H. The mechanism underlying
acetaminophen-induced hepatotoxicity in humans and mice involves mitochondrial damage and nuclear
DNA fragmentation. J. Clin. Invest. 2012, 122, 1574-1583. [CrossRef]

Jaeschke, H.; Duan, L.; Akakpo, J.Y.; Farhood, A.; Ramachandran, A. The role of apoptosis in acetaminophen
hepatotoxicity. Food Chem. Toxicol. 2018, 118, 709-718. [CrossRef] [PubMed]

Hetz, C. BCL-2 protein family. Essential regulators of cell death. Preface. Adv. Exp. Med. Biol. 2010, 687,
vii—viii. [PubMed]

Moshari, S.; Nejati, V.; Najafi, G.; Razi, M. Nanomicelle curcumin-induced DNA fragmentation in testicular
tissue; Correlation between mitochondria dependent apoptosis and failed PCNA-related hemostasis.
Acta Histochem. 2017, 119, 372-381. [CrossRef] [PubMed]

86



Antioxidants 2019, 8, 395

34.

35.

36.

37.

38.

39.

40.

41.

Arthur, M.].; Bentley, L.S.; Tanner, A.R.; Saunders, PK.; Millward-Sadler, G.H.; Wright, R. Oxygen-derived
free radicals promote hepatic injury in the rat. Gastroenterology 1985, 89, 1114-1122. [CrossRef]

Jaeschke, H. Reactive oxygen and mechanisms of inflammatory liver injury: Present concepts. J. Gastroenterol.
Hepatol. 2011, 26, 173-179. [CrossRef] [PubMed]

Luo, J.L.; Kamata, H.; Karin, M. IKK/NF-kappaB signaling: Balancing life and death—A new approach to
cancer therapy. J. Clin. Invest. 2005, 115, 2625-2632. [CrossRef]

Robinson, S.M.; Mann, D.A. Role of nuclear factor kappaB in liver health and disease. Clin. Sci. 2010, 118,
691-705. [CrossRef]

Bieghs, V.; Trautwein, C. The innate immune response during liver inflammation and metabolic disease.
Trends Immunol. 2013, 34, 446-452. [CrossRef]

Yu, L.; She, T.; Li, M.; Shi, C.; Han, L.; Cheng, M. Tetramethylpyrazine inhibits angiotensin II-induced
cardiomyocyte hypertrophy and tumor necrosis factor-alpha secretion through an NF-kappaB-dependent
mechanism. Int. ]. Mol. Med. 2013, 32, 717-722. [CrossRef]

Rasul, A.; Ding, C.; Li, X.; Khan, M.; Yi, F.; Ali, M.; Ma, T. Dracorhodin perchlorate inhibits PI3K/Akt and
NEF-kappaB activation, up-regulates the expression of p53, and enhances apoptosis. Apoptosis 2012, 17,
1104-1119. [CrossRef]

Wang, L.; Zhang, S.; Cheng, H.; Lv, H.; Cheng, G.; Ci, X. Nrf2-mediated liver protection by esculentoside A
against acetaminophen toxicity through the AMPK/Akt/GSK3( pathway. Free Radic. Biol. Med. 2016, 101,
401-412. [CrossRef] [PubMed]

; ® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
i d BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

87






| antioxidants ﬁw\p\py

Article

Sulfuric Odor Precursor S-Allyl-L-Cysteine Sulfoxide
in Garlic Induces Detoxifying Enzymes and Prevents
Hepatic Injury

Yusuke Yamaguchi !, Ryosuke Honma !, Tomoaki Yazaki !, Takeshi Shibuya !,

Tomoya Sakaguchi !, Harumi Uto-Kondo 2 and Hitomi Kumagai 1*

1
2

Department of Chemistry and Life Science, Nihon University, 1866 Kameino, Fujisawa-shi 252-0880, Japan
Department of Bioscience in Daily Life, Nihon University, 1866 Kameino, Fujisawa-shi 252-0880, Japan
*  Correspondence: kumagai.hitomi@nihon-u.ac.jp; Tel.: +81-466-84-3946

Received: 9 August 2019; Accepted: 8 September 2019; Published: 10 September 2019

Abstract: 5-Allyl-L-cysteine sulfoxide (ACSO) is a precursor of garlic-odor compounds like diallyl
disulfide (DADS) and diallyl trisulfide (DATS) known as bioactive components. ACSO has suitable
properties as a food material because it is water-soluble, odorless, tasteless and rich in bulbs of fresh
garlic. The present study was conducted to examine the preventive effect of ACSO on hepatic injury
induced by CCly in rats. ACSO, its analogs and garlic-odor compounds were each orally administered
via gavage for five consecutive days before inducing hepatic injury. Then, biomarkers for hepatic injury
and antioxidative state were measured. Furthermore, we evaluated the absorption and metabolism
of ACSO in the small intestine of rats and NF-E2-related factor 2 (Nrf2) nuclear translocation by
ACSO using HepG2 cells. As a result, ACSO, DADS and DATS significantly suppressed the increases
in biomarkers for hepatic injury such as the activities of aspartate transaminase (AST), alanine
transaminase (ALT) and lactate dehydrogenase (LDH), and decreases in antioxidative potency such
as glutathione (GSH) level and the activities of glutathione S-transferase (GST) and glutathione
peroxidase (GPx). We also found ACSO was absorbed into the portal vein from the small intestine but
partially metabolized to DADS probably in the small intestine. In in vitro study, ACSO induced Nrf2
nuclear translocation in HepG2 cells, which is recognized as an initial trigger to induce antioxidative
and detoxifying enzymes. Taken together, orally administered ACSO probably reached the liver
and induced antioxidative and detoxifying enzymes by Nrf2 nuclear translocation, resulting in
prevention of hepatic injury. DADS produced by the metabolism of ACSO in the small intestine
might also have contributed to the prevention of hepatic injury. These results suggest potential use of
ACSO in functional foods that prevent hepatic injury and other diseases caused by reactive oxygen
species (ROS).

Keywords: organosulfur compound; odor precursor; garlic; hepatic injury; Nrf2

1. Introduction

Sulfur is one of the key elements involved in the regulation of biological functions in the human
body. Pivotal roles of organosulfur compounds are to maintain redox balance and to detoxify toxic
agents. Reduced glutathione (GSH) is ubiquitously expressed in cells and reduces oxidative agents,
such as hydroxyl radicals, oxide anion radicals, and hydrogen peroxide [1,2], playing a central role
in detoxification [3,4]. Although GSH is important for such defense, oral intake of GSH does not
necessarily increase these antioxidative and detoxifying activities in the human body [5,6]. Orally
administered GSH can be delivered to various organs of the human body [7]; however, the effects of
GSH are cancelled by the metabolite L-cysteine-L-glycine (Cys-Gly), which serves as a pro-oxidant
to readily produce thiyl radicals and reactive oxygen species (ROS), resulting in oxidative stress [8].
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Therefore, in order to reduce oxidative stress via oral administration of a natural compound, it is not
sufficient for a functional compound to merely reach the target organ. The compound needs to increase
the antioxidative and detoxifying activities by regulating transcription of biomolecules involved in
these activities as electrophiles in food [9,10]. In addition, for maximum effectiveness, the metabolites
of the compound are also required to increase the antioxidative and detoxifying activities.

Garlic has been used as a medicinal food since ancient times. This plant is reported to exert
anti-cancer [11-13], anti-atherosclerotic [14], anti-diabetic [15], anti-tumoral [16], anti-bacterial [17],
antioxidative [18], and detoxifying [19] activities in animal studies. Most of these effects have
been attributed to organosulfur compounds, such as diallyl disulfide (DADS) and diallyl trisulfide
(DATS), which have distinctive garlic odors produced when the garlic bulb is crushed or sliced [20].
During these processes, a garlic odor precursor, S-allyl-L-cysteine sulfoxide (ACSO; also known as
alliin) in the cytoplasm collides with cysteine S-conjugate beta-lyase (C-S lyase) that leaked from the
vacuole, producing garlic odor compounds along with pyruvic acid (Figure 1). Although studies have
demonstrated that the physiological effects of garlic are due to the odor components DADS and DATS,
odor precursors may also contribute to these effects. Indeed, some previous studies have reported that
ACSO exerts anti-diabetic [21], anti-myocardial ischemia [22], hypoglycemic [23], and hypolipidemic
effects [23] in animal studies. We have also reported that ACSO inhibits platelet aggregation [24] and
suppresses increases in blood ethanol concentration [25] in animal studies. Considering that raw garlic
contains up to 14 mg ACSO/g fresh weight [26] and ACSO can be retained just by heating bulbs before
cutting to inactivate enzymes, garlic extract or powder rich in ACSO can be easily prepared from
preheated bulbs. In addition, as ACSO is odorless and works as a taste enhancer [27], ACSO or garlic
with high ACSO level can be added to various foods. Therefore, if oral administration of ACSO and/or
its metabolites effectively increases the antioxidative and detoxifying activities of garlic, ACSO or such
ACSO-rich garlic material would be a promising functional-food additive to prevent diseases caused
by oxidative stress.

(a) (l? I;le C-S lyase e
S cooH Aoy e NS Sy ¢ ANSi g A
S—AIIyI-L-cystein sulfoxide Allyl sulfenic acid Dia“gK‘:’SSude DiaII)[/)I/SE)SélIfide
(ACSO, Alliin) (DATS) (DADS)
[0}
J +NH,
H3C” “COOH
Pyruvic acid
(b) NH ﬁ NH, ﬁ NH,
s : i H
NP NcooH B S ANgoon HSC’S\/\COOH S

S-Allyl-L-cysteine S-Ethyl-L-cysteine sulfoxide ~S-Methyl-L-cysteine sulfoxide ~ Diallyl sulfide
(ACS) (DAS)

Figure 1. Production of garlic odor molecules from S-allyl-L-cysteine sulfoxide (ACSO) (a) and its
related compounds tested in this study (b).

Antioxidative and detoxifying effects of food components can be evaluated by examining
its preventive effect on acute hepatic injury induced by carbon tetrachloride (CCly) [28-31].
Intraperitoneally administered CCly is transported to the liver and reduced by phase I enzymes,
such as CYP450, to yield trichloromethyl radical (CCl; radical) [32,33], which forms covalent bonds
with proteins, lipids, and nucleic acids to impair their functions [34,35]. In addition, CCl; radical
oxidizes lipids to produce lipid peroxide, which destroys the lipid bilayer of cell membranes, resulting
in leakage of the liver cell contents, such as aspartate transaminase (AST), alanine transaminase (ALT),
and lactate dehydrogenase (LDH), into the blood [36]. Therefore, CCly-induced hepatic injury causes
increases in the amounts of lipid peroxide in the liver and AST, ALT, and LDH activities in the blood.
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In order to prevent the symptoms of CCly-induced hepatic injury, detoxification of the peroxide in vivo
by phase II enzymes, including glutathione-S-transferase (GST) and quinone reductase (QR) and
antioxidative enzymes such as glutathione reductase (GR) and glutathione peroxidase (GPx), should
occur immediately [28-31]. GSH is consumed by detoxification with GST as well as the reduction of
peroxide with GPx and the oxidation of GSH, while GSH is recovered by the reduction of oxidized
GSH with GR [28-31]. Therefore, if intake of ACSO can prevent CCly-induced hepatic injury, increases
in AST, ALT, LDH, and lipid peroxide as well as decreases in the amount of GSH will be suppressed
by the concomitant increases in GST, QR, GR and GPx activities. Phase II enzymes and antioxidative
enzymes are induced by the activation of the NF-E2-related factor 2 antioxidant response element
(Nrf2-ARE) pathway [37,38]. This activation is triggered by Nrf2 nuclear translocation. To activate the
pathway in the liver, orally administered ACSO and/or its bioactive metabolites are required to be
transported to the liver, inducing translocation of Nrf2 to the nucleus.

The present study was conducted to examine the effect of oral administration of ACSO on the
prevention of hepatic injury induced by CCly. Furthermore, we investigated the mechanism underlying
the preventive effect on CCly-induced hepatic injury. We also evaluated Nrf2 nuclear translocation
in liver cells following ACSO administration and the absorption of ACSO from the small intestine
into the portal vein, which leads to the liver. Moreover, in order to examine whether intact ACSO is
absorbed from the small intestine or metabolized during absorption, we also measured the ACSO and
the ACSO metabolite pyruvic acid in the blood after injection of ACSO in the ligated loop of the small
intestine in rats.

2. Materials and Methods

2.1. Materials

S-Allyl-L-cysteine sulfoxide (ACSO), S-methyl-L-cysteine sulfoxide (MCSO), and S-ethyl-L-cysteine
sulfoxide (ECSO) were synthesized from the corresponding alk(en)yl bromide and r-cysteine followed
by the addition of hydrogen peroxide [25,39]. S-Allyl-L-cysteine (ACS), diallyl sulfide (DAS), diallyl
disulfide (DADS), and diallyl trisulfide (DATS) were purchased from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). Chemical reagents for the experiments were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan), Oriental Yeast Co., Ltd. (Tokyo, Japan), Cosmobio Co., Ltd. (Tokyo,
Japan), and Roche Diagnostics GmbH Co., Ltd. (Mannheim, Germany).

2.2. In Vivo and Ex Vivo Experiments

2.2.1. Animals

Seven-week-old male Sprague Dawley (SD) rats were purchased from Japan SLC, Inc. (Tokyo,
Japan). All animal experiments were performed in accordance with the Guidelines for Animal
Experiments of the College of Bioresource Sciences, Nihon University (approval code: AP13B010
and AP16B139). The feeding facility was maintained at an ambient temperature of 21-22 °C with
12-h light-dark cycling. Rats were housed in individual stainless-steel wire cages with free access
to food (CE-2, Clea Japan, Tokyo, Japan) and water during a 1-week-acclimation period prior to
the experiments.

2.2.2. Effect of ACSO and Its Related Compounds on Suppression of Hepatic Injury Induced by CCly

Rats were divided into 11 groups of six rats (Figure 2). ACSO, MCSO, ECSO, ACS, DAS, DADS, and
DATS at a dosage of 50 umol/mL/day were orally administered via gavage to rats of the corresponding
group for seven consecutive days. ACSO, MCSO, ECSO, and ACS were dissolved in distilled water
(DW), while DAS, DADS, and DATS were dissolved in olive oil at the time of use. Control rats received
only either DW or olive oil. CCly was intraperitoneally administered at a dosage of 1 mL/kg body
weight after oral administration of the sulfoxides and sulfides on the seventh day. Then, the rats were
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subjected to fasting for 24 h and thereafter sacrificed. The liver was excised, and the microsomal and
cytosolic fractions were prepared by centrifugation as described [40]. Briefly, serum was separated
from sodium citrate-treated whole blood by centrifugation at 1500x g for 15 min at 4 °C.

Animal: 7-week-old male SD rats

—> Blood
Sample (50 pmol/mL/day) (Measared items)
DW, Olive oil, Hepatic-injury markers
ACSO, MCSO, ECSO, ACS, (AST, ALT, LDH)
DAS, DADS, DATS

I 1 V37| e
1 ) 3 4 5 6 7 38 (Measured items)
(day) 1‘ Ocxidative-stress marker
ccl, (TBARS)
(1 mL/kg body weight) Drug-metabolizing phase 11 enzymes

(GST, QR)
Antioxidative enzymes

(GPx, GR)
GSH

Figure 2. Animal experimental design for evaluation of the suppressive effects of S-allyl-L-cysteine
sulfoxide (ACSO) and its related compounds on hepatic injury induced by CCly.

(a) Determination of AST, ALT and LDH Levels

The obtained serum in 2.2.2. was used to examine acute hepatic-injury enzyme markers (i.e., AST,
ALT, and LDH). These levels in the serum were determined by the enzymatic method using an
automatic analyzer, Spotchem EZ SP-4430 (Liver-2, Arkray, Inc., Kyoto, Japan).

(b) Measurement of Lipid Peroxide

The content of lipid peroxide in the liver was determined by thiobarbituric acid (TBA) reactive
substances (TBARS) assay, which detects aldehydes produced from the decomposition of lipid
hydroperoxide [41]. First, 0.5 mL of the liver homogenate was mixed with 0.3 mL of 1% phosphoric acid
and 1 mL of 0.67% TBA aqueous solution. The mixture was incubated at 95 °C for 45 min to produce
aldehyde-TBA adduct possessing absorbance at 535 nm. After cooling the reaction mixture to room
temperature, 4 mL of n-butanol was added to dissolve the adduct. The mixture was centrifuged at
1500x% g for 10 min, and the supernatant containing aldehyde-TBA adduct was obtained. The absorbance
of the supernatant at 535 nm was measured. The difference in absorbance at 535 nm between the
mixture with and without the adduct was used as the TBARS value. Malondialdehyde (MDA) was
used as a standard and the TBARS value was expressed as MDA equivalent.

(c) Measurement of GST Activity

The activity of glutathione S-transferase (GST) in the cytosol of the liver was spectrophotometrically
assayed [42]. A 1.48 mL solution containing 0.1 M potassium phosphate buffer at pH 7.4, 30 mM
reduced glutathione (GSH) was preincubated at 25 °C for 5 min. Then, 60 pL of 30 mM 1-chloro-2,4-
dinitrobenzene (CDNB) and 300 puL cytosol fraction were added to the solution to initiate the reaction
of CDNB to produce S-2,4-dinitrophenylglutathione, and the increase in absorbance at 340 nm was
recorded. The amount of S-2,4-dinitrophenylglutathione was calculated by its extinction coefficient
(e=9.6mM™! cm™!). The activity of GST was expressed as the amount of S-2,4-dinitrophenylglutathione
produced per minute per milligram of cytosol protein. The amount of cytosol protein was determined
by the bicinchoninic acid (BCA) method using BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA).
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(d) Measurement of QR Activity

The activity of quinone reductase (QR) in the cytosol of liver was assayed spectrophotometrically [43].
An 800 pL solution containing 50 mM Tris-HCl at pH 8.0, 0.2% Tween-20, 40 uM oxidized
2,6-dichlorophenolindophenol (DCIP), and 0.3 mM NADPH was preincubated at 25 °C for 5 min.
Then, 150 pL of cytosol fraction was added to the solution to produce reduced DCIP from oxidized
DCIP. A decrease in the absorbance at 600 nm was recorded, and the activity of QR was calculated
from the difference between the absorbance with and without the cytosol fraction. The amount of
oxidized DCIP was calculated by its extinction coefficient (e = 21 mM~! ecm™). The activity of QR was
expressed as the amount of oxidized DCIP consumed per minute per milligram of cytosol protein.
The amount of cytosol protein was determined by the BCA method.

(e) Measurement of GR Activity

The activity of glutathione reductase (GR) in the liver was measured as described by Carlberg and
Mannervik [44]. A 600 pL of solution containing 0.1 M potassium phosphate buffer at pH 7.6 containing
1 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM reduced nicotinamide-adenine dinucleotide
phosphate (NADPH), 1 mM oxidized glutathione (GSSG), and 0.1% bovine serum albumin (BSA) was
mixed with 100 puL of the cytosol fraction to produce GSH from GSSG. The decrease in absorbance of
NADPH at 340 nm was monitored at 25 °C, and the amount of NADPH consumed was calculated by
using its molar extinction coefficient (¢ = 6.22 mM~! cm™!). The activity of GR was expressed as the
amount of NADPH consumed per minute per milligram of cytosol protein. The amount of cytosol
protein was determined by the BCA method.

(f) Measurement of GPx Activity

The activity of glutathione peroxidase (GPx) in the liver was determined spectrophotometrically
using GSH and hydrogen peroxide (H,O,) as substrates [45]. First, 20 uL of 0.1 M GSH, 100 uL of
10 unit/mL GR, and 100 uL of 2 mM NADPH were mixed with 100 pL of 0.1 M sodium phosphate
buffer and 2 mM NaNj3 at pH 7.0 in a sample cuvette. Then, 10 uL of the cytosol fraction was added
to the mixture, while 10 pL of buffer was added to the reference cuvette. The total volume of the
solution was adjusted to 1 mL by adding 660 pL of DW into each cuvette. After preincubation at 37 °C
for 2 min, the reaction was started by adding 10 uL of 1.5 mM H,O,. The oxidation of NADPH to
oxidized nicotinamide-adenine dinucleotide phosphate (NADP*) along with the conversion of GSSG
to GSH by GR was followed by the absorbance of NADPH at 340 nm, and the amount of NADPH
consumed was calculated by using its molar extinction coefficient (e = 6.22 mM~! cm™). The activity
of GPx was expressed as the amount of NADPH consumed per minute per milligram of cytosol protein.
The amount of cytosol protein was determined by the BCA method.

(g) Measurement of total GSH Level

The level of total glutathione was measured as described by Habig et al. [42]. First, a mixture of
100 pL of the cytosol fraction, 50 uL of 4 mM NADPH, 100 uL of 6 unit/mL GR in 500 uL of 10 mM
sodium phosphate buffer at pH 7.5 was preincubated at 37 °C for 5 min to convert GSSG to GSH. Then,
50 uL of 10 mM 5,5’ -dithiobis-2-nitrobenzoic acid (DTNB) was added to the mixture. The absorbance of
5-mercapto-2-nitrobenzoic acid at 412 nm produced by the reaction of DTNB and GSH was measured.

2.2.3. Effect of ACSO and Sulfides on Liver Function of Normal Rats

Rats were divided into four groups of six rats. ACSO, DADS, and DAS at a dosage of
50 pmol/mL/day were orally administered to normal healthy rats of the corresponding group for seven
consecutive days. ACSO was dissolved in DW, while DADS and DAS were dissolved in olive oil for
use. Control rats received only DW or olive oil. The rats were subjected to fasting for 24 h following
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oral administration of ACSO, DADS, and DAS on the seventh day and then sacrificed. The activities of
GST and GPx were measured as described in 2.2.2.

2.2.4. ACSO Absorption and Metabolism in the Small Intestine

(a) ACSO Absorption from the Small Intestine

Rats were divided into two groups (1 = 3) designated as control and ACSO. After acclimation,
rats were subjected to fasting overnight. The abdomen was opened on a thermal heat table under
anesthesia, and the small intestine was ligated to be closed. The blood was collected from the portal
vein through a cannula and designated as the sample at 0 min. Then, the ligated small intestine was
injected with phosphate buffered salts (PBS) in the control group and with 100 mM ACSO in PBS for
the ACSO group. Blood was collected from the portal vein through the cannula 10, 20 and 30 min after
this injection. The small intestine was then excised, and the luminal solution was collected and heated
at 80 °C for 30 min for measurement of ACSO and pyruvic-acid content. The excised small intestine
from the control group was used for analysis of ACSO metabolism.

(b) Measurement of ACSO and Pyruvic-Acid Content

For the measurement of ACSO content, the obtained blood or luminal solution was mixed with
1 M hydrogen peroxide and placed on ice for 10 min. The solution was centrifuged at 10,000x g at
4 °C for 10 min, and the supernatant was mixed with 0.7 M potassium carbonate and placed on ice
for an additional 10 min. Then, the solution was centrifuged at 2300x g at 4 °C for 10 min, and the
resultant supernatant was kept cool on ice until use. For measurement of ACSO, the supernatant
was mixed with 9-fluorenylmethyl chloroformate (Fmoc-Cl), and Fmoc-derivatized compounds were
analysed using HPLC (Alliance e2695, Waters, Milford, MA, USA) equipped with an ODS column
(Inertsil ODS-4, GL Sciences, Tokyo, Japan) and fluorescent detector (Waters 2475, Waters, Ex. 263 nm,
Em. 313 nm).

For the measurement of pyruvic-acid content, the obtained blood or luminal solution was mixed
with 1 M hydrogen peroxide and placed on ice for 10 min. The solution was centrifuged at 10,000x g
at 4 °C for 10 min, and the supernatant was mixed with 6 N HCl. The solution was incubated with
1,2-diamino-4,5-methylenedioxybenzene (DMB), 9 N HCl, 2-mercaptoethanol, and Na;S,0O4 at 100 °C
for 45 min. After cooling, the supernatant was collected and filtered. The obtained solution containing
DMB-derivatized compounds was analyzed with HPLC (Alliance e2695) equipped with an ODS
column (Separar C18G, Rikaken, Japan) and fluorescent detector (Waters 2475, Ex.367 nm, Em. 446 nm).

(c) Analysis of Volatile Metabolites from ACSO in the Small Intestine

The excised small intestines were rinsed with 0.02 M K,HPO4-KH,PO, buffer at pH 7.5
and homogenized with the same solution before centrifugation at 15,000x g at 4 °C for 30 min.
The supernatant was centrifuged at 105,000% g at 4 °C for 60 min. Ammonium sulfate was added to
the obtained supernatant to yield precipitated protein. The concentration of ammonium sulfate was
increased stepwise, and the precipitate was recovered at each stage. The protein precipitated by 60-80%
ammonium sulfate was collected and dialyzed against 0.02 M K;HPO4-KH, PO, buffer. The dialyzed
solution was purified with cation-exchange chromatography (CM Sepharose FF, GE Healthcare,
Chicago, IL, USA), and the obtained fraction was mixed with 50 mM ACSO in 0.02 M K;HPO4-KH, POy
buffer at 30 °C for 30 min in a sealed vial. Volatiles in the headspace were collected by solid-phase
microextraction using divinylbenzene/carboxen/polydimethylsiloxane fiber (57328-U, Sigma-Aldrich,
St. Louis, MO, USA) for 30 min while the solution was continuously stirred. The absorbed volatiles
were analyzed by GC-Atomic Emission Detector (HP 6890GC, HP G2350A AED, Agilent technology,
Santa Clara, CA, USA) equipped with analytical column (DB-1, J&W Scientific, Folsom, CA, USA).
Sulfuric compounds were detected at 181 nm, and carbon compounds were detected at 193 nm.
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2.3. In vitro Experiments

2.3.1. Cell Culture

Human Caucasian hepatocyte carcinoma HepG2 cells (HB-8065, Lot No: 16K046, passages 10-20,
ATCC, Manassas, VA, USA) were grown in Eagle’s Minimum Essential Medium (EMEM) supplemented
with 10% (v/v) fetal bovine serum, 100 U/mL penicillin, and 100 g/mL streptomycin. Cultures were
grown at 37 °C under 5% CO,. Stock cultures were grown in 75-cm? flasks (Corning, Tokyo, Japan), and
media was replaced every 2 days. Cells were routinely subcultured by trypsinization upon reaching
80-90% confluency.

2.3.2. Nrf2 Content in the Nucleus, Cytoplasm, and Whole Cells

A suspension of HepG2 cells at a density of 7 X 10° cells/mL in EMEM medium containing
10% FBS was incubated at 37 °C under 5% CO, for 48 h in a 100-mm dish. The medium was then
removed, and EMEM medium containing 1% BSA and 0.25-1.0 mM ACSO was added. The cells
were further incubated at 37 °C under 5% CO, for 6 h. After removal of the medium, cells were
detached in 5 mL PBS using a cell scraper. The obtained suspension was centrifuged at 300X g for 5 min
at room temperature to pellet the cells. To obtain whole cells, the precipitate was mixed with lysis
buffer and sonicated. The resulting suspension was centrifuged at 1000x g at room temperature for
10 min, and then the supernatant was designated as the whole-cell fraction. Nuclei and cytoplasm of
HepG2 cells were extracted from the obtained precipitate using the Nuclear Extraction Kit (RayBiotech,
Peachtree Corners, GA, USA), according to the manufacturer’s instructions. These samples were used
for SDS-PAGE analysis with a 12.5% acrylamide gel. After transfer of protein from the gel, the PVDF
membrane was blocked for 30 min in 150 mM NaCl; 10 mM Tris/HCl, pH 7.4; 0.05% (v/v) Tween 20,
and 0.5% (w/v) skim milk powder. PVDF membranes were incubated overnight at 4 °C with primary
antibodies raised against Nrf2 (E-AB-32280, Lot No: DK7634, Elabscience, Houston, TX, USA; 1:2000)
and B-actin (sc-47778; Lot No: K1418, Santa Cruz Biotechnology, Dallas, TX, USA; 1:1000). After
this incubation, membranes were incubated HRP-linked secondary anti-rabbit IgG (7074S, Lot No:
27, Cell Signaling Technology, Danvers, MA, USA; 1:10,000) or anti-mouse IgG (7076S, Lot No: 33,
Cell Signaling Technology, 1:5000). Protein was visualized and quantified using ECL Western blot
detection system (RPN2235; GE Healthcare, Tokyo, Japan) and Image Lab software (ChemiDoc XRS
Plus; Bio-Rad Laboratories, Hercules, CA, USA).

2.4. Statistical Analysis

All data were expressed as the mean + SEM, and the significance of the differences (p-values)
between groups was evaluated using a one-way ANOVA followed by Duncan’s test (for the animal
experiments shown in Figures 3-5) or the Tukey-Kramer test (for the cell experiments shown in
Figure 6).

3. Results

3.1. Effect of ACSO, Its Analogs, and Garlic-Odor Compounds on Suppression of Hepatic Injury Induced

The activities of AST, ALT, and LDH were measured as enzyme markers for acute hepatic injury
(Figure 3a—c). AST, ALT, and LDH activities were increased following injection of CCly in the control
groups, and these increases were significantly suppressed by oral administration of ACSO, ACS,
DADS, and DATS (p < 0.01). In addition, TBARS was measured to evaluate the peroxidation of lipids
produced by acute hepatic injury (Figure 3d). TBARS was increased by the injection of CCly in the
control groups, while oral administration of ACSO, ACS, DADS and DATS significantly suppressed
the increase in TBARS after the injection of CCly (p < 0.01).
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Figure 3. Effect of ACSO, its analogs, and garlic-odor compounds on markers for hepatic injury and
oxidative stress. Aspartate transaminase (AST) activity (a), alanine transaminase (ALT) activity (b),
lactate dehydrogenase (LDH) activity (c), and the amount of thiobarbituric acid reactive substances
(TBARS) (d) in the blood of rats with CCl-induced hepatic injury. Each value represents the mean of
six rats + S.E. The different letters in the figures indicate a significant difference between the groups
(p <0.01).

We next measured the effect of oral administration of sulfoxides and sulfides on the enzymatic
activities of GST, QR, GR and GPx, and GSH content in the liver after the injection of CCly (Figure 4).
All measured enzyme activities were lower in the control with acute hepatic injury resulting from
CCly than in the control groups without injection of CCly (p < 0.01). GST activities in the ACSO, ACS,
DADS, and DATS groups were significantly higher than those in the control, MCSO, ECSO, and DAS
groups following injection of CCly (Figure 4a, p < 0.01). QR and GR activities in the ACSO, DADS, and
DATS groups were significantly higher than those in the control, MCSO, ECSO, ACS, and DAS groups
following injection of CCly (Figure 4b and ¢, p < 0.01). GPx activities in the ACSO, DADS, and DADS
groups were significantly higher than those in the control, MCSO, ECSO, and DAS groups (Figure 4d,
p < 0.01). GSH content in the ACSO, ACS, DADS, and DATS groups was significantly higher than that
in the control, MCSO, ECSO, and DAS groups following injection of CCly (Figure 4e, p < 0.01) and
lower than that in the control groups without acute hepatitis. Thus, the activities of the phase I and
antioxidative enzymes and the GST content in the ACSO as well as the DADS and DATS groups were
higher than those in the control groups even after the induction of hepatic injury.
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Figure 4. Effect of ACSO, its analogs, and garlic-odor compounds on Phase Il and antioxidative enzyme
activities and glutathione (GSH) content. Enzymatic activities of (a) glutathione-S-transferase (GST),
(b) quinone reductase (QR), (c) glutathione reductase (GR), (d) glutathione peroxidase (GPx), and (e)
GSH, in the livers of rats with CCl-induced hepatic injury. Each value represents the mean of six rats
+ S.E. The different letters in the figures indicate a significant difference between the groups (p < 0.01).

3.2. Effect of ACSO and Sulfides on Liver Function

Figure 5 shows the effect of oral administration of ACSO, DADS, and DATS on GST and GPx
activities in the livers of rats without the injection of CCly. GST and GPx activities in the ACSO and
DADS groups were significantly higher than those in the control and DAS groups (p < 0.01).
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Figure 5. Effect of ACSO and sulfides on liver function. GST activity (a) and GPx activity (b) in the
livers of normal rats after administration of CCly. Each value represents the mean of six rats + S.E.
The different letters in the figures indicate a significant difference between the groups (p < 0.01).

3.3. Effect of ACSO on Nrf2 Nuclear Translocation in HepG2 Cells

The Nrf2/B-actin ratio in HepG2 cells was determined by Western blot analysis (Figure 6).
Nrf2/B-actin ratio in whole HepG2 cells was increased with the addition of ACSO, and the ratio was
significantly higher than that in the control group following addition of 1 mM ACSO (Figure 6a,
p < 0.05). Nrf2/B-actin ratios in the cytoplasm were not significantly different between the groups;
however (Figure 6b), the Nrf2/B-actin ratio in the nucleus increased as the concentration of added
ACSO increased (Figure 6¢). The Nrf2/B-actin ratio in the nuclei of HepG2 cells was significantly
higher following the addition of 0.5 and 1 mM ACSO than that in the nuclei of HepG2 cells without
the addition of ACSO (p < 0.05).

(a) ACSO ACSO ACSO
Control  0.25mM_0.50 mM 1. 0 mM

Nrﬂ|——-—|

B—Actinl————l

b
ab
2 ab
1
0
Control ACSO ACSO ACSO
025mM 0.50mM 1.0 mM

Nrf2/p-actin ratio
[

(b) ACSO  ACSO ACSO (c) ACSO  ACSO  ACSO
Control ~ 025mM 050 mM 1.0 mM Control  025mM  0.5mM 1.0 mM
Nei2 | S ——— | Neiz | ——— —
B-Actin |— —_—— - — | B-Actin ———l
b
=]
€ 10 2 b
g % 2 ab
g £
2 os é 1
z 7z
0.0 0
Control  ACSO  ACSO  ACSO Control  ACSO  ACSO  ACSO
025mM  050mM 1.0 mM 025mM  05mM  1.0mM

Figure 6. Effect of ACSO on Nrf2 nuclear translocation in HepG2 cells. The expression levels of Nrf2
were analyzed by Western blot analysis in whole cell (a), cytoplasm (b), and nuclei (c) preparations of
HepG2 cells. Expression was quantified as the ratio of Nrf2 expression to (3-actin expression. Each value
represents the mean of three experiments + S.E. The different letters indicate a significant difference

between the groups (p < 0.05).
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3.4. Absorption and Metabolism of ACSO in the Small Intestine

The changes in ACSO and pyruvic-acid concentrations in the portal vein after the injection of
ACSO into the ligated loop of the small intestine were measured to evaluate the absorption and
metabolism of ACSO. Concentrations of both ACSO and pyruvic acid increased as time proceeded
(Figure 7). The concentration of ACSO in the portal vein reached 4 mM 30 min after injection of
ACSO into the small intestine, while that of pyruvic acid reached 0.2 mM at this time point. ACSO
and pyruvic-acid concentrations in the luminal liquid of the small intestine 30 min after injection of
PBS into the small intestine were 0 mM and 0.04 mM, respectively. While ACSO and pyruvic-acid
concentrations in the luminal liquid of the small intestine 30 min after injection of 100 mM ACSO into
the small intestine were 8.02 mM and 0.81 mM, respectively (Table 1).
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Figure 7. ACSO (a) and pyruvic-acid (b) concentrations in the portal vein were measured after injection
of ACSO into the small intestine. Each value represents the mean of three excited small intestines + S.E.

Table 1. ACSO and pyruvic-acid concentrations in rat small intestines 30 min after injection of ACSO
or PBS into the small intestine.

Sample  ACSO Concentration (mM) Pyruvic-Acid Concentration (mM)

PBS Not detected 0.04 £ 0.01
ACSO 8.02 +1.84 0.81 £ 0.07

Each value is the mean of three excited small intestines + S.E.

Volatile components produced from the mixture of ACSO and the crude protein extracted from
the small intestine were analyzed using solid-phase microextraction and GC-AED in order to further
evaluate the metabolism of ACSO in the small intestine. DAS and DADS were detected by GC-AED at
retention times of 14 and 29 min, respectively. The relative intensity of DADS was higher than that of
DAS (Figure 8).
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Figure 8. Element chromatograms of volatile compounds obtained from the mixture of ACSO and
proteins of the small intestine to assess ACSO metabolism. Carbon was detected at 193 nm (a) and
sulfur was detected at 181 nm (b).

4. Discussion

We prepared ACSO and its analogs MCSO, ECSO, and ACS to compare their effects on the
prevention of hepatic injury. MCSO is a minor sulfuric component in garlic and the content is up to
2 mg/g fresh weight [26]. ACS is also a minor sulfuric component: The content is less than 30 ug/g fresh
weight, but rich in aged garlic [46]. ECSO is not a naturally occurring compound in garlic. We also
examined the garlic odor components DAS, DADS, and DATS in these experiments. ACS [47,48],
DADS, and DATS [49,50] have previously been reported to prevent hepatic injury when they are
intraperitoneally injected, while DAS did not show such an effect. In this study, we found that
oral administration of ACSO suppressed acute hepatic injury induced by CCly in addition to that
of DADS and DATS (Figure 3). The enzymatic activities of hepatic injury markers, such as AST,
ALT, and LDH, increased following intraperitoneal injection of CCly; however, these increases were
suppressed by oral administration of ACSO as well as that of DADS and DATS. Analysis of the reactive
aldehydes produced from lipid hydroperoxides as a malondialdehyde equivalent using the TBARS
method revealed that the increase in TBARS after injection of CCly was remarkably suppressed by oral
administration of ACSO, DADS, and DATS to levels approximately the same as that of the control
group without CCly injection. These results suggest that oral administration of ACSO prevented acute
hepatic injury induced by CCly in rats. As MCSO, ECSO, and ACS were not effective, the allyl and
sulfoxide groups in ACSO are essential for this preventive effect.

The preventive effect of ACSO on hepatic injury is probably attributable to the induction of
detoxifying and antioxidative enzymes, as scavenging of free radicals is crucial for these effects on
hepatic injury induced by CCly and ACSO itself would not function as a free radical scavenger.
The activities of GST, QR, GPx, and GR as well as the level of GSH were reduced by the injection of
CCly in the vehicle-treated control group. These reductions in enzymatic activities likely resulted
from protein denaturation by radicals, such as CCls, that are produced by CCly. This decrease was
suppressed by oral administration of ACSO, DADS, and DATS (Figure 4). The suppressive effect of
ACSO stems from its ability to induce GST and GPx activities, as shown in normal rats (Figure 5).
The enhanced induction of GST and GPx relieves oxidative stress, preventing protein denaturation
and enzyme inactivation and leading to the reduction of oxidized GSH to reduced GSH. Therefore,
consecutive oral administration of ACSO induced both phase II and oxidative enzymes, resulting in
attenuation of the symptoms of hepatic injury.
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Some phase Il and antioxidative enzymes, such as GST and GR, are regulated by the Nrf2-Kelch-like
ECH-associated protein 1 (Keapl) system. Increases in such enzymes often prevent or attenuate
diseases, such as Alzheimer’s disease [51], vascular diseases [52], and cancers [53], that are considered
to be caused by oxidative stress. Activation of this pathway is triggered by the release of the Nrf2
transcriptional factor from Keap1, which is a marker of ubiquitination [37]. The release occurs in
response to modification of the Cys residues of Keapl with electrophiles [54]. Translocation of Nrf2
into the nucleus activates transcription of antioxidative and detoxifying enzymes. DADS and DATS
have been reported to induce antioxidative and detoxifying enzymes via the activation of the Nrf2-ARE
pathway [50]. Since disulfide and trisulfide bonds are readily cleaved by nucleophiles to form covalent
linkages with biomolecules [55], DADS and DATS form covalent bonds with Keap1, thus activating the
Nrf2-ARE pathway to induce antioxidative and detoxifying enzymes [56]. As the precise mechanism
underlying the induction of phase II and antioxidative enzymes by ACSO has not yet been thoroughly
investigated, we examined the ability of ACSO to cause translocation of Nrf2 into the nucleus of
HepG2 liver cells and demonstrated that the addition of ACSO to these cells induced translocation of
Nrf2 into nucleus (Figure 6). Nrf2-ARE pathway controls the expression of a variety of antioxidative
enzymes including superoxide dismutase (SOD) and catalase [38], so that ACSO could also increase
such enzymes activities not tested in the current study.

Although ACSO was shown to promote Nrf2 nuclear translocation in vitro, the functional
molecules to induce phase II and antioxidative enzymes in vivo were not known. One plausible
mechanism for the prevention of hepatic injury by oral administration of ACSO was that ACSO
itself was absorbed and delivered to the liver and/or metabolized to garlic odor components, which
induced phase I and antioxidative enzymes. In vivo experiments showed that the concentrations of
both ACSO and pyruvic acid, a metabolite of ACSO, increased in the portal vein after injection of
ACSO in the ligated loop of the small intestine (Figure 7). In addition, the pyruvic-acid concentration
increased after injection of ACSO in the small intestine (Table 1). These results indicate that ACSO was
not only transported to the portal vein but also metabolized to allyl sulfenic acid and pyruvic acid,
probably by some enzyme or bacterium present in the small intestine. As allyl sulfenic acid is quite
reactive, sulfides such as DADS would be produced in the small intestine. Therefore, ACSO was mixed
with crude proteins extracted from the small intestine to examine the production of volatile bioactive
sulfides. In these experiments, DAS and DADS were detected as volatile components (Figure 8), and
the amount of DADS was greater than that of DAS. These results suggest that orally administered
ACSO is partially metabolized to afford DADS, a known inducer of antioxidative and detoxifying
enzymes in the liver [49,50]. Taken together, the suppressive effect of oral administration of ACSO on
hepatic injury induced by CCly may stem from the activities of both ACSO itself and its metabolites,
including DADS, that induce phase II and antioxidative enzymes in the liver by promoting Nrf2
nuclear translocation.

In this study, 50 umol/mL/day of ACSO was orally administered to a rat of approximately 200 g
body weight, which simply corresponds to about 45 mg/kg bodyweight/day (molecular weight of
ACSO: 177.22). If a person of 50 kg body weight takes the proportional amount, it would become about
2.2 g of ACSO. As fresh garlic contains 14 mg/g weight of ACSO, the amount of garlic corresponding
to 2.2 g of ACSO would be approximately 150 g that might be difficult to take daily. However, ACSO is
water-soluble and odorless, 2.2 g of ACSO can be easily added to variety of foods. As ACSO is known
to enhance richness of taste [27], foods fortified with ACSO may provide both enhanced palatability
and health benefit. In the present study, side effects of ACSO were not observed without showing any
distinctive changes in the liver weight and the appearance compared to the vehicle group. Although the
safety of ACSO to human body should be more precisely investigated, our findings suggest that ACSO
has potential to be used as a functional-food additive to prevent diseases caused by oxidative stress.
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5. Conclusions

Oral administration of ACSO induced phase II and antioxidative enzymes to suppress acute
hepatic injury induced by CCly. ACSO was absorbed from the small intestine to the portal vein but was
also metabolized to a certain extent in vivo to yield garlic odor components, such as DADS. Because
ACSO induced nuclear translocation of Nrf2, ACSO, in addition to DADS, may be an important
molecular factor involved in the induction of phase II and antioxidative enzymes and suppression of
acute hepatic injury. Oral administration of ACSO may therefore be effective for increasing antioxidative
potency and preventing other diseases caused by ROS.

Author Contributions: Y.Y. and H.K. designed the study. Y., RH. TY. TS. (Takeshi Shibuya), T.S.
(Tomoya Sakaguchi), and H.U.-K. conducted the research. Y.Y.,, RH., Y., T.S. (Takeshi Shibuya), H.U-K,,
and H.K. analyzed the data. Y.Y. and H.K. wrote the manuscript. H.K. had primary responsibility for final content.

Acknowledgments: Y.Y. and HK. are grateful to Takeshi Saito of ACERA Co., Ltd. for his useful comments on
the experiment of Nrf2 nuclear translocation.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Hayes, ].D.; McLellan, L.I. Glutathione and glutathione-dependent enzymes represent a co-ordinately
regulated defence against oxidative stress. Free Radic. Res. 1999, 31, 273-300. [CrossRef] [PubMed]

2. Schafer, EQ.; Buettner, G.R. Redox environment of the cell as viewed through the redox state of the glutathione
disulfide/glutathione couple. Free Radic. Biol. Med. 2001, 30, 1191-1212. [CrossRef]

3. Ketterer, B.; Coles, B.; Meyer, D.J. The role of glutathione in detoxication. Environ. Health Perspect. 1983, 49,
59-69. [CrossRef] [PubMed]

4. Coles, B.; Ketterer, B. The role of glutathione and glutathione transferases in chemical carcinogenesis. Crit. Rev.
Biochem. Mol. Biol. 1990, 25, 47-70. [CrossRef] [PubMed]

5. Allen, J.; Bradley, R.D. Effects of oral glutathione supplementation on systemic oxidative stress biomarkers
in human volunteers. |. Altern. Complement. Med. 2011, 17, 827-833. [CrossRef] [PubMed]

6.  Schmitt, B.; Vicenzi, M.; Garrel, C.; Denis, EM. Effects of N-acetylcysteine, oral glutathione (GSH) and a
novel sublingual form of GSH on oxidative stress markers: A comparative crossover study. Redox Biol. 2015,
6,198-205. [CrossRef] [PubMed]

7. Favilli, E; Marraccini, P.; lantomasi, T.; Vincenzini, M.T. Effect of orally administered glutathione on
glutathione levels in some organs of rats: Role of specific transporters. Br. J. Nutr. 1997, 78, 293-300.
[CrossRef] [PubMed]

8.  Stark, A.-A,; Zeiger, E.; Pagano, D.A. Glutathione metabolism by y-glutamyltranspeptidase leads to lipid
peroxidation: Characterization of the system and relevance to hepatocarcinogenesis. Carcinogenesis 1993, 14,
183-189. [CrossRef]

9. Nakamura, Y.; Miyoshi, N. Electrophiles in Foods: The current status of isothiocyanates and their chemical
biology. Biosci. Biotechnol. Biochem. 2010, 74, 242-255. [CrossRef] [PubMed]

10. Parvez, S.; Long, M.J.C.; Poganik, J.R.; Aye, Y. Redox signaling by reactive electrophiles and oxidants.
Chem. Rev. 2018, 118, 8798-8888. [CrossRef]

11.  Thomson, M.; Ali, M. A review of its potential use as an anti-cancer agent. Curr. Cancer Drug Tar. 2003, 3,
67-81. [CrossRef]

12.  Shukla, Y,; Kalra, N. Cancer chemoprevention with garlic and its constituents. Cancer Lett. 2007, 247, 167-181.
[CrossRef] [PubMed]

13.  Powolny, A.A; Singh, S.V. Multitargeted prevention and therapy of cancer by diallyl trisulfide and related
allium vegetable-derived organosulfur compounds. Cancer Lett. 2008, 269, 305-314. [CrossRef] [PubMed]

14. Campbell, ].H.; Efendy, J.L.; Smith, N.J.; Campbell, G.R. Molecular basis by which garlic suppresses
atherosclerosis. J. Nutr. 2001, 31, 10065-1009S. [CrossRef] [PubMed]

15.  Ohaeri, O.C. Effect of garlic oil on the levels of various enzymes in the serum and tissue of streptozotocin
diabetic rats. Biosci. Rep. 2001, 21, 19-24. [CrossRef] [PubMed]

102



Antioxidants 2019, 8, 385

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

Agarwal, M.K,; Igbal, M.; Athar, M. Garlic oil ameliorates ferric nitrilotriacetate (Fe-NTA)-induced damage
and tumor promotion: Implications for cancer prevention. Food Chem. Toxicol. 2007, 45, 1634-1640. [CrossRef]
[PubMed]

Fujisawa, H.; Watanabe, K.; Suma, K.; Origuchi, K.; Matsufuji, H.; Seki, T.; Ariga, T. Antibacterial potential of
garlic-derived allicin and its cancellation by sulfhydryl compounds. Biosci. Biotechnol. Biochem. 2009, 73,
1948-1955. [CrossRef] [PubMed]

Banerjee, S.K.; Maulik, M.; Mancahanda, S.C.; Dinda, A.K.; Gupta, S.K.; Maulik, S.K. Dose-dependent
induction of endogenous antioxidants in rat heart by chronic administration of garlic. Life Sci. 2002, 70,
1509-1518. [CrossRef]

Wu, C.-C.; Sheen, L.-Y.; Chen, H.-W.; Kuo, W.-W.; Tsai, S.-J.; Lii, C.-K. Differential effects of garlic oil and its
three major organosulfur components on the hepatic detoxification system in rats. J. Agric. Food Chem. 2002,
50, 378-383. [CrossRef] [PubMed]

Jones, M.G.; Hughes, J.; Tregova, A.; Milne, J.; Tomsett, A.B.; Collin, H.A. Biosynthesis of the flavour
precursors of onion and garlic. J. Exp. Bot. 2004, 55, 1903-1918. [CrossRef]

Augusti, K.T.; Sheela, C.G. Antiperoxide Effect of S-allyl cysteine sulfoxide, an insulin secretagogue, in diabetic
rats. Experientia 1996, 52, 115-119. [CrossRef] [PubMed]

Sangeetha, T.; Quine, S.D. Preventive Effect of S-allyl cysteine sulfoxide (Alliin) on cardiac marker enzymes
and lipids in isoproterenol-induced myocardial injury. J. Pharm. Pharmacol. 2006, 58, 617-623. [CrossRef]
[PubMed]

Zhai, B.; Zhang, C.; Sheng, Y.; Zhao, C.; He, X.; Xu, W.; Huang, K.; Luo, Y. Hypoglycemic and hypolipidemic
effect of S-allyl-cysteine sulfoxide (alliin) in DIO mice. Sci. Rep. 2018, 8. [CrossRef] [PubMed]

Akao, M.; Shibuya, T.; Shimada, S.; Sakurai, H.; Kumagai, H. In vivo production of bioactive compounds
from S-allyl-L-cysteine sulfoxide, garlic odor precursor, that inhibit platelet aggregation. J. Clin. Biochem.
Nutr. Supple. 2008, 43, 1-3.

Uto-Kondo, H.; Hase, A.; Yamaguchi, Y.; Sakurai, A.; Akao, M.; Saito, T.; Kumagai, H. S-allyl-L-cysteine
sulfoxide, a garlic odor precursor, suppresses elevation in blood ethanol concentration by accelerating
ethanol metabolism and preventing ethanol absorption from gut. Biosci. Biotech. Biochem. 2018, 82, 724-731.
[CrossRef] [PubMed]

Lawson, L.D. Garlic: A review of its medicinal effects and indicated active compounds. In ACS Symposium
Series; American Chemical Society: Washington, DC, USA, 1998; pp. 176-209. [CrossRef]

Ueda, Y.; Sakaguchi, M.; Hirayama, K.; Miyajima, R.; Kimizuka, A. Characteristic flavor constituents in water
extract of garlic. Agric. Biol. Chem. 1990, 54, 163-169.

Jayakumar, T.; Ramesh, E.; Geraldine, P. Antioxidant activity of the oyster mushroom, pleurotus ostreatus,
on CCly-induced liver injury in rats. Food. Chem. Toxicol. 2006, 44, 1989-1996. [CrossRef] [PubMed]

Huo, H.Z.; Wang, B.; Liang, Y.K.; Bao, Y.Y.; Gu, Y. Hepatoprotective and antioxidant effects of licorice extract
against CCly-induced oxidative damage in rats. Inf. ]. Mol. Sci. 2011, 12, 6529-6543. [CrossRef] [PubMed]
Cheng, N.; Ren, N.; Gao, H.; Lei, X.; Zheng, J.; Cao, W. Antioxidant and hepatoprotective effects of schisandra
chinensis pollen extract on CCly-induced acute liver damage in mice. Food. Chem. Toxicol. 2013, 55, 234-240.
[CrossRef]

Pan, Y;; Long, X; Yi, R.; Zhao, X. Polyphenols in liubao tea can prevent CCly-induced hepatic damage in
mice through its antioxidant capacities. Nutrients 2018, 10, 1280. [CrossRef]

Raucy, J.L.; Kraner, ].C.; Lasker, ].M. Bioactivation of halogenated hydrocarbons by cytochrome P4502E1.
Crit. Rev. Toxicol. 1993, 23, 1-20. [CrossRef] [PubMed]

Weber, LW.D.; Boll, M.; Stampfl, A. Hepatotoxicity and mechanism of action of haloalkanes: Carbon
tetrachloride as a toxicological model. Crit. Rev. Toxicol. 2003, 33, 105-136. [CrossRef] [PubMed]
Recknagel, R.O. A New direction in the study of carbon tetrachloride hepatotoxicity. Life Sci. 1983, 33,
401-408. [CrossRef]

Slater, T.F. Free-radical mechanisms in tissue injury. Biochem. J. 1984, 222, 1-15. [CrossRef]

Ramaiah, S.K. A Toxicologist guide to the diagnostic interpretation of hepatic biochemical parameters.
Food Chem. Toxicol. 2007, 45, 1551-1557. [CrossRef]

Kensler, TW.; Wakabayashi, N.; Biswal, S. Cell survival responses to environmental stresses via the
Keap1-Nrf2-ARE pathway. Annu. Rev. Pharmacol. Toxicol. 2007, 47, 89-116. [CrossRef]

103



Antioxidants 2019, 8, 385

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Bataille, A.M.; Manautou, J.E. Nrf2: A potential target for new therapeutics in liver disease. Clin. Pharmacol.
Ther. 2012, 92, 340-348. [CrossRef]

Hakamata, W.; Koyama, R.; Tanida, M.; Haga, T.; Hirano, T.; Akao, M.; Kumagai, H.; Nishio, T. A simple
synthesis of alliin and allo-alliin: X-ray diffraction analysis and determination of their absolute configurations.
J. Agric. Food Chem. 2015, 63, 10778-10784. [CrossRef]

Haber, D.; Siess, M.-H.; De Waziers, I.; Beaune, P.; Suschetet, M. Modification of hepatic drug-metabolizing
enzymes in rat fed naturally occurring allyl sulphides. Xenobiotica 1994, 24, 169-182. [CrossRef]

Uchiyama, M.; Mihara, M. Determination of malonaldehyde precursor in tissues by thiobarbituric acid test.
Anal. Biochem. 1978, 86,271-278. [CrossRef]

Habig, W.H.; Pabst, M.].; Jakoby, W.B. Glutathione S-transferases. J. Biol. Chem. 1974, 249, 7130-7139.
[PubMed]

Ernster, L.; Danielson, L.; Ljunggren, M. DT diaphorase. 1. Purification from the soluble fraction of rat-liver
cytoplasm, and properties. Biochim. Biophys. Acta 1962, 58, 171-188. [CrossRef]

Carlberg, I.; Mannervik, B. Glutathione reductase. Method Enzymol. 1985, 113, 484-490.

Yamamoto, Y.; Takahashi, K. Glutathione peroxidase isolated from plasma reduces phospholipid
hydroperoxides. Arch. Biochem. Biophys. 1993, 305, 541-545. [CrossRef] [PubMed]

Kodera, Y.; Suzuki, A.; Imada, O.; Kasuga, S.; Sumioka, I.; Kanezawa, A.; Taru, N.; Fujikawa, M.; Nagae, S.;
Masamoto, K.; et al. Physical, chemical, and biological properties of S-allylcysteine, an amino acid derived
from garlic. J. Agric. Food Chem. 2002, 50, 622-632. [CrossRef]

Mizuguchi, S.; Takemura, S.; Minamiyama, Y.; Kodai, S.; Tsukioka, T.; Inoue, K.; Okada, S.; Suehiro, S. S-allyl
cysteine attenuated CCly-induced oxidative stress and pulmonary fibrosis in rats. Biofactors 2006, 26, 81-92.
[CrossRef] [PubMed]

Kodai, S.; Takemura, S.; Minamiyama, Y.; Hai, S.; Yamamoto, S.; Kubo, S.; Yoshida, Y.; Niki, E.; Okada, S.;
Hirohashi, K.; et al. S-allyl cysteine prevents CCly-induced acute liver injury in rats. Free Radic. Res. 2007, 41,
489-497. [CrossRef]

Fukao, T.; Hosono, T.; Misawa, S.; Seki, T.; Ariga, T. The effects of allyl sulfides on the induction of phase
II detoxification enzymes and liver injury by carbon tetrachloride. Food Chem. Toxicol. 2004, 42, 743-749.
[CrossRef]

Lee, 1.-C; Kim, S.-H.; Baek, H.-S.; Moon, C.; Kang, S.-S.; Kim, S.-H.; Kim, Y.-B.; Shin, L.-S.; Kim, J.-C.
The involvement of Nrf2 in the protective effects of diallyl disulfide on carbon tetrachloride-induced hepatic
oxidative damage and inflammatory response in rats. Food. Chem. Toxicol. 2014, 63, 174-185. [CrossRef]
Markesbery, W.R. Oxidative stress hypothesis in alzheimer’s disease. Free Radic. Biol. Med. 1997, 23, 134-147.
[CrossRef]

Madamanchi, N.R.; Vendrov, A.; Runge, M.S. Oxidative stress and vascular disease. Arterioscler. Thromb.
Vasc. Biol. 2005, 25, 29-38. [CrossRef] [PubMed]

Reuter, S.; Gupta, S.C.; Chaturvedi, M.M.; Aggarwal, B.B. Oxidative stress, inflammation, and cancer: How
are they linked? Free Radic Biol. Med. 2010, 49, 1603-1616. [CrossRef] [PubMed]

Hu, C,; Eggler, A.L.; Mesecar, A.D.; van Breemen, R.B. Modification of keap1 cysteine residues by sulforaphane.
Chem. Res. Toxicol. 2011, 24, 515-521. [CrossRef] [PubMed]

Hosono, T.; Fukao, T.; Ogihara, J.; Ito, Y.; Shiba, H.; Seki, T.; Ariga, T. Diallyl trisulfide suppresses
the proliferation and induces apoptosis of human colon cancer cells through oxidative modification of
beta-tubulin. J. Biol. Chem. 2005, 280, 41487-41493. [CrossRef] [PubMed]

Kim, S.; Lee, H.G,; Park, S.A.; Kundu, J.K.; Keum, Y.S; Cha, Y.N.; Na, HK,; Surh, Y.J. Keap1 cysteine 288
as a potential target for diallyl trisulfide-induced Nrf2 activation. PLoS ONE 2014, 9, e85984. [CrossRef]
[PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

104



| antioxidants ﬁw\p\py

Article

Polydatin Encapsulated Poly [Lactic-co-glycolic acid]
Nanoformulation Counteract the
7,12-Dimethylbenz[a] Anthracene Mediated
Experimental Carcinogenesis through the Inhibition
of Cell Proliferation

Sankaran Vijayalakshmi !, Arokia Vijaya Anand Mariadoss !, Vinayagam Ramachandran !,
Vijayakumar Shalini !, Balupillai Agilan !, Casimeer C. Sangeetha 2, Periyasamy Balu 3,
Venkata Subbaih Kotakadi ¢, Venkatachalam Karthikkumar 5* and David Ernest 1*

Department of Biotechnology, Thiruvalluvar University, Serkadu, Vellore 632 115, Tamilnadu, India
Department of Physics, Sri Padmavati Mahila Visvavidyalayam, Tirupati 517502, Andra Pradesh, India
Department of Chemistry, Thiruvalluvar University, Serkadu, Vellore 632 115, Tamilnadu, India
DST-PURSE Center, Sri Venkateswara University, Tirupathi 517 502, Andhra Pradesh, India

Department of Pharmacology and Therapeutics, College of Medicine and Health Sciences, UAE University,
Al Ain 17666, UAE

*  Correspondence: karthikjega@gmail.com (V.K.); ernestdavid2009@gmail.com (D.E.)

Gl R W N =

Received: 30 June 2019; Accepted: 23 August 2019; Published: 5 September 2019

Abstract: In the present study, the authors have attempted to fabricate Polydatin encapsulated Poly
[lactic-co-glycolic acid] (POL-PLGA-NPs) to counteract 7,12-dimethyl benzyl anthracene (DMBA)
promoted buccal pouch carcinogenesis in experimental animals. The bio-formulated POL-PLGA-NPs
were characterized by dynamic light scattering (DLS), Fourier transform infrared (FTIR) spectroscopy,
X-ray powder diffraction (XRD) pattern analysis, and transmission electron microscope (TEM).
In addition, the nano-chemopreventive potential of POL-PLGA-NPs was assessed by scrutinizing the
neoplastic incidence and analyzing the status of lipid peroxidation, antioxidants, phase I, phase II
detoxification status, and histopathological changes and in DMBA-treated animals. In golden Syrian
hamsters, oral squamous cell carcinoma (OSCC) was generated by painting with 0.5% DMBA in liquid
paraffin three times a week for 14 weeks. After 100% tumor formation was observed, high tumor
volume, tumor burden, and altered levels of biochemical status were observed in the DMBA-painted
hamsters. Intra-gastric administration of varying concentration of POL-PLGA-NPs (7.5, 15, and
30 mg/kg b.wt) to DMBA-treated hamsters assumedly prevents oncological incidences and restores
the status of the biochemical markers. It also significantly enhances the apoptotic associated and
inhibits the cancer cell proliferative markers expression (p53, Bax, Bcl-2, cleaved caspase 3, cyclin-D1).
The present study reveals that POL-PLGA-NPs is a penitential candidate for nano-chemopreventive,
anti-lipid peroxidative, and antioxidant potential, and also has a modulating effect on the phase I
and Phase II detoxification system, which is associated with reduced cell proliferation and induced
apoptosis in experimental oral carcinogenesis.

Keywords: polydatin; PLGA; nanoformulation; antioxidant; cell proliferation; apoptosis

1. Introduction

Cancer has a high mortality rate, and around 18.1 million people are diagnosed with cancer each
year. According to the World Health Organization (WHO) statistics, by 2030, this number will be
almost double [1], and a recent report from the Indian council of Medical Research Council states that
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by 2020, 1.73 million new cancer cases will be detected, and over 8.8 lakh deaths will occur due to
cancer [2]. The drastic incidence and mortality rate of cancer is associated with age, sex, and race.
Risk factors for cancer incidence include (i) tobacco smoking, which causes lung, head, and neck
cancer; (ii) drinking alcohol, which causes liver, esophageal, breast, oral and other cancers; (iii) physical
inactivity; and (iv) a diet low in fruit and vegetables, which can increase the risk of colon, breast, and
possibly other types of cancers [3,4].

The conventional therapeutic management of cancer, e.g., surgery, chemotherapy, radiation, and
hormonal therapy, are still ineffective for the management of cancer progression. Hence, less toxic
and more effective anti-cancer agents for the management of cancer are urgently needed. Polydatin
(CyoH»,03) is a monocrystalline glycisidic phyto-compound found in Sitka spruce, grape, peanut, hop
cones, red wines, hop pellets, and cocoa [5]. Pharmacological and clinical studies have revealed that
polydatin has anti-arteriosclerosis, anti-tumor, anti-oxidative, anti-inflammatory, anti-proliferative,
anti-angiogenic, hepatoprotective, and immunoregulatory effects. In recent times, the cancer preventive
potential of polydatin has also been examined. It act as repressor candidate of tumorogenesis, through
the hindrance of cell proliferation, invasion, migration, and induced cell apoptosis [6]. In addition,
Chen et al. (2017) have reported that polydatin suppressed the cell cycle progression and enhanced
the apoptotic associated gene expression in human cancer cell lines [7]. It also suppresses the breast
carcinogenesis in MCF-7 cells and gradually down-regulates the expression of phosphor-NF-«kB p65
and activation of NF-«kB pathway in non-small cell lung cancer [8]. In a recent study, Hu et al. (2018)
suggested that polydatin modulated the VEGF-induced angiogenesis by suppressing the phosporylatin
of Akt, eNOS, and Erk [9]. In addition, it induces autophagy and apoptosis in multiple myeloma cells
through the inhibition of mTOR/p70s6k pathway [10].

Biodegradable polymeric agents have been extensively used to improve the bioavailability of plant
based chemotherapeutic agents. Considering this, we utilized the poly-lactic-co-glycolic acid (PLGA)
for the synthesis of polydatin nanoparticles. PLGA is one of the most extensively used biodegradable
polymers because its hydrolysis leads to endogenous and easily metabolized monomers of lactic acid
and glycolic acid [11]. Recent publications suggest that PLGA-NPs functionalized with (i) 8-Sitosterol,
a natural phytosterol, (ii) resveratrol, a natural polyphenol, and (iii) tea polyphenols of theaflavin
and epigallocatechin-3-gallate [12-14] might be potential candidates for cancer treatment. Many
studies have revealed that encapsulation of PLGA nanoparticles improves the biocompatibility, tunable
mechanical property, and controllable degradation of several chemotherapeutic drugs including
paclitaxel, tamoxifen, and anthracyclines. Wang et al. (2014) used a soy-phospholipid based liposome
system to improve the solubility and bioavailability of polydatin [15]. Yallapu et al. (2010) documented
the nano-formulation of PLGA improve the therapeutical efficacy of curcumin in human ovarian and
metastatic breast cancer cell lines [16]. Since, there are no reports are available the combinational
physiochemical features of polydatin loaded PLGA nanoparticles. To the best of our knowledge,
this is the first report on the biosynthesis of Polydatin-loaded PLGA nanoparticles (POL-PLGA-NPs).
The findings of this study validate that the high negatively charged synthesized nanoparticles have
the ability to penetrate into inside the tumor cells via sustainable drug releasing profile. It could be
promising. The feasible outcome of this study, hopefully provide new insights of nanochemopreventive
potential POL-PLGA-NPs.

Hence, the aim of the study is to employ a simple method for the bio-fabrication of POL-PLGA-NPs.
The efficiency of the structural modification of POL-PLGA-NPs was evaluated by FTIR and FRD
analysis. The physical-chemical characteristics, namely, average size, morphological features, zeta
potential, drug loading efficiency, and encapsulation efficacy, were determined. Further, the apoptotic
activating efficacy of POL-PLGA-NPs in DMBA induced buccal pouch carcinogenesis was investigated.
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2. Materials and Methods

2.1. Chemicals and Reagents

DMBA, PLGA (lactide: glycolide 75:25, Mw 76,000-115,000), polydatin and bovine serum albumin
(BSA) were obtained from Sigma-Aldrich Chemical (St. Louis, MO, USA). Primary antibodies, such as
mutant p53, Bax, Bcl-2, cleaved caspase 3, cyclin-DI and 3-actin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). All other chemicals and solvents were supplied from Himedia
laboratories, Mumbai, India and Fisher Inorganic and aromatic Limited (Chennai, India).

2.2. Synthesis of Polydatin Encapsulated PLGA Nanoparticles [POL-PLGA-NPs]

Polydatin encapsulated PLGA nanoparticles [POL-PLGA-NPs] were fabricated by an oil/water
emulsion method with minor modification [17]. 50 mg of PLGA was dissolved in 5 mL of
dichloromethane and acetone (prepared as 3:2) to form well-proportioned PLGA solution in a
round-bottomed flask. Then, 10 mg of polydatin was added to the solution and sonicated at 200 W for
10 min to make a primary emulsion (organic phase) and the resultant primary emulsion was added
dropwise to BSA solution (1% w/v) (aqueous phase) and the mixture was sonicated at 200 W for 15 min
to make an oil/water (O/W) emulsion. To diffuse the O/W emulsion, 15 mL of deionized water was
added and stirred vigorously to eliminate the residual organic solvent. After continuous stirring for
2-3 h, the solution was centrifuged at 14,000 rpm for 30 min, the supernatant was discharged and the
pellet was washed repeatedly with deionized water. After the centrifugation of 10,000 rpm for 20 min,
the POL-PLGA-NPs which settled down was collected and lyophilized by freeze drying and stored at
4°C.

2.3. Characterization of Nanoparticles

After the successful synthesis of Polydatin-encapsulated PLGA nanoparticles were processed for
physicochemical characterization techniques. Particle size, polydispersity index and zeta potential
of PLGA-NPS/POL-PLGA-NPs was investigated by dynamic light scattering (DLS) using Horiba
Scientific-SZ-100 (Horiba, Kyoto, Japan). X-ray diffraction pattern (XRD) of the crystalline phase was
recorded using an Ultima IV X-ray diffractometer (X’'pert-pro MPD-PANalytical, Netherland) at the
angle range of 20 (10-80°). Surface chemistry of the nanoparticles and functional group analysis was
done by Fourier transfer infrared spectroscopy (FTIR) (FTIR PerkinElmer Paragon 500, USA). Particle
size and topological features of the nanoparticles were recorded by Transmission electron microscope
using Philips CM120 M (80 kV; Philips, Eindhoven, Netherlands) and the three-dimensional features
of the individual and the groups of particles are investigated by atomic force microscope (AFM) using
AFM-Solver Next (NT-MDT, Moscow, Russia).

2.4. Determination of Encapsulation and Loading Efficiency of POL-PLGA-NPs

The encapsulation efficiency (EE) and drug loading efficiency (LE) of POL-PLGA-NPs were
determined by spectrophotometric method. Briefly, 3 mg of POL-PLGA-NPs was dissolved in 6 mL of
PBS and centrifuged at 12,000 rpm for 30 min. The content of free polydatin in the supernatant was
measured by UV-Vis spectrophotometer (Elico SL 196, Hyderabad, India) at 230 nm. The percentage of
EE and LE was calculated from this equation:

EE (%) = Wo/W; x 100; LE (%) = Wo/W X 100 )

Here, Wy is the amount of polydatin enveloped in the PLGA nanoparticles, W is the amount of
polydatin encapsulated nanoparticles, and Wy is the amount of polydatin added in the system.
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2.5. In Vitro Releasing Profile of Polydatin

The amounts of polydatin released from the polydatin-encapsulated PLGA nanoparticles were
determined by the spectroscopic method using dialysis bag. In this study, we were chosen for two
different pH of 4.8 and 7.4 to simulate the extracellular and lysosomal environment, respectively.
In briefly, 10 mg of sample were immersed in a dialysis bag and flooded into 50 mL of phosphate
buffer saline (PBS) at different pH (4.8 and 7.4) at under constant and continuous shaking (100 rpm at
37 °C). At the scheduled time intervals (2, 4, 8, 12, 24, 48 h), samples were taken from the solution
and the volume was replaced with fresh PBS and the released content of polydatin was measured by
UV-visible spectrophotometer (Elico SL 196, Hyderabad, India).

2.6. Animals

Eight- to 10-week-old Syrian hamsters weighing 90-120 g were obtained from Indian Council of
Medical Research (ICMR)-National Animal Resource Facility for Bio-Medical Research (NARFBR),
Hyderabad, India. The animals were housed in ventilated cages under the constant conditions
(22 °C, 12 h light/dark cycle). The animals were fed with a normal pellet diet (Hindustan Lever
Ltd., India) and water ad libitum. Animals’ care, experimental procedure, and euthanasia procedure
was performed by the guidelines of the committee for the purpose of control and supervision on
experiments on animals (CPCSEA) and the protocol was approved by the institutional ethical committee
(1282/PO/Re/S/09/CPCSEA).

2.7. Treatment Protocol

After allowing the animals one week of acclimation to their new environmental conditions,
they were randomized into control and experimental groups and separated into six groups (n = 6
animals). Group 1 animals served as control. The animals in the groups (2-5) were painted with
0.5% solution of DMBA in mineral oil using number 4 hair brushes to induce oral carcinogenesis.
Every application giving 0.4 mg DMBA load. Carcinogenic control animals had not received any other
treatment (Group-2). Groups of 3-5 animals (Nanoparticles treated group) were orally treated with
(intra-gastric mode-infant feeding tube No: 5) different concentrations of POL-PLGA-NPs (7.5, 15,
and 30 mg/kg b.wt; dissolved in 0.2% DMSO) by intragastric intubation thrice a week on alternate
days of the DMBA application. Groups of 6 animals were orally administrated with 30 mg kg/b.wt of
POL-PLGA-NPS to check its adverse effects. Vehicle control animals were painted with liquid paraffin
throughout the study (Group-1). After the treatment schedule, the animals were sacrificed; blood, liver,
and buccal pouches were used to biochemical, histopathological, and molecular studies. The body
weights of all hamsters were recorded until the end of the experiment. Tumor incidence, tumor weight
and tumor volume were accessed by the method of Geren et al. [18].

2.8. Histological Studies

Part of the buccal tissue was surgically removed and immersed in 10% formalin for 24 h for
fixation. Then the tissue was processed and embedded in paraffin wax, 4-5 pm sections were sliced
and stained with hematoxylin and eosin. The sections were examined under a light microscope and
photo-micrograph was documented.

2.9. Biochemical Estimations

The tissue lipid peroxidative byproducts known as thiobarbituric acid reactive substances (TBARS)
level was measured as described by Ohkawa et al., and the formation of the pink-colored chromogen
was measured at 532 nm [19]. Lipid hydroperoxides (LOOH) content was estimated by the method
of Jiang et al. [20] and the Conjugated dienes (CD) levels was measured by the method of Rao and
Recknagel [21]. Superoxide dismutase (SOD, EC.1.15.1.1) activity was estimated by the method of
Kakkar et al., and the percentage of inhibition of formazan development was calculated. The amount
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of enzyme required for 50% inhibition of NBT reduction/min/mg protein defined as one unit of the
enzyme [22]. Catalase (CAT, EC.1.11.16) activity was assayed by the method of Sinha. The reaction of
tissue homogenate with HyO,, the presence of buffer was arrested by the addition of a dichromate
acetic acid reagent, and the formation of chromic acetate was measured at 590 nm [23]. The values are
expressed as pumoles of HyO, utilized/min/mg protein. The levels of reduced glutathione (GSH) was
assessed by the method of Ellman, which is based on the reduction of 5, 5" dithiobis 2-nitrobenzoic
acid (DTNB) and the glutathione concentration was expressed as pmoles of -SH content/g tissue [24].
Vitamin E level was measured by the method of Palan et al., This method incorporates the reduction of
Fe?* to Fe?* by a-tocopherol and the formation of a colored complex was measured at 520 nm [25].
Vitamin C level was estimated by the method of Omaye et al., This method involves the oxidation
of ascorbic acid to form dehydro-ascorbic acid and diketogluconic acid and the development of
the yellow-orange colored composite was measured at 520 nm and defined as pg/mg protein [26].
Glutathione peroxidase (GPx, EC.1.11.1.9) activity was assessed using the method of Rotruck et al.,
which is based on the reduction of hydrogen peroxide by GSH for 5 min and the values are expressed
as pumoles of GSH utilized/min/mg protein [27]. Glutathione-S-transferase (GST) activity was measured
by using the method of Habig et al., which is based on the conjugation of the thiol group of glutathione
with the 1-chloro, 2-4dinitrobenzene (CDNB) and the values are expressed as pmol of CDNB-GSH
conjugate formed min/mg protein [28]. Glutathione reductase (GR) activity was measured by the
method of Carlberg and Mannervick: Based on the reduction of glutathione disulfide to reduced
glutathione, one unit of enzyme activity is defined as the nmoles of NADPH consumed/min/mg
protein [29]. Cytochrome p450 and cytochrome b5 activity were measured according to the method
proposed by Omura and Sato, the formation of carbon monoxide (CO) adduct reduced cytochrome
p450 with CO, and the spectral difference between reduced and oxidized cytochrome b5 measured
respectively [30].

2.10. Western Blot Analysis

According to the manufacturer’s instruction of protein isolation kit, total proteins were extracted
from the buccal tissues of control and experimental groups. Each protein (50 mg) samples were separated
through SDS-PAGE and then transferred to PVDF membranes by electrophoretically. The membrane
was blocked with 5% nonfat dry milk for 2 h to block unspecific binding sites. The membrane was kept
overnight incubation with 1:1000 dilutions of primary monoclonal antibodies Mutant p53 (catalogue
No: ab32049; Abcam, UK), Bax, Bcl-2, cleaved caspase 3, cyclin-D1 and (3-actin at 4 °C and detected with
horseradish peroxidase-conjugated secondary antibody for 1 h. Finally, the transferred protein bands
were visualized using enhanced chemiluminescence reagents and quantitated by Image], a public
domain Java image processing software (Wayne Rasband, NIH, Bethesda, MD, USA).

2.11. Statistical Analysis

Data were expressed as mean + standard deviation. Statistical differences compared between
treated groups and the untreated group were analyzed by one-way analysis of variance (ANOVA) and
followed by Turkey HSD with IBM SPSS version 23.0 (SPSS Inc., NY, USA).

3. Results

3.1. Physiochemical Analysis of Polydatin Loaded Nanoparticles for the Determination of Size, Potential, and
Morphological Features

Size and shape of the nanoparticles are a key factor in designing of drug delivery systems. The high
surface-volume ratios of smaller sized nanoparticles efficiently interact with active compounds and
polymers which ultimately enhance the therapeutically efficacy of the drug. In this study, DLS study
was undertaken to ascertain the particle size, distribution, polydispersity index, and the potential of
the fabricated nanoparticles (Figure 1). It was seen that the average size of biosynthesized PLGA-NPs
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was 119.6 nm (PDI index: 1.412) and POL-PLGA-NPs was 187.3 nm (PDI index: 0.256). Surface charge
of PLGA-NPs was found to be —35.2 mV and POL-PLGA-NPs was —23.8 mV.
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Figure 1. Dynamic light scattering (DLS) analysis (mean particle size, polydispersity index
and Zeta potential) of poly-lactic-co-glycolic acid nanoparticles (PLGA-NPs) and POL-PLGA-NPs.
POL-PLGA-NPs has 187.3 (average size), 0.256 (PDI index), and —23.8 mV of Zeta potential.

TEM and SEM analysis were investigated to find out the surface morphology of synthesized
nanoparticles. TEM images revealed that the smooth surface without agglomeration and fabricated
nanoparticles appeared spherical in shape, with the average size of the particles ranging from 105
to 200 nm (Figure 2). Figure 3 showed the analysis of surface morphology and size distribution of
synthesized POL-PLGA-NPs using atomic force microscopy. The results indicate that the NPs are
spherical in shape and the size distribution of nanoparticles is between 120 to 210 nm (Figure 3A-D).
The results are similar that of Particle size analysis and TEM analysis.

100 nm

Figure 2. Transmission electron microphotograph of POL-PLGA-NPs. It shows the smooth surface
without agglomeration and NPs appeared spherical in shape, with an average size of 105 to 200 nm.
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Figure 3. Atomic force microscopy analysis of green synthesized POL-PLGA-NPs. The results disclose
that biosynthesized NPs appears to be spherical in shape by the seeing the nanoparticle’s topology and
morphology of 2D image (A). Nova-Px 3.2.0.rev soft ware provided by NT-MDT was used to detect the
grain size of the AFM image. An analysis of the results reveals that the NPs are varied in size that is
150 nm + 10 nm to 200 nm + 10 nm, we have also carried out grain analysis of the AFM 3D image using
Nova-Px 3.2.0.rev software (B). Whereas the average size of the grains was found to be 160 + 10 nm nm
by using grain analysis (C&D).

3.2. Elemental Analysis of FTIR and XRD Analysis

Fourier-transform infrared spectroscopy (FTIR) analysis was conducted to identify the functional
group analysis of Polydatin, PLGA and POL-PLGA-NPs (Figure 4). FTIR spectrum of polydatin
was observed at 3485 cm™! (O-H stretching), 2945 and 2888 cm~! (C-H stretching), 1596 cm™! (C=C
stretching), and 11797 1081 cm~! (C-O stretching), and intense peaks at 1506 cm~! and 1449 cm™!
due to C-H bending, and 1327 cm™~! due to O-H bending for alcohol. Moreover, FTIR spectrum of
PLGA showed distinct peaks at 3503 cm™~! (O-H stretching for acid group), 3000 and 2954 cm~! (C-H
stretching), 1747 cm™! due to C=0 stretching for carbonyl group), 1626 cm™! (alkyl C=C stretching),
1386 cm~! (O-H bending), 1122 cm~! (C-OH stretching), 868 and 750 em~H(C-H bending). On the
other hand, the FTIR spectrum of POL-PLGA-NPs showed 3503 and 3485 cm™ shifted to a lower
frequency at 3395 cm™! due to the encapsulation of polymer. The sharp peaks at 1747 and 1596 cm™!
were reduced to 1752 and 1588 cm™! due to carbonyl groups. It was seen that all the characteristic
peaks of polydatin and PLGA are visible in polydatin loaded PLGA nanoparticles.
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Figure 4. FTIR spectrum of polydatin, PLGA and POL-PLGA-NPs. FTIR spectrum of POL-PLGA-NPs
showing the peaks of 3503, 3485 cm ™! shift to a lower frequency at 3395 cm™! due to the encapsulation
of PLGA.

The XRD pattern of polydatin clearly showed many intense and sharp peaks at 20 at 12.71°, 14.07°,
16,98°,17.69°,19.87°, 21.41°, 23.23°, 26.77°, 28.23°, 29.86°, and 32.04°, which suggested its crystalline
nature [29] as it has strong crystalline peaks. PLGA exhibits amorphous nature due to the presence of
hump peaks. Besides, POL-PLGA-NPs showed peaks at 14.18°, 21.98°, and 35.62°, clearly indicating
that the drug entrapped in nanoparticles and has amorphous nature (Figure 5).
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Figure 5. XRD pattern of polydatin, PLGA, and POL-PLGA-NPs. POL-PLGA-NPs showings peaks in
14.18°,21.98°, and 35.62° indicates the entrapment of polydatin in synthesized PLGA nanoparticles.

3.3. Encapsulation Efficiency, Drug Loading, and Drug Releasing Profile of POL-PLGA-NPs

Table 1 shows the drug loading and encapsulation efficiency of POL-PLGA-NPs with different
concentrations of POL., i.e., at 1, 3, and 5 mg/mL. The nanoparticles with 5 mg/mL of POL showed
remarkable drug loading and encapsulation efficiency of 8.71 + 0.74% and 94.52 + 9.23%, respectively.
As shown in Figure 6, the releasing patterns of POL-PLGA-NPs reveals that the fabricated nanoparticle
has the pH-independent drug releasing profile. Burst and fast releasing patterns were recorded at
pH 5.5. Nearly 50% of polydatin was released in the initial 2 h, and later the release was very slow.
A maximum of 68% polydatin was released from the nanoformulation of POL-PLGA-NPs at 48 h.
No more release was recorded after that. Also, the sustained drug releasing profile was recorded at pH
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7.4. About 16% of the drug was released in an initial period of 2 h, and only 23% drug was released in
48 h.

Table 1. Loading and encapsulation efficiency of polydatin loaded nanoparticles.

Concentration of Polydatin 1 mg/mL 3 mg/mL 5 mg/mL
Loading efficiency (%) 3.81 +0.25 7.29 +0.63 10.71 £ 0.74
Encapsulation efficiency (%) 22.78 +1.37  83.15 +6.22 96.54 + 8.03

Values are expressed as the mean + SD (n = 3).

80

80

40

20

Curmulative Drug releasing (%)

o
0 2 4 [ B 10 24 li] 42 48
Duration (in howrs)

Figure 6. In vitro release pattern of polydatin loaded PLGA nanoparticles. Burst and fast releasing
pattern were recorded in pH 4.8, Almost 68% polydatin was released from the nanoformulation.

3.4. POL-PLGA-NPs Suppress the DMBA Induced Neoplastic Changes

Body weight changes, tumor formation, and multiplicity POL-PLGA-NPs treated groups showed
a significant gradual increase in body weight (149.97 + 8.61, 151.16 + 10.81, and 168.33 + 14.17).
The decreased body weight was evident in carcinogen-alone treated animals (112.73 + 4.21), whereas the
mean body weight of control animals was 192.45 + 7.17 (Table 2). The administration of POL-PLGA-NPs
did not show any clinical sign of toxicity, thus confirming the non-toxic effects of biosynthesized
POL-PLGA-NPs and their dosage levels. The site-specific carcinogen DMBA caused 100% of tumor
incidence in all carcinogens-alone painted animals, which shows the potential of the carcinogen (Table 2).
The total number of tumors and number of tumors and tumor-bearing animals was significantly high in
group 2 among all DMBA treated animals (p < 0.05). In addition, the high tumor volume indicates the
aggressiveness of the disease. Administration of POL-PLGA-NPs to DMBA treated animals (groups
3-5) showed a remarkable decrease in tumor volume and percentage incidence. There were no tumors
found in the control (group 1) and drug control (group 6) animals. DMBA-alone painted tumor-bearing
animals (group 2) showed the histological characterization of tumor, such as severity in keratosis,
hyperplasia, dysplasia, and moderate levels of squamous cell carcinoma, whereas the treatment with
POL-PLGA-NPs reduced the tumor histological characteristics from severe to moderate, and inhibited
the formation of squamous cell carcinoma. No histological abnormalities were found in the control
and drug control animals (groups 1 and 6).
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Table 2. Body weight, incidence of oral neoplasm and histological features in POL-PLGA-NPs treated

control and experimental animals.

DMBA+ DMBA+ DMBA+ POL-PLGA-NP

Parameters Control DMBA POL-PLGA-NPs POL-PLGA-NPs POL-PLGA-NPs alone

(7.5 mg/kg b.wt.) (15 mg/kg b.wt.) (30 mg/kg b.wt.) (30 mg/kg b.wt.)
Initial Bodyweight (g)  125.24 + 6.47° 120.15 +3.03 P 131.15+9.03 > 130.24 +12.16¢ 126.82 +8.04 ¢ 130.47 £7.952
Final Bodyweight (g) 19345+7.172 136.73 +9.01° 149.97 £ 8.61 ¢ 151.16 +9.81 ¢ 16833 £9.17 ¢ 183.12 +8.072
Weight Gain(g) 68.21+672° 16.54 +1.72° 18.82+5.72¢ 2092 + 6.74 ¢ 4351 £6.38¢ 52.65+521°
Tumor Incidence - 100 80 68 20 -
Total number of
tumors/animals - 12/(6) 10/(6) 7/0) 2/(6) -
Tumor Burden - 2024.76 + 82.6 * 1586.2 + 62.45 942.61.54.83 105.73 £ 7.11 ***
Tumor Volume - 168.73 + 6.43 * 158.6 + 5.84 1343 £ 4.81 52.86 + 1.33 *** -
Keratosis Not observed Severe Moderate Moderate Mild Not observed
Hyperplasia Not observed Severe Moderate Moderate Mild Not observed
Dysplasia Not observed Severe Moderate Moderate Mild Not observed
Squ:.amous cell Not observed . Well. Severe Moderate Mild Not observed
carcinoma differentiated

Values are expressed as the mean + SD for 6 hamsters in each group. * Significantly differ from control group
(p < 0.05), *** Significantly differ from DMBA group (p < 0.05) (Oneway ANOVA). Groups not sharing a common
superscript letter (a—e) differ significantly at p < 0.05 (Oneway ANOVA)

3.5. POL-PLGA-NPs Enhances the Lipid Peroxidative Byproducts

The levels of TBARS, LOOH, and CD in circulation and buccal mucosa of DMBA-treated and
control groups are shown in Figure 7. Exposure to carcinogen exhibited significant increase (p < 0.05) in
the levels of TBARS, LOOH, and CD at the end of 16 weeks. On supplementation of POL-PLGA-NPs
to DMBA exposed animals revealed significantly reduced levels (p < 0.05) of lipid peroxidative

byproducts levels.
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Figure 7. Effects of POL-PLGA-NPs on 7, 12-dimethyl benzyl anthracene (DMBA) -induced changes in
the activity of thiobarbituric acid reactive substances (TBARS), Lipid hydroperoxides (LOOH), and
CD. Values are expressed as mean + SD (n = 6). * significantly differ from control group (p < 0.05),
** Significantly differ from DMBA group (p < 0.001), *** significantly differ from DMBA group (p < 0.05)

(One-way ANOVA).
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3.6. Enzymic and Non Enzymic Antioxidant Status

Figure 8 presents the activities of enzymic antioxidant levels in circulation and buccal mucosa of
control and DMBA-exposed animals. DMBA-alone painted animals show the reduced levels of enzymic
antioxidants such as SOD, CAT, and GPx levels, whereas oral supplementation of POL-PLGA-NPs
to DMBA-painted animals significantly improved (p < 0.05) the levels of above said antioxidants.

There were no significant differences between control and drug control animals.
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Figure 8. Effects of POL-PLGA-NPs on DMBA induced changes in the activity of enzymatic antioxidants.
Values are expressed as mean + SD (n = 6). * Significantly differ from control group (p < 0.05),
** Significantly differ from DMBA group (p < 0.001), *** significantly differ from DMBA group (p < 0.05).

The levels of non-enzymic antioxidants in the circulation and buccal mucosa of experimental
animals were shown in Figure 9. A significant reduction was observed in the levels of non-enzymic
antioxidants such as Vitamins E, C, and reduced glutathione in carcinogen-treated unsupplemented
animals. Upon treatment with POL-PLGA-NPs significantly (p < 0.05) increases the levels of those
non-enzymic antioxidants to bring back near control values.
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Figure 9. Effects of POL-PLGA-NPs on DMBA induced changes in the level of non-enzymatic
antioxidants. Values are expressed as mean + SD (1 = 6). * Significantly differ from control group
(p < 0.05), ** Significantly differ from DMBA group (p < 0.001), *** Significantly differ from DMBA
group (p < 0.05) (Oneway ANOVA).

3.7. Xenobiotic Metabolizing Enzymes

The xenobiotic metabolizing enzymes levels of control and DMBA painted animals were shown
in Figure 10. Carcinogen alone expose animal showed a considerable increase in Phase I and Phase
II metabolizing enzymes such as Cyt p450, Cyt b5, GST, GGT, and GR activities. POL-PLGA-NPs
supplementation to DMBA painted animals reduces the levels of those phases I and II enzymes on a
dose-dependent basis, which was more pronounced in POL-PLGA-NPs (30 mg/kg b.wt).

3.8. Effect of POL-PLGA-NPs on the Histopathological Features of the DMBA Induced Buccal
Pouch Carcinogenesis

The histopathological evaluation of the buccal tissues of control, carcinogen-alone and
POL-PLGA-NPs-treated animals are presented in Figure 11. At the end of 16 weeks, squamous cell
carcinoma was evident in the carcinogen-alone exposed group initiated with DMBA. Hyperkeratosis,
along with hyperplasia and dysplasia was also observed in DMBA-alone exposed animals.
POL-PLGA-NPs-treated DMBA-painted animals displayed mild keratosis as well as mild hyperplasia
and dysplasia.
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Figure 10. Modulating effects of POL-PLGA-NPs on DMBA induced Xenobiotic metabolizing enzymes.
Values are expressed as mean + SD (1 = 6). * significantly differ from control group (p < 0.05),
** significantly differ from DMBA group (p < 0.001), *** significantly differ from DMBA group (p < 0.05)
(One-way ANOVA).

3.9. Effect of POL-PLGA-NPs on Apoptotic and Proliferative Marker Expressions in DMBA Induced Buccal
Pouch Carcinogenesis

The role of POL-PLGA-NPs and/or DMBA-mediated protein expression of apoptotic and
proliferative markers were studied by western blotting analysis (Figure 12). The proapoptotic
marker Bax, cleaved caspase-3 was highly down regulated and proliferative marker mutant p53,
Bcl-2, and cyclin-D1 were extensively over expressed during the exposure of DMBA in rat buccal
pouch. On the other hand, the delivery of POL-PLGA-NPs induces apoptotic mediators such as Bax,
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cleaved caspase-3 and inhibits DMBA induced mutant p53, Bcl-2, and cyclin-D1 expressions in a
dose-dependent manner. We noticed that POL-PLGA-NPs (30 mg/kg.b.wt) treatment was a more
efficiently remarkable activity in DMBA-exposed hamsters, whereas POL-PLGA-NPs (30 mg/kg.b.wt)
alone produced no toxicity.

Control DMBA DMBA+Polydatin (7.5 mg'kg b.wt)

wi)

Figure 11. Histopathological analysis of buccal tissue of control and experimental animals (10x).
Control and POL-PLGA-NPs showing normal architecture. DMBA alone treated sections showing a
well-defined squamous cell carcinoma with hyper chromatic nuclei containing epithelial and keratin
pearls. DMBA+POL-PLGA-NPs showing a mild to moderate dysplasia and hyperplasia.

Lane | 2 3 4 5 6
i 15—

Bax 20kDa

Cleaved Caspase-3 11kDa
Cyclin-DI 36kDa

B-actin N 12k Da

300 Tomrol
— A
mw BHEJ\-PO[:PL(M-N'\!M mpigbwy)
= DMBA PO Pl NP s bt
. NPS0 gy but)
2860 o POL-PLGA-NPS (30 g bovt)
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Mutant p53 Bax Bel-2 Cleaved Caspase-3 Cyclin-DI

Figure 12. Immunoblot analysis of mutant p53, bax, Bcl-2, cleaved caspase-3, and cyclin D1 in control
an experimental animal. 1-Control; 2-DMB; 3-DMBA+POL-PLGA-NPs (7.5 mg/kg b.wt.); 4-DMBA
+POL-PLGA-NPs (15 mg/kg b.wt.); 5-DMBA +POL-PLGA-NPs (30 mg/kg b.wt.); 6-POL-PLGA-NP
alone (30 mg/kg b.wt.). POL-PLGA-NPs enhance the apoptotic mediators such as Bax, cleaved caspase-3
and inhibit p53, Bcl-2 and cyclin-D1 expressions in a dose-dependent manner. Bar diagram represents
the proteins expression; each bar represents the mean + SD of three independent analysis.
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4. Discussion

Ploydatin has strong antioxidant activities. Owing to conjugated double bonds in its molecular
structure, it shows many beneficial pharmacological activities such as improving learning and memory,
lipid lowering, and extending lifespan. Conjugated compounds can absorb electrons and form adducts
with oxygen species (e.g., epoxides, diols and other structures), and thus behave like antioxidants.
Although they are antioxidants as well, they form adducts with protein SH groups, thereby activating
Nrf-2 antioxidant signaling pathways [31]. Through hydrophobic stacking and hydrogen bonds,
polydatin can interact with neurotensin (NT). The polyphenol-protein complexes seem to affect NT
metabolism and diminish the NT-induced metabolic activation of colon carcinoma cells [32]. Mikulski
and Molski (2010) reported that the presence of 4-OH group is primarily responsible for the antioxidant
capacity [33]. However, to improve the meditative potential of phytocompounds, polymer-based
nanoparticles can be attainable feasible approach to improve the biocompatibility and shield against
digestive enzymes and pH changes.

Polymer based nanoparticles have attracted the attention of the modern scientific community due
to their fascinating applications in biomedical sciences. Scientific evidences have demonstrated that
PLGA-based nanoparticles are capable of inducing apoptosis and arresting the cell proliferation in
cancerous conditions acts as a carrier molecule to enhance the stability and pharmacological activity
of polydatin [34]. Based on this information, the oil/water emulsion method was commonly used
in the preparation of nanocarrier with therapeutic agent embedded with hydrophobic or polymeric
lattice. This method allows for rapid access of nanospheres or nanocapsules in large quantity and
scale up pharmaceuticals industries. Based on this literature, the oil/water emulsion method was used
for fabrication of polydatin loaded PLGA nanoparticles (POL-PLGA-NPs). There was a strong ionic
interaction between the polydatin and PLGA facilitate the formation of nano-sized particles with the
help of stirring and sonication. In the study, average diameter of the fabricated POL-PLGA-NPs was
found to be 187.3 nm. In the study, the average diameter of the fabricated POL-PLGA-NPs was found
to be 187.3 nm. Due to the presence of terminal carboxyl groups in the PLGA ensures the negative
potential, which again ensures abiding stability and avoids particle aggregation. This result correlates
with the previous findings that nanoparticles with the average size of 400-600 nm are able to penetrate
the endothelial gap of the tumor tissue [35]. The findings of the TEM analysis and 3D analysis of
AFM studies were confirmed that the synthesized nanoparticles were typically uniform and spherical
shaped nanoparticles with an average size range of 144 nm to 200 nm. Similarly, Lozano et al. reported
that the nanoencapsulated quercetin was found to be spherical in shape with an average from 90 nm to
165 nm [36]. The particle size recognized from TEM and AFM analysis strongly supports the findings
of DLS analysis.

X-ray diffraction (XRD) analysis is a non-destructive technique generally used to scrutinize
the crystallinity and physical nature of the nanoparticles. XRD patterns of polydatin, PLGA, and
POL-PLGA-NPs were acquired and compared the significant differences in the molecular state of
the nanoformulation. A hump peaks at 20° (20), which is pinpointing of the amorphous nature
of PLGA. Whereas a sharp peak observed at 19.87°, 23.23°, and 28.23° indicating the crystalline
nature of the polydatin. Upon the integration of polydatin into PLGA nanoformulation showed
the less intensity of peaks at 21.98° clearly indicates the amorphization nature. Earlier studies also
documented that XRD pattern of the encapsulation NPs were exhibited less intensity of peaks when
compared with plant-based phytochemicals, which clearly indicate the reduction in the crystallity
form the nanoparticles. Similar observation was made our study. In the present study, FTIR patterns
of POL-PLGA-NPs strongly suggest that PLGA nanoparticles were successfully encapsulated with
a bioactive molecule of polydatin by oil/water emulsion method. The major peaks at 3395 and
1588 cm ™! became wider and flatter; indicating that hydrogen bond was enhanced, that there were no
loss of functional groups in nanoformulation, and that the crystalline structure was imported to the
PLGA nanoparticles.
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Encapsulation and loading efficiency of nanoparticles is considered to be one of the critical qualities
that improve bioavailability of the drug. The particles having higher loading ability form inefficient
delivery systems. The nanoparticles with 5 mg/mL of POL showed remarkable drug loading and
encapsulation efficiency of 10.71 + 0.74% and 96.54 + 8.03%, respectively. It was revealed that the drug
releasing profile of POL-PLGA-NPs was directly equivalent to the concentration of POL. The loaded
formulation of POL significantly enhanced the drug loading efficiency of the nanoparticles due to the
strong hydrophobic interaction of PLGA. This speculation is in line with numerous studies which
testified that PLGA-mediated nanoparticles enhance the drug loading efficiency [37,38]. The findings
of the in vitro drug releasing pattern of POL-PLGA-NPs revealed that it is minimally released in
normal healthy cells and tissue (pH 7.4), whereas at pH 4.8, the formulated polydatin may attack the
tumor tissue and ultimately enter inside the cancer cells to selectively kill the cancer cells due to its
nano size and high negative potential.

DMBA is classified as a polycyclic aromatic hydrocarbon. It is an indirect carcinogen that needs
metabolic activation to yield an ultimate carcinogen. Initially, the oxidation reaction converts DMBA
to DMBA-3,4-epoxide by phase I xenobiotic metabolizing enzymes, especially cytochrome p450 [39].
The epoxide hydratase, another phase I enzyme, converts the epoxide to DMBA-3, 4- diol, theproximate
carcinogen. Following a series of oxidation steps by cytochrome leads to synthesis of DMBA-3,4
dioll,2-epoxide, the ultimate carcinogen, which reacts with purine molecules to form DNA adducts [40].

Weight loss is a common characteristic in tumor-bearing animals. DMBA-alone painted
animals show a drastic weight reduction along with reduced growth rate, showing the alteration in
body metabolism which breaks down the proteins and lipids. In particular, glucose metabolism
in cancerous-stage whole-body glucose turnover rate may increase, which increases hepatic
glucose synthesis, or gluconeogenesis, from substrates derived from proteolysis and lipolysis [41].
The site-specific carcinogen DMBA induces multiple tumors in buccal tissue with malignant features.
The tumor incidence was 100% in carcinogen-alone animals, validating the potency of the carcinogen,
and its characteristics revealing the aggressiveness of the disease. Intragastric administrations of
POL-PLGA-NPs at the different dosages inhibit the formation of tumors and prevent the tumor growth.

The number and percentage of tumors also reduced in treatment with POL-PLGA-NPs.
In particular, at 30 mg/kg b.w., the chemopreventive potential is realized either by preventing
or inhibiting the formation of tumor. Martano et al. (2018) supported the use of polydatin in oral
cancer prevention and/or as alimentary support associated with anti-tumoral therapy, which is evident
from the present study [42]. The PLGA coated nanoparticles may penetrate epithelial cells to enter
into the circulation, and accumulate inside the tumor to prevent further progression. Oral cancer
was histopathologically confirmed as well differentiated squamous cell carcinoma. DMBA requires
metabolic activation by cytochrome p450 to form diolepoxide and other ROS that are known to increase
intracellular oxidation, causing severe damage to DNA, lipids and proteins, and thereby contribute to
carcinogenesis [43].

ROS mediated oxidative stress has been implicated in the membrane lipid peroxidation,
which include increased membrane fragility, decreased red cell fluidity, altered cell function, and
structural integrity [44]. Several studies reported the relationship between ROS-mediated lipid
peroxidation and several diseases, including oral cancer. The byproducts of lipid peroxidation,
reactive aldehydes often form bioactive adducts with macromolecules that are important for the
pathophysiology of living cells, thus simulating the impacts of reactive oxygen species (ROS) even
in the lack of serious oxidative stress [45,46]. Blood can reflect the liability of the entire animal to
oxidative circumstances and it is also a major target of oxy radical assault [47]. Free radicals released
into circulation eventually cause hemolysis [48]. When there is an imbalance between prooxidants and
antioxidants, it results in increased free radical production and excessive antioxidant consumption,
which are the causative factors for oxidative damage [49]. The enhanced lipid peroxidation in the
circulation of tumor-bearing animals reflect excessive free radical generation exacerbated by a decreased
efficiency of the host antioxidant defense mechanisms. Tumor cells generate and release peroxides into
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the circulation which can subsequently oxidize GSH. Tumor cells also sequester antioxidants from
circulation to promote tumor growth. This may be one of the reasons for the declined antioxidant
status with enhanced lipid peroxidation in the circulation of the DMBA treated animals. Increased
plasma TBARS observed in tumor-bearing animals are probably due to the overproduction and
diffusion of lipid peroxidation byproducts from the damaged tissues with consequent leakage to the
plasma. On supplementation with POL-PLGA-NPs, the levels of plasma and erythrocytes TBARS in
DMBA-treated animals significantly decreased. This suggests that POL-PLGA-NPs have anti-lipid
peroxidative potential during oral carcinogenesis. Numerous studies have demonstrated the increased
lipid peroxidation and declining antioxidant status in experimental oral carcinogenesis [50]. On the
other hand, tumor tissue has the ability to prevent lipid peroxidation through the highly evolved
protective mechanisms so that rapid cell proliferation can occur [51]. Cancer cells are known to acquire
certain characteristics that benefit proliferation [52] and they tend to proliferate faster when lipid
peroxidation is low. Moreover, malignant tissues are less susceptible and more resistant to free radical
attack and hence lipid peroxidation is less intense [53]. Thus, we observed decreased lipid peroxidative
that rapid progression of tumor. However, the administration of POL-PLGA-NPs to tumor-bearing
animals brings back the lipid peroxidative byproduct levels to near control.

The enzymic antioxidants such as SOD, CAT, and GPx function as the front line of defense against
oxidative stress by virtue of their ability to catalyze the disproportionation reactions of their substrate
free radicals that are spontaneously generated by in vivo oxidative phosphorylation, cytochrome p450
metabolism, and inflammatory processes [54]. Catalase is a catalyst that changes H,O, to nonpartisan
items, O,, and H,O. GPx is an initiated protein that acts against oxidative damage, and this requires
glutathione as a cofactor. It catalyzes the oxidation of GSH to GSSG to the detriment of H,O [55]. In the
carcinogen-treated animals, the activities of SOD, CAT, and GPx were reduced, which shows the high
utilization of endogenous antioxidants and need of more to scavenge the radicals induced by DMBA.

Administration of POL-PLGA-NPs to DMBA-exposed animals reduces the scavenging activities
of antioxidants, thereby reducing the oxidative stress. In addition to the above, DMBA-treated animals
lessened the levels of Vitamins E and C in the blood and buccal mucosa, and the exercises of these
catalysts were impeded because of rehashed exacerbation by the carcinogen. On supplementation
of POL-PLGA-NPs, the levels of Vitamins E and C were recovered to near control. In contrast, GSH
levels were upheld in the carcinogen-exposed animals, due to uncontrolled proliferation of tumor cells;
however, the POL-PLGA-NPs minimize the utilization of glutathione and inhibit the tumor growth
process. The cytochrome p450 (oxidizing phase I metabolizing enzymes) is a group of enzymes playing
a central role in oxidative metabolic activity [56]. The metabolic activation of DMBA produces diol
epoxides, and various ROS, RNS are known to cause damages to lipids, protein, and nucleic acids [57].
Supplementation of POL-PLGA-NPs on DMBA treated animals bring back the phase I and II enzymes
levels to near control in buccal mucosa and liver tissues. This finding suggests that POL-PLGA-NPs
play a crucial role in the detoxification of DMBA.

Inductions of oral carcinogenesis have been associated with the failure of apoptosis and subsequent
activation of proliferation. Bax, Bcl-2, and caspases are involved in the proapoptosis process. Cyclin-D1
and mutant-p53 are deeply involved in proliferation. These apoptotic and proliferative markers are
substantially analyzed by western blotting. The in active form of caspase-3 (pro enzyme), is cleaved
at an aspartate residue to yield a p12 and p17 subunit to form the active caspase-3 enzyme (cleaved
caspase-3) that is responsible for morphological and biochemical changes in apoptosis and is useful
in scoring the apoptotic index. Aberrant caspase-3 protein expression has been extensively studied.
On this basis, we investigated the expressions of cleaved caspase-3 in tumorigenesis. The inhibition
of cell proliferation was measured by evaluating the protein expression levels of Bcl-2. Bcl-2 is an
integral membrane protein located mainly on the outer membrane of mitochondria. Overexpression
of Bcl-2 prevents cells from undergoing apoptosis in response to a variety of stimuli. Cytosolic
cytochrome c is necessary for the initiation of the apoptotic program, suggesting a possible connection
between Bcl-2 and cytochrome ¢, which is normally located in the mitochondrial intermembrane
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space. Cells undergoing apoptosis were found to have an elevation of cytochrome c in the cytosol
and a corresponding decrease in the mitochondria. Overexpression of Bcl-2 prevented the efflux
of cytochrome ¢ from the mitochondria and the initiation of apoptosis. Thus, one possible role of
Bcl-2 in prevention of apoptosis is to block cytochrome c release from mitochondria. Moreover,
dysregulation of cell death genes leading to overexpression of Bcl-2 or reduction in Bax expression,
for example, would alter the Bcl-2: Bax ratio which is considered to be anticarcinogenic, and vice
versa [58]. As expected, the levels of Bcl-2 in carcinogen treated animals were elevated and treatment
with POL-PLGA-NPs to tumor-bearing animals reduces the Bcl-2 protein level. On the other hand,
Bax protein levels were increased in tumor-bearing POL-PLGA-NPs-treated an animal, which shows the
anticarcinogenic potential of POL-PLGA-NPs. Moreover, POL-PLGA-NPs treatment induces apoptotis
through the over-expression of cleaved caspase-3 and inhibits DMBA-induced mutant p53 and cyclin-D1
expressions in a dose-dependent manner. We noticed that POL-PLGA-NPs (30 mg/kg.b.wt) treatment
more efficient and remarkable in DMBA-exposed rats. These results are closely correlated with the
activity of detoxification enzymes. Previously, metformin-encapsulated PLGA-PEG nanoparticles
induced apoptosis by the expression of p53, Bax and caspase-3 in ovarian cancer [59]. It was concluded
that the nanoformulation of polydatin may enhance the mitochondrial-mediated apoptotic mechanism
in DMBA-treated hamsters.

5. Conclusions

In conclusion, overall findings proposed that the green based POL-PLGA-NPs formulation
inhibited the progression of tumor and its growth during DMBA initiated carcinogenesis in golden
Syrian hamsters. In addition, the synthesized POL-PLGA-NPs shows strong antioxidant activities
and reduces the tissue lipid peroxidation and spares the function of xenobiotic metabolizing enzymes,
thereby shows potent chemopreventive efficacy evidenced by pathological reports (Scheme 1).
These findings hopefully provide new insights of nanochemopreventive potential of POL-PLGA-NPs.
This might pave the way for next generation of nano drug, which might be less expensive and with
minimum side effects. Further studies on the bioavailability of the synthesized POL-PLGA-NPs are
warranted in experimental animals. In the future, POL-PLGA-NPs may be useful for cancer therapies
as an individual drug or in combination with other drugs.
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Scheme 1. Proposed mechanism involved in the polydatin loaded PLGA nanoparticles enhance the

apoptosis and inhibit the cell proliferation in DMBA induced experimental carcinogenesis.
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Abstract: Background: Although kidney injury caused by cisplatin has attracted much attention,
cisplatin-induced cardiotoxicity is elusive. Our previous studies have confirmed that saponins
(ginsenosides) from Panax quinquefolius can effectively reduce acute renal injuries. Our current
study aimed to identify the potential effects of saponins from leaves of P. quinquefolius (PQS) on
cisplatin-evoked cardiotoxicity. Methods: Mice were intragastrically with PQS at the doses of 125 and
250 mg/kg daily for 15 days. The mice in cisplatin group and PQS + cisplatin groups received four
times intraperitoneal injections of cisplatin (3 mg/kg) two days at a time from the 7th day, respectively.
All mice were killed at 48 h following final cisplatin injection. Body weights, blood and organic
samples were collected immediately. Results: Our results showed that cisplatin-challenged mice
experienced a remarkable cardiac damage with obvious histopathological changes and elevation of
lactate dehydrogenase (LDH), creatine kinase (CK), creatine kinase isoenzyme MB (CK-MB) and
cardiac troponin T (cTnT) concentrations and viabilities in serum. Cisplatin also impaired antioxidative
defense system in heart tissues manifested by a remarkable reduction in reduced glutathione (GSH)
content and superoxide dismutase (SOD) activity, demonstrating the overproduction of reactive
oxygen species (ROS) and oxidative stress. Interestingly, PQS (125 and 250 mg/kg) can attenuate
cisplatin-evoked changes in the above-mentioned parameters. Additionally, PQS administration
significantly alleviated the oxidation resulted from inflammatory responses and apoptosis in cardiac
tissues via inhibition of overexpressions of TNF-«, IL-1f3, Bax, and Bad as well as the caspase family
members like caspase-3, and 8, respectively. Conclusion: Findings from our present research clearly
indicated that PQS exerted significant effects on cisplatin-induced cardiotoxicity in part by inhibition
of the NF-«B activity and regulation of PI3K/Akt/apoptosis mediated signaling pathways.

Keywords: ginsenosides; cisplatin; cardiotoxicity; PI3K/Akt/GSK-3[3; oxidative stress; inflammation;
apoptosis

1. Introduction

Cisplatin is considered as one of the most potent chemotherapeutic agent against a verity of
tumors [1]. However, its effectiveness can be often limited by tissues toxicity such as nephrotoxicity
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and ototoxicity, which are reported previously [2]. Currently, other factors like acute and cumulative
cardiovascular complications are also been reported, which can impair the quality of patient’s life [3].
Electrocardiographic changes, myocarditis as well as cardiomyopathy are considered as its major
clinical symptoms [4]. These cardiac changes leading to the max-dose reduction of cisplatin, moreover,
it will also necessitate the discontinuation of chemotherapy employment [5]. Although we have not
formed a comprehensive understanding on cardiotoxicity induced by cisplatin, recent researches
have demonstrated that oxidative stress, apoptosis, and inflammation are commonly involved in the
occurrence of cisplatin-induced injury [6]. Generally, cisplatin induces mitochondrial dysfunction [7]
and decrease of antioxidants in tissues of cancer patients during cisplatin therapy [8], which lead to
the overproduction of ROS and subsequent oxidative stress. Importantly, overwhelmed oxidative
stress causes changes in the heart after several injections of cisplatin, like fibrosis and edema [9].
Furthermore, excessive ROS production can generate inflammation reactions through NF-«B signal
pathway activation resulting in increased expression and secretion of proinflammatory cytokines in
cisplatin-induced pathologies [10]. Bcl-2 plays an indispensable part in the process of cardiomyocytes
apoptosis, while Bax is a main regulator of Bcl-2 activity [11]. When cisplatin induces generation of ROS,
Bax is activated and transported to the mitochondrial outer membrane and changes its permeability,
resulting the opening of the mitochondrial permeability transition pores (MPTPs) and the release
of cytochrome C into the cytosol, and therefore causing activation of caspase 9 and its downstream
caspases-dependent manner [12].

Overproduction of proinflammatory factors, injuries of immune cells, as well as turbulence of
the PI3K/Akt signaling pathway, activate apoptosis altogether. Previous studies have confirmed that
cisplatin induced irreversible renal dysfunctions owing to excessive cell death, which can be reduced
through regulating of PI3K/Akt/GSK-3( signaling pathways. Cisplatin has been shown to modulate
PI3K/Akt signal pathway to induce apoptosis in a variety of tissues [13], but its mechanism of action
on cardiomyocytes remains unclear. In our study, we also testified that PI3K/Akt signaling pathway is
closely related to the effect of cardioprotective effects. The activity of apoptosis-related protein kinase
like caspase family members, and Bax can be stimulated by GSK-3, finally causes apoptosis [14].
Moreover, GSK-3f3 can be mediated by PI3K/Akt signal pathway in a mouse model and it can also
be considered as an indispensable part in the occurrence of Akt [15]. Previously, researches have
confirmed that PI3K/Akt plays a vital role in the evolution of myocardial infarction as well as diabetic
cardiac injuries [16]. Moreover, the up-regulation of PI3K/Akt pathway attenuates myocardial damages
induced by doxorubicin [17]. GSK3[3 has been shown to play a defensive role against oxidation and
toxicological stress through elevation of antioxidant and detoxifying enzyme levels [18].

NF-«B, which is considered response factor in an early stage, exerts significant effects in stimulating
generations of various proinflammatory factors [19]. In the meantime, NF-kB combines with inhibiting
NEF-kB proteins (IkBs) to form a trimmer that is retained in the cytoplasm. Once IkBs are phosphorylated
and degraded, NF-kB moves from the cytosol to the nucleus to regulate its target genes [20,21].

The roots of Panax quinquefolius, named American ginseng, has been recognized widely herb
of genus Panax in the US and Canada, its roots and rhizomes have been employed extensively for
more than 300 years in China [19]. Like the roots, the leaves of P. quinquefolius was rich in saponins
including ginsenosides Rb1, Rb2, Rc, Rb3, Rd, Rg1, and Re. Previous studies have focused more on
pharmacological activities of several saponins, which are extracted from leaves of P. quinquefolius (PQS),
including kidney protection [22], anti-inflammation [23], anti-oxidation [24], hypoglycemic effect, etc.

A recent report from our group has confirmed that PQS exerted significant reno-protective effects
on cisplatin-evoked renal damages in mice through suppression of oxidative stress, inflammation and
apoptosis [19]. Considering PQS'’s better activity on cisplatin-resulted nephrotoxicity, it will be of great
significance to study the protective potential of PQS on cisplatin-caused cardiac toxicities. According
to the above works, from our present investigations, we supposed that PQS may have protecting
potential on cardiotoxicity in a mouse model. Interestingly, we have confirmed the cardioprotective
effect of PQS in cisplatin-treated mice.
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2. Materials and Methods

2.1. Chemicals and Reagents

All standards were at least 95% pure, as confirmed by HPLC. HPLC-grade acetonitrile and
methanol were purchased from Merck (Darmstadt, Germany). Cisplatin (purity > 99%), was supplied
from Sigma Chemicals (St. Louis, MO, USA). Hematoxylin and eosin (H&E), malondialdehyde (MDA),
glutathione (GSH), superoxide dismutase (SOD), lactic dehydrogenase (LDH), and myeloperoxidase
(MPO) commercial assay kits were obtained from Nanjing Jiancheng Bioengineering Research Institute
(Nanjing, China). The primary rabbit monoclonal antibodies including caspase-3, cleaved caspase-3,
caspase-8, cleaved caspase-8, caspase-9, cleaved caspase-9, Bax, Bcl-2, 3-actin, and secondary rabbit
antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) or DBOSTER
Bio-Engineer Co., Ltd. (Wuhan, China). TUNEL apoptosis detection kits were provided with Roche
Applied Science (No. 11684817910). Hoechst 33258 dye kits were obtained from Shanghai Beyotime
Co, Ltd. (Shanghai, China). DyLight 488-labeled and SABC-Cy3 secondary antibodies were provided
by BOSTER Bio-Engineer Co., Ltd. (Wuhan, China). TNF-«, IL-13, CK, CK-MB, and ¢TnT commercial
ELISA kits were all provided by R&D systems (Minneapolis, MN, USA).

2.2. Animal and Experiments Design

ICR mice (Eight-week-old, male), weighting 25~30 g, provided by Changchun YISI Experimental
Animals Co., Ltd. (Changchun, China). The mice were given a standard laboratory diet and water ad
libitum and maintained at 12 h light/dark cycle at constant temperature (23 + 2 °C). All experimental
animals’ processing project were strictly performed according to the Guide for the Care and Use
of Laboratory Animals (2016). Animal experiments conducted in line with experimental protocols,
and have been acknowledged and confirmed by Jilin Agricultural University Ethical Committee
(Permit No.: ECLA-JLAU-18090). The selected 10 mice were randomly took in a group, 5 groups in
total, and raised for two weeks before the start of formal experiment, Group 1: normal group, Group 2:
cisplatin group (3 mg/kg), Group 3: PQS groups (250 mg/kg), Group 4 and Group 5: cisplatin + 125
or 250 mg/kg PQS groups, respectively. PQS was dissolved in 0.05% carboxymethylcellulose sodium
in advance. Mice in group 2, 4 and 5 received four times intraperitoneal injection of cisplatin with
3 mg/kg (body weight) on the 7th, 9th, 11th, and 13th day, and mice in group 4 and 5 were administered
with PQS at different doses (125 and 250 mg/kg) for 15 days. Mice in group 3 were administrated
with PQS (250 mg/kg) only. Then, all mice were killed at 48 h after final injection of cisplatin. Body
weights, blood and tissue samples collections were handled immediately for different purpose. Five
hearts in each groups were swiftly and carefully been put into liquid nitrogen, while other hearts were
fixed in formalin. Heart serum sample collections were also been promptly segregated by refrigerated
centrifuge for the following analysis.

2.3. Biochemical Parameters Determination

2.3.1. Cardiac Biomarkers

Activities of serum cardiac enzymes CK (Cat. No. MM-58997), CK-MB (Cat. No. MM-0839M1),
CK-MB (Cat. No. MM-43703M1), and ¢TnT (Cat. No. MM-0945M1) were measured by using ELISA
kits according to the commercial protocols.

2.3.2. Assessment of Cardiac Oxidative Stress

Heart homogenates were used to estimate different oxidative stress parameters. The heart tissues
were homogenated in 50 mM phosphate buffer (pH 7.4). The resulting suspension was then centrifuged
at 3000 g for 10 min twice at 4 °C, and the supernatant was used for the detection of GSH, MDA and
SOD. In brief, the levels of oxidative indexes in heart homogenates were detected by commercial kits.
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2.3.3. Assessment of Proinflammatory Cytokine

MPO was determined via tissues homogenate. In order to measure the MPO activity, we also
measured the rate of oxidation of odianisidine and the absorbance was 460 nm, the MPO activity was
calculated and expressed by U/mg protein. Moreover, serum TNF-« and IL-13 were assayed by mouse
TNF-a and IL-1p reading ELISA plates at a wavelength of 450 nm.

2.4. H&E Staining

The hearts sections from the normal as well as cisplatin groups were disposed with paraffin
10% buffered formalin. Sections were cut into approximately 5 um thickness and were stained with
H&E staining observe and identify sections histology by light microscope (Leica TCS SP8, Leica
Microsystems, Mannheim, Germany) [20].

2.5. Immunohistochemistry

Briefly, the sections were deparaffinized and rehydrated with xylene and various concentrations
of alcohol solutions [21]. TBS was used to wash all sections, then they were incubated with 1% BSA for
2 h. Then, they were washed, and were incubated at 4 °C for 12 h with primary antibodies including
mouse polyclonal anti-Bax (1:200) and anti-Bcl-2 (1:200), followed by mouse and rabbit secondary
antibodies for 1 h. Substratum was added to the tissues for 1 h after DAB staining. The positive
staining was detected majorly by brown color in the cytoplasm or nucleus of the positive cells. A light
microscopy (Leica, DN750, Berlin Germany) was also used to observe and record the changes.

2.6. Immunofluorescence and Hoechst 33258 Staining

We used primary antibodies like COX-2 (1:200) and iNOS (1:200) in 4 °C overnight, and then all
selected sections were exposed to Dylight448-labeled secondary antibody. DAPI staining was used to
visualize nucleus followed by PBS washing. Light microscope (LEICA DM 2500, Berlin, Germany)
was used to observe their changes. Hoechst 33258 was conducted as mentioned earlier with slight
modifications. Briefly, the heart tissues were removed out and sealed in 10% formalin solution. After
randomly chose three tissues from every group. Three other samples were chopped into 5 pm sections
and dyed by specific stains (10 ug/mL). And then, we used PBS to wash all the sections for three
times, fluorescence microscope was used to observe stained nuclei. We also used Image-Pro plus 6.0 to
quantify the staining results.

2.7. Western Blotting

Radio Immunoprecipitation Assay (RIPA) buffer was used to split proteins. We prepared 12% SDS
polyacrylamide gels and transferred the proteins (50 pg/lane) to a polyvinylidene difluoride (PVDF)
membrane. 5% non-fat milk insulted with Tris-buffered saline (TBS) which was made up of 0.1%
Tween-20 for more than 2 h at room temperature, then PBS was used to wash the PVDF membrane
three times before incubating in primary antibodies at 4 °C for 12 h. Thereafter, the membrane was
shacked for half an hour at room temperature before being washed three times by TBST, and 8 min for
each time. Latterly, secondary mouse and rabbit antibodies was separately incubated the membrane
for 2 h. Eventually, Emitter Coupled Logic (ECL) substrate (Pierce Chemical Co., Rockford, IL, USA),
which preserved in 4 °C was 1:1 mixed to detect the expressions of all proteins. We also used Image
plus 6.0 software (Media Cybernetics, Rockville, MD, USA) to analyze date.

2.8. Statistical Analysis

All data referenced were expressed as the mean + S.D. and analyzed with SPSS 19.0 (SPSS, Chicago,
IL, USA). Differences among experimental groups were conducted by one-way of variance (ANOVA).
Statistical significance was defined as p < 0.05 or p <0.01.
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3. Results

3.1. Typical HPLC Chromatogram of PQS

High performance liquid chromatography (HPLC) was used to determine and identify the
components of PQS. We authenticate all compositions like Rg1, Re, Rf, Rb1, Re¢, Rb2, Rb3; Rd, Rg6,
F4, Rk3, Rh4, (S)-Rg3, and (R)-Rg3 via comparing the retention times in mixed saponins standard.
The chromatograms and structures are concluded in Figure 1.
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Figure 1. (A) Fourteen saponins from leaves of P. quinquefolius are confirmed by HPLC analysis,
chromatograms and chemical structures of these saponins mainly includes panaxadiol-type ginsenosides
Rb1, Rc, Rb2, Rb3; Rd, 20(S)-ginsenoside Rg3, 20(R)-ginsenoside Rg3 and panaxatriol-type ginsenosides
Rgl, Re, Rf, Rg6, F4, Rk3, and Rh4. (B) The structures of these fourteen saponins.

3.2. PQS Protects Against Cisplatin-Induced Cardiotoxicity

Figure 2 showed that administration of cisplatin injection (5 mg/kg) for 4 times leaded to elevation
of CK, CK-MB competence as well as ¢cTnT level comparing with normal group. These changes
indicated that cardiac injury can be induced by cisplatin in vivo. However, PQS resulted in reduction
(p < 0.05) in the above-mentioned indicators. Furthermore, histologic sections from the normal
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group shows that cardiac muscle fibers is regular, however, in the cisplatin-injected group, abundant
degeneration in cardiac muscle fibers can be noticed (Figure 2B, E). Mice pretreated with PQS indicated
similar forms, which showed that PQS (250 mg/kg body weight) was exerting no impairments on heart
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Figure 2. Effect of PQS on cisplatin-induced changes in heart tissues of mice (A). Cisplatin + PQS
(125 mg/kg), Cisplatin + PQS (250 mg/kg) groups (H&E x 200). Effects of cisplatin and PQS on the serum
levels of related markers CK (B), cInT (C), viability of CK-MB (D), and concentration of CK-MB (E).
All data were expressed as mean + S.D. * p < 0.05 or ** p < 0.01 or ** p < 0.01 comparing with normal
group. # p < 0.05 or # p < 0.01 or #* p < 0.01 comparing with cisplatin group.

3.3. PQS Inhibits Oxidative Stress Induced by Cisplatin Treatment

To assess the cardiac markers of oxidative stress injury, GSH and SOD level in heart tissues were
tested. As shown in Figure 3, PQS attenuated significantly the decline of myocardial SOD induced
by cisplatin (p < 0.05) compared to the normal group. GSH content was significantly reduced by
cisplatin, compared with the normal group (p < 0.05), which were ameliorated by PQS administration
evidently (p < 0.05). MDA is an important parameter reflecting the potential antioxidant capacity of
the body, which can reflect the lipid peroxidation rate and intensity of the body, and can also indirectly
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reflect the degree of tissue peroxidation damage. The level of MDA was increased after injections
of cisplatin, however, a significant decrease of MDA level was observed after treatment with PQS.
These data clearly demonstrated that PQS alleviated cisplatin-caused cardiac oxidative stress injuries
(Figure 3A-C).
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Figure 3. Effects of PQS on the levels of (A) MDA, (B) superoxide dismutase (SOD) and (C) glutathione
(GSH). All data were expressed as mean + S.D. * p < 0.05 or ** p < 0.01 comparing with normal group.
#p <0.05 or # p < 0.01 comparing with cisplatin group.

3.4. Effect of PQS on Cardiac Inflammation

In order to better understand the anti-inflammatory effects of PQS, levels of TNF-« and IL-1f3 in
serum, and activities of LDH and MPO as markers for reflecting neutrophil infiltration were detected.
Serum levels of TNF-« and IL-1§3 showed remarkable elevation for nearly more than 2-folds in mice
treated with cisplatin only, and near 1-fold on mice treated with PQS comparing to normal group
(p < 0.001). Likewise, MPO activity in heart tissues were higher in cisplatin group than that in normal
group. Co-administration of PQS significantly abolished the MPO activity. A significant rise in LDH
activity illustrated the impairment of heart induced by cisplatin challenging, and PQS significantly
decreased these serum-marker enzymes (Figure 4A,C,D,E) (p < 0.01). Moreover, pro-inflammatory
COX-2 and iNOS levels in the heart were assessed through immunofluorescence. As evidence from
immunofluorescence staining, COX-2 and iNOS levels were elevated in cisplatin group. However,
mice receiving PQS lowered the expressions than the mice treated with cisplatin alone, such alterations
were significantly inhibited (Figure 4B,F,G).
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Figure 4. Effect of PQS on cisplatin-induced changes in inflammatory markers in heart tissues of mice.

(A) Tumor necrosis factor-a (TNF-«); (B) Interleukin-1f (IL-1p); (C) Myeloperoxidase (MPO) activity;
(D) Lactate dehydrogenase (LDH); (E) ALT activity; (F) PQS exerted great changes on expression of
COX-2 and iNOS in heart tissues, the expression levels of COX2 (Green) and iNOS (Red) in tissue
section isolated from different groups were assessed by immunofluorescence. (G) Quantitative analysis
of scanning densitometry for cleaved COX-2 (H) Quantitative analysis of scanning densitometry for
cleaved iNOS. All data were expressed as mean + S.D. ** p < 0.01 comparing with normal group.
#p <0.05 or # p < 0.01 comparing with 