Jé?i molecules

Method Development and
Validation in Food and
Pharmaceutical Analysis

Edited by
In-Soo Yoon and Hyun-Jong Cho

Printed Edition of the Special Issue Published in Molecules

www.mdpi.com/journal/molecules



Method Development and Validation
in Food and Pharmaceutical Analysis






Method Development and Validation
in Food and Pharmaceutical Analysis

Editors

In-Soo Yoon
Hyun-Jong Cho

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade e Manchester e Tokyo e Cluj e Tianjin

WVI\DPI

F



Editors

In-Soo Yoon Hyun-Jong Cho

Pusan National University Kangwon National University
Republic of Korea Republic of Korea

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 Molecules
(ISSN 1420-3049) (available at: https://www.mdpi.com/journal/molecules/special issues/method_
development_validatioin_analysis).

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

indicated below:

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

ISBN 978-3-0365-6330-5 (Hbk)
ISBN 978-3-0365-6331-2 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Aboutthe Editors . . . . . . .. ... ... ix
Preface to “Method Development and Validation in Food and Pharmaceutical Analysis” . . . xi

Mei-Jun Chu, Xin-Min Liu, Ning Yan, Feng-Zhong Wang, Yong-Mei Du and Zhong-Feng
Zhang

Partial Purification, Identification, and Quantitation of Antioxidants from Wild Rice (Zizania
latifolia)

Reprinted from: Molecules 2018, 23, 2782, d0i:10.3390/molecules23112782 . . . . . . ... ... .. 1

Song-Tao Dong, Ying Li, Hao-Tian Yang, Yin Wu, Ya-Jing Li, Cong-Yang Ding, Lu Meng, et

al.

An Accurate and Effective Method for Measuring Osimertinib by UPLC-TOF-MS and Its
Pharmacokinetic Study in Rats

Reprinted from: Molecules 2018, 23, 2894, d0i:10.3390/molecules23112894 . . . . . . ... ... .. 17

Stefan Fritzsche, Susan Billig, Robby Rynek, Ramarao Abburi, Elena Tarakhovskaya, Olga
Leuner, Andrej Frolov, et al.

Derivatization of Methylglyoxal for LC-ESI-MS Analysis—Stability and Relative Sensitivity of
Different Derivatives

Reprinted from: Molecules 2018, 23, 2994, d0i:10.3390/molecules23112994 . . . . . . ... ... .. 27

Shenghua Gao, Lili Meng, Chunjie Zhao, Tao Zhang, Pengcheng Qiu and Fuli Zhang
Identification, Characterization and Quantification of Process-Related and Degradation
Impurities in Lisdexamfetamine Dimesylate: Identifiction of Two New Compounds

Reprinted from: Molecules 2018, 23, 3125, doi:10.3390/molecules23123125 . . . . . . ... ... .. 47

Jia Zhou, Hao Cai, Sicong Tu, Yu Duan, Ke Pei, Yangyang Xu, Jing Liu, et al.

Identification and Analysis of Compound Profiles of Sinisan Based on ‘Individual Herb,
Herb-Pair, Herbal Formula’ before and after Processing Using UHPLC-Q-TOF/MS Coupled

with Multiple Statistical Strategy

Reprinted from: Molecules 2018, 23, 3128, doi:10.3390/molecules23123128 . . . . . . ... ... .. 63

Seung-Sik Cho, Seung-Hui Song, Chul-Yung Choi, Kyung Mok Park, Jung-Hyun Shim and
Dae-Hun Park

Optimization of the Extraction Conditions and Biological Evaluation of Dendropanax morbifera

H. Lev as an Anti-Hyperuricemic Source

Reprinted from: Molecules 2018, 23, 3313, d0i:10.3390/molecules23123313 . . . . . . ... ... .. 79

Rui-ze Gong, Yan-hua Wang, Yu-fang Wang, Bao Chen, Kun Gao and Yin-shi Sun

Simultaneous Determination of N°-(carboxymethyl) Lysine and N¢-(carboxyethyl) Lysine in
Different Sections of Antler Velvet after Various Processing Methods by UPLC-MS/MS

Reprinted from: Molecules 2018, 23, 3316, doi:10.3390 /molecules23123316 . . . . . . .. ... ... 87

Seung-Yub Song, Seung-Hui Song, Min-Suk Bae and Seung-Sik Cho

Phytochemical Constituents and the Evaluation Biological Effect of Cinnamomum yabunikkei
H.Ohba Leaf

Reprinted from: Molecules 2019, 24, 81, d0i:10.3390/molecules24010081 . . . . . ... ... .. .. 101

Jung-hyun Shim, Jung-il Chae and Seung-sik Cho

Identification and Extraction Optimization of Active Constituents in Citrus junos Seib ex
TANAKA Peel and Its Biological Evaluation

Reprinted from: Molecules 2019, 24, 680, d0i:10.3390/molecules24040680 . . .. .. ... ... .. 109



Wenrong Yao, Ying Guo, Xi Qin, Lei Yu, Xinchang Shi, Lan Liu, Yong Zhou, Jinpan Hu,
Chunming Rao and Junzhi Wang

Bioactivity Determination of a Therapeutic Recombinant Human Keratinocyte Growth Factor
by a Validated Cell-based Bioassay

Reprinted from: Molecules 2019, 24, 699, d0i:10.3390/molecules24040699 . . ... .. ... .. ..

Yin-Ling Ma, Feng Zhao, Jin-Tuo Yin, Cai-Juan Liang, Xiao-Li Niu, Zhi-Hong Qiu and
Lan-Tong Zhang

Two Approaches for Evaluating the Effects of Galangin on the Activities and mRNA Expression
of Seven CYP450

Reprinted from: Molecules 2019, 24, 1171, do0i:10.3390/molecules24061171 . . . . . .. .. ... ..

Rui-ze Gong, Yan-hua Wang, Kun Gao, Lei Zhang, Chang Liu, Ze-shuai Wang, Yu-fang Wang
and Yin-shi Sun

Quantification of Furosine (N°-(2-Furoylmethyl)-L-lysine) in Different Parts of Velvet Antler
with Various Processing Methods and Factors Affecting Its Formation

Reprinted from: Molecules 2019, 24, 1255, doi:10.3390/molecules24071255 . . . . . .. .. ... ..

Shengwei Sun, Meijuan Liu, Jian He, Kunping Li, Xuguang Zhang and Guangling Yin
Identification and Determination of Seven Phenolic Acids in Brazilian Green Propolis by
UPLC-ESI-QTOF-MS and HPLC

Reprinted from: Molecules 2019, 24, 1791, do0i:10.3390/molecules24091791 . . . . . . ... ... ..

You Jin Han, Bitna Kang, Eun-Ju Yang, Min-Koo Choi and Im-Sook Song

Simultaneous Determination and Pharmacokinetic Characterization of Glycyrrhizin,
Isoliquiritigenin, Liquiritigenin, and Liquiritin in Rat Plasma Following Oral Administration of
Glycyrrhizae Radix Extract

Reprinted from: Molecules 2019, 24, 1816, doi:10.3390/molecules24091816 . . . . . . ... ... ..

Subindra Kazi Thapa, Mahesh Upadhyay, Tae Hwan Kim, Soyoung Shin, Sung-Joo Park and
Beom Soo Shin

Liquid Chromatography-Tandem Mass Spectrometry of Desoxo-Narchinol a and Its
Pharmacokinetics and Oral Bioavailability in Rats and Mice

Reprinted from: Molecules 2019, 24, 2037, doi:10.3390/molecules24112037 . . . . . ... ... ...

Eun-Sol Ha, Dong-Gyun Han, Seong-Wook Seo, Ji-Min Kim, Seon-Kwang Lee, Woo-Yong
Sim, In-Soo Yoon, et al.

A Simple HPLC Method for the Quantitative Determination of Silybin in Rat Plasma:
Application to a Comparative Pharmacokinetic Study on Commercial Silymarin Products
Reprinted from: Molecules 2019, 24, 2180, doi:10.3390/molecules24112180 . . . . . . ... ... ..

Sojeong Jin, Ji-Hyeon Jeon, Sowon Lee, Woo Youl Kang, Sook Jin Seong, Young-Ran Yoon,
Min-Koo Choi, et al.

Detection of 13 Ginsenosides (Rb1l, Rb2, Rc, Rd, Re, Rf, Rgl, Rg3, Rh2, F1, Compound
K, 20(S)-Protopanaxadiol, and 20(S)-Protopanaxatriol) in Human Plasma and Application of
the Analytical Method to Human Pharmacokinetic Studies Following Two Week-Repeated
Administration of Red Ginseng Extract

Reprinted from: Molecules 2019, 24, 2618, doi:10.3390/molecules24142618 . . . . . . . .. ... ..

Mengqi Zhang, Xia Ren, Shijun Yue, Qing Zhao, Changlun Shao and Changyun Wang
Simultaneous Quantification of Four Phenylethanoid Glycosides in Rat Plasma by
UPLC-MS/MS and Its Application to a Pharmacokinetic Study of Acanthus Ilicifolius Herb
Reprinted from: Molecules 2019, 24, 3117, do0i:10.3390/molecules24173117 . . . . . . ... ... ..

vi



Ha-Na Oh, Dae-Hun Park, Ji-Yeon Park, Seung-Yub Song, Sung-Ho Lee, Goo Yoon,
Hong-Seop Moon, et al.

Tyrosinase Inhibition Antioxidant Effect and Cytotoxicity Studies of the Extracts of
Cudrania tricuspidata Fruit Standardized in Chlorogenic Acid

Reprinted from: Molecules 2019, 24, 3266, doi:10.3390/molecules24183266 . . . . . . . ... .. ..

Gregorio Carballo-Uicab, José E. Linares-Trejo, Gabriela Mellado-Sanchez, Carlos A.
Lépez-Morales, Marco Velasco-Veldzquez, Lenin Pavén, Sergio Estrada-Parra, et al.
Validation of a Cell Proliferation Assay to Assess the Potency of a Dialyzable Leukocyte Extract
Intended for Batch Release

Reprinted from: Molecules 2019, 24, 3426, doi:10.3390/molecules24193426 . . . . . .. . ... ...

Joo Tae Hwang, Ki-Sun Park, Jin Ah Ryuk, Hye Jin Kim and Byoung Seob Ko

Development of an Oriental Medicine Discrimination Method through Analysis of Steroidal
Saponins in Dioscorea nipponica Makino and Their Anti-Osteosarcoma Effects

Reprinted from: Molecules 2019, 24, 4022, doi:10.3390/molecules24224022 . . . . . ... ... ...

Seung-Hyun Jeong, Ji-Hun Jang, Hea-Young Cho and Yong-Bok Lee
Pharmacokinetic Comparison of Epinastine Using Developed Human Plasma Assays
Reprinted from: Molecules 2019, 25, 209, do0i:10.3390/molecules25010209 . . . . ... ... .. ..

Yoo-Seong Jeong, Minjeong Baek, Seungbeom Lee, Min-Soo Kim, Han-Joo Maeng,
Jong-Hwa Lee, Young-Ger Suh, et al.

Development and Validation of Analytical Method for SH-1242 in the Rat and Mouse Plasma
by Liquid Chromatography/Tandem Mass Spectrometry

Reprinted from: Molecules 2019, 25, 531, d0i:10.3390/molecules25030531 . . . . ... ... .. ..

vii






About the Editors

In-Soo Yoon

In-Soo Yoon is currently working as a Professor in College of Pharmacy Pusan National
University (Busan, Republic of Korea). He has authored and co-authored > 140 peer-reviewed
journal articles (H-index = 32). At present, he is a member of the Editorial Board for Molecules (MDPI,
eISSN 1420-3049) and Drug Development Research (WILEY, ISSN 0272-4391). His areas of expertise
are biopharmaceutics, the study of the fate of drugs in biological systems after administration (i.e.,
absorption, distribution, metabolism, and excretion; ADME), and pharmacokinetics, the science of
the kinetics of drug ADME. He is mainly working on the following research topics through various
in vitro/in vivo experimental and in silico kinetic modeling approaches.
¢ Drug-metabolizing enzyme- and transporter-mediated ADME of xenobiotics;
¢ Drug interactions with drugs, foods, and natural products;
* Bioanalytical method development;
e Physiologically based pharmacokinetic/pharmacodynamic modeling;

¢ Drug formulations for oral and transdermal bioavailability enhancement.

Hyun-Jong Cho

Hyun-Jong Cho is currently working as a Professor in the College of Pharmacy Kangwon
National University (Chuncheon, Republic of Korea). He has authored and co-authored > 165
peer-reviewed journal articles (H-index = 40). At present, he serves as an Associate Editor
of the Journal of Pharmaceutical Investigation and Editorial Board Member of Molecules and
Pharmaceutics. His research areas cover the development of oral, intravenous, intraarterial,
subcutaneous, and intra(peri)tumoral formulations and their in vitro/in vivo evaluations. For in
vitro/in vivo assessments of developed drug delivery systems, several analytical techniques, from
chromatographic to imaging analyses, have been adopted.
e Disease-targeted drug delivery systems;
® Pharmacokinetic study following formulation administration;

¢ Bioimaging analysis for monitoring the in vivo fate of drug cargos and their delivery systems.






Preface to “Method Development and Validation in
Food and Pharmaceutical Analysis”

Prior to the commercialization of foods and pharmaceuticals, the analytical methods for
those substances should be developed and further validated. The appearance and discovery
of diverse ingredients in foods and medicines create the necessity for new and exquisite
analytical methodologies. ~ Advanced and integrated analytical techniques are required for
the various physicochemical and biological characteristics of analytes, from small chemicals to
biomacromolecules (including nucleic acids, peptides, and proteins). Given the human intake
of foods and medicines, those substances should be selectively analyzed in biological samples,
as well as in in vitro test specimens. Rapid, specific, accurate, precise, sensitive, economic,
eco-friendly, user-friendly, robust, and versatile analytical methods can be widely applied to the
growth of the food and pharmaceutical industries, and they can contribute to their efficient and
safe clinical application. The Special Issue “Method Development and Validation in Food and
Pharmaceutical Analysis”, gathered in this book, was proposed by two Guest Editors, all of whom
are professors conducting research and teaching in the fields of pharmaceutics, analytical chemistry,
pharmacokinetics/pharmacodynamics, and physical pharmacy. This book covers a wide range
of topics, including, but not limited to, new analytical and bioanalytical methods relevant to the
separation, identification, and determination of substances in pharmaceutics, pharmacokinetics,
nanobiotechnology, clinical chemistry, biomedical engineering, and related disciplines. The papers
(18 articles and 5 communications) presented in this book were submitted by research groups from
different countries that fit the aims and scopes of our Special Issue. We would like to thank all
contributors and colleagues who chose to publish their works here, as well as the reviewers who
dedicated their time, effort, and expertise to evaluating the submissions and assuring the high quality
of the published work. We would also like to thank the publisher MDPI and the editorial staff of the
journal for their professional support. Finally, we hope that the content of this book will offer new

perspectives and ideas to initiate and continue further research.

In-Soo Yoon and Hyun-Jong Cho
Editors
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Abstract: To provide further insights into the potential health-promoting antioxidants from wild
rice (Zizania latifolia), which is an abundant but underutilized whole grain resource in East Asia,
a partial purification based on D101 macroporous resin was carried out for the purification and
enrichment of the antioxidants from the bioactive ethanol extracts of wild rice. On that basis,
34 phenolic compounds in the antioxidant fractions were identified by a high-performance liquid
chromatography-linear ion trap quadrupole-Orbitrap-mass spectrometry (HPLC-LTQ-Orbitrap-MS").
The results suggested that phenolic acids could be enriched in the 10% ethanol-eluted fraction
whereas flavonoids (including procyanidins and flavonoid glycosides) could be enriched in 20-30%
ethanol-eluted fractions. A quantitative analysis determined by the multiple reaction monitoring
mode of the ultra-performance liquid chromatography-triple quadrupole-tandem mass spectrometry
(UPLC-QqQ-MS/MS) revealed a high content of procyanidins in wild rice. Compared with phenolic
acids, flavonoids may contribute more to the potent antioxidant activity of wild rice. This is the first
study on the antioxidants from wild rice Z. latifolia. These findings provide novel information on
the functional components of wild rice, and will be of value to further research and development on
Z. latifolia.

Keywords: wild rice; antioxidant; macroporous resins; LC-MS/MS; phenolics; procyanidins

1. Introduction

Wild rice is the seed of an aquatic plant belonging to the genus Zizania, family Poaceae. Among the
four species of genus Zizania around the world, Z. aquatica, Z. palustris, and Z. texana are indigenous to
North America, whereas Z. latifolia is native to East Asia [1]. In China, Z. latifolia is widely distributed
in areas along the Yangtze and Huai Rivers without any cultivation and domestication [2]. Wild rice
is an age-old grain that has been used to treat diabetes and other diseases associated with nutrition,
in Chinese medicinal practice, with a recorded history of over three thousand years of use in China.
Today its use as a grain has almost disappeared, owing to the very different ripening times and
easy seed shattering of the cereal [3-5]. In North America, dehulled but unpolished wild rice was
historically consumed by Native Americans as a staple food [6]. Since the late 20th century, a growing
commercialization of wild rice has been emerged to meet the increased demand for health-promoting
cereals. In recent years, North American wild rice has been widely used in gourmet food products
because of its unique flavor, color, and texture [7].

With its nutritional quality characterized by a high content of proteins, dietary fiber, minerals,
vitamins, and other bioactive phytochemicals (such as phenolics and y-oryzanols), and a low fat

Molecules 2018, 23, 2782; d0i:10.3390/molecules23112782 www.mdpi.com/journal /molecules
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content, wild rice was recognized as a whole grain by the U.S. Food and Drug Administration (FDA)
in 2006 [4,7-9]. Epidemiological studies have demonstrated that the regular consumption of whole
grains is beneficial to human health and can reduce the risk of non-communicable diseases such as
obesity, diabetes, and cardiovascular diseases [10,11].

Most of the reports on wild rice have focused on its nutrients and health benefits [4,12].
Phytochemicals are key contributors to the health benefits of whole grains, due to their bioactivities,
especially antioxidant capacities [10]. Phytochemicals in wild rice have been investigated to a much
lesser degree in comparison with those in other cereal grains. To date, there have been only three
reports on the characterization of antioxidants from wild rice. Specifically, Qiu et al. identified eight
soluble and insoluble monomeric phenolic acids, four ferulate dehydrodimers, and two sinapate
dehydrodimers from wild rice Z. aquatica by HPLC-MS/MS [7]. Fourteen phenolic acids and six
flavonoids (including catechin, epicatechin, epigallocatechin, rutin, quercetin, and kaempferol)
in free and bound phenolic fractions of wild rice Z. aquatica were determined using HPLC, by
Sumczynski et al. [8]. Moreover, Qiu et al. identified three flavonoid glycosides (including diglucosyl
apigenin, glucosyl-arabinosyl apigenin, and diarabinosyl apigenin) and six flavan-3-ols (including
catechin, epicatechin, and four oligomeric procyanidins) from wild rice Z. palustris and Z. aquatica, via
HPLC-MS/MS [13]. Earlier studies have shown that the other wild rice species Z. latifolia, native to
East Asia, has a high nutritional value [14,15], and was effective in suppressing hyperlipidemia and
oxidative stress, preventing obesity and liver lipotoxicity, and alleviating insulin resistance induced by
a high-fat/cholesterol diet in rats [3,5,16]. However, no investigation on the antioxidant activities and
bioactive compounds from East Asian wild rice Z. latifolia has been reported.

It is well-known that unpurified crude plant extracts always contain carbohydrates, proteins, and
other impurities, which may limit further identification and even the application of the bioactive
substances [13,17]. Therefore, it is of great importance to purify antioxidants from wild rice.
Purification of phytochemicals from wild rice has been little studied apart from one preliminary
report by Qiu et al., who fractionated crude extracts of North American wild rice on a Sephadex LH-20
column to improve the detection of procyanidins [13]. As an efficient and practical adsorption material,
macroporous resins have been widely used in the purification and separation of phytochemicals, for
their many advantages, including suitable adsorption and desorption capacities, high adsorption
selectivity, low cost, easy recycling, lower pollution, and suitability for large-scale production [18].
Nevertheless, no studies have been conducted to investigate the use of macroporous resin for the
purification of phytochemicals from wild rice.

In order to exploit the whole grain Z. latifolia resources and obtain further insights into the potential
health-promoting antioxidants from wild rice, an activity-guided study was carried out to evaluate
the in vitro antioxidant activity of wild rice Z. latifolia, partially purify and separate the antioxidant
constituents using a macroporous resin column, and identify and quantify individual compounds by
the high-performance liquid chromatography-linear ion trap quadrupole-Orbitrap-mass spectrometry
(HPLC-LTQ-Orbitrap-MS") and ultra-performance liquid chromatography-triple quadrupole-tandem
mass spectrometry (UPLC-QqQ-MS/MS).

2. Results and Discussion

2.1. Selection of Extraction Solvent

Considering the significant effect of the extraction solvent on the antioxidants extracted from
plants [19-21], twelve different types of solvents were used to select the suitable solvent to get the
maximum extraction of antioxidants from wild rice, since they were the most common ones for the
extraction of antioxidants from plants [7,13,19,22]. The antioxidant activities, total flavonoid content
(TFC), and total phenolic content (TPC) of each solvent extract were determined (Figure S1 in the
Supplementary Materials). The results displayed that the extracts derived from ethanol, methanol,
and acetone showed equivalent antioxidant activities, TFC, and TPC, which were higher than those
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of the other solvent extracts. Therefore, the biocompatible ethanol, with a lower cost and being less
polluting, was selected as the optimal extraction solvent [22].

2.2. Antioxidant Activities, TFC and TPC of Ethanol Crude Extracts

Owing to the fact that pigmented rice has higher amounts of antioxidants than those of
non-pigmented rice [23], and red rice Oryza sativa is recognized as a functional ingredient for
nutraceuticals and functional foods [24], both the red and white rice O. sativa were used as control
samples in this study. According to the results shown in Table 1, wild rice collected from Jingzhou
showed the highest DPPH radical scavenging activity (45.4 £ 0.2 pmol AAE/g), followed by wild rice
collected from Huai’an (20. 8 £ 0.1 pumol AAE/g). The relative low DPPH radical scavenging activities
of the red and white rice O. sativa were observed (10.0 £ 0.0 and 1.4 & 0.0 umol AAE/g, respectively)
(p < 0.05). The ABTS radical scavenging activities of Jingzhou and Huai’an wild rice (24.9 + 0.1 and
17.0 £ 0.1 umol AAE/g, respectively) were significantly higher than those of the control samples (red
rice, 9.9 + 0.1 umol AAE/g; white rice, 1.8 £ 0.0 pmol AAE/g) (p < 0.05). In the reducing power assay,
Jingzhou and Huai’an wild rice exhibited reducing powers of 63.7 + 0.3 and 40.3 & 0.2 umol AAE/g,
respectively, which were obviously higher than those of the control samples (21.5 & 0.1 umol AAE/g
for red rice and 3.5 + 0.0 pmol AAE/g for white rice) (p < 0.05).

Table 1. Antioxidant activities, total flavonoid content (TFC), and total phenolic content (TPC) of
ethanol crude extracts from wild rice and control samples.

DPPH ABTS Reducing Power
Sample (umol AAE/g) (umol AAE/g) (umol AAE/g) TFC (mg QE/g)  TPC (mg GAE/g)
Wild rice (Jingzhou) 4544022 249 +0.1° 63.7 4032 16.6 +0.2° 484022
Wild rice (Huai’an) 20.8+0.1° 17.0+01° 403+ 02P 126 +01° 21+00P
Red rice (O. sativa) 10.0 +0.0°¢ 99+0.1¢ 21.5+0.1¢ 65+0.1¢ 14+00°
White rice (O. sativa) 144009 184009 354009 3240049 13+£00°¢

Values are expressed as mean =+ standard error (n = 3). Values with different letters in the same column
indicate significant differences (p < 0.05). AAE, ascorbic acid equivalents; QE, quercetin equivalents; GAE, gallic
acid equivalents.

The TFC and TPC of the ethanol crude extracts of wild rice and the control samples were
also determined, since most antioxidant activities of plant sources correlate with the phenolic
contents [21,25]. The results showed that the TFC (16.6 &+ 0.2 mg QE/g) and TPC (4.8 &+ 0.2 mg
GAE/g) of Jingzhou wild rice were higher than those of Huai’an wild rice (12.6 + 0.1 mg QE/g and
2.1 + 0.0 mg GAE/g, respectively). The TFC and TPC of red rice control were 6.5 £+ 0.1 mg QE/g
and 1.4 &+ 0.0 mg GAE/g, respectively. The white rice control contained the lowest levels of TFC
(3.2 £ 0.0 mg QE/g) and TPC (1.3 & 0.0 mg GAE/g) (Table 1) (p < 0.05).

These results verified that the antioxidant activity, TFC, and TPC were much higher for wild rice
than for red and white rice O. sativa, indicating more abundant antioxidants in the former than in
the latter. Furthermore, it was observed that the antioxidant profile of Jingzhou wild rice was better
than that of Huai’an wild rice. This is probably attributable to the different ecological environments
of the two samples, which belong to the Yangtze and Huai River basins, respectively. The level of
antioxidants in the plants was influenced by various factors, such as climate, growing conditions,
and ripening process. Moreover, stress conditions, such as infection by parasites and pathogens,
and air pollution, may have accelerated the increase in some antioxidant metabolites [8].

2.3. Purification and Separation of Antioxidants

2.3.1. Screening of Macroporous Resins

Six different resins were used in the study, to compare their adsorption and desorption
performances for antioxidants from wild rice. Figure 1 shows that although the adsorption capacity
of D101 resin (17.8 umol AAE/g) was slightly lower than that of HPD600 resin (19.1 umol AAE/g),
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which was the highest among the tested resins, the desorption ratio of D101 resin (90.4%) was higher
than that of the other resins. Therefore, D101 resin was selected for further purification and separation.
D101 resin exhibited high adsorption and desorption capacities not only because of its appropriate
polarity, but also because of its large surface area and ideal average pore diameter, which correlate with
the chemical feature of the adsorbate molecules [18]. If the pore diameter is too small, it can restrict the
diffusion of adsorbate molecules. On the other hand, if the pore diameter is too large, the adsorbed
molecules will be prone to simultaneous desorption [26]. In addition, the low desorption ratios of
the polar resins HPD600 and NAK-9 indicated that some antioxidants were irreversibly adsorbed
on the resins, which might be due to a strong interaction between the polar hydroxyl groups of the
antioxidants and the resins [27].

20 - - 100
2
£ 18- - 90
g,
B 16 - -8
e )
S T 14 - L0 &
2w 2
B 12 - A e
83 60 2
B = 10 - 50 g
TE s a0 §
R v E
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H 4 L 20
2 2
< 2 L 10
0 ; : : : ; Lo
HPD600 NKA-9  AB-8 X-5 D101  HPD300

Macroporous resin

[ Adsorption capacity M Desorption capacity —e— Desorption ratio
Figure 1. Adsorption, desorption capacities and desorption ratios of the antioxidants on different resins.
2.3.2. Determination of Dynamic Breakthrough Curve

To avoid losses of target compounds during the loading process on the resin column and to
make the purification efficient, a dynamic breakthrough curve of the antioxidants on D101 resin
was constructed. The antioxidants were almost undetectable in the effluent before 32 mL; then,
the antioxidants content in the effluent increased rapidly until it reached a steady plateau at 110 mL
(Figure S2 in the Supplementary Materials). According to the standard that a 10% ratio of the exit to
the inlet solute concentration is defined as the breakthrough point [18], 44 mL of crude extract solution
was determined as the saturated adsorption volume for the D101 resin column.

2.3.3. Antioxidant Activities of Fractions 1-4

The crude extract of Jingzhou wild rice was subjected to a D101 resin column to obtain four
fractions (Frs. 1-4). The antioxidant activities of Frs. 1-4 (at a concentration of 0.5 mg/mL) were
determined (Figure 2). The percentage scavenging of DPPH and ABTS radicals and the reducing
power were highest for Fr. 2, followed by Fr. 1. Frs. 3 and 4 displayed low antioxidant activities.
To identify the specific compounds in the bioactive constituents of wild rice, the active Frs. 1 and 2
were analyzed by the HPLC-LTQ-Orbitrap-MS".
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Figure 2. Antioxidant activities of the four fractions (¢ = 0.5 mg/mL) eluted from D101 resin column by
DPPH radical (a), ABTS radical (b), and reducing power assay (c). The results are expressed as mean +
standard deviation (1 = 3). Different letters above each bar within the same figure indicate significant
differences (p < 0.05).

2.4. Identification of Phenolic Acids and Their Derivatives in Fr. 1

Natural phenolic acids are distinguished by hydroxybenzoic acids and hydroxycinnamic acids
structures [7]. In this study, eight hydroxybenzoic acids and their derivatives (A1-7 and A12) and four
hydroxycinnamic acids (A8-11) (the structures are shown in Figure S3 in the Supplementary Materials)
were identified from Fr. 1. Table 2 presents the retention times, molecular formulas, measured and
calculated deprotonated molecular ions (1/z), mass errors, and major fragment ions (17/z) for the
twelve peaks in the base peak chromatogram of Fr. 1 (Figure S4A in the Supplementary Materials).
According to the molecular formulas indicated by accurate molecular masses and major fragment ions
from losses of molecules of CO; (44 Da) and CO (28 Da) in the MS spectra, peaks A1-12 were identified
as gallic acid, protocatechuic acid, p-hydroxybenzoic acid, vanillic acid, p-hydroxybenzaldehyde,
syringic acid, vanillin, p-coumaric acid, o-coumaric acid, ferulic acid, sinapic acid, and protocatechuic

acid ethyl ester, respectively, which were confirmed by their standards.

Table 2. Identification of phenolic acids and their derivatives in Fr. 1.

[M — HI™ (m/z)

Peak Compound ® tp min)  Formula F""g‘:";“‘
Measured  Calculated  Error (ppm) Ton (m/z)
Hydroxybenzoic acids
and their derivatives
Al Gallic acid 3.07 C7HeOs 169.0141 169.0142 —0.86 125.0244
A2 Protocatechuic acid 5.70 CyHgO4 153.0190 153.0193 —2.15 109.0129
P 93.0340,
A3 p-Hydroxybenzoic acid 9.08 C7HgO3 137.0243 137.0244 —0.59 65.0394
A4 Vanillic acid 11.82 CgHgOy4 167.0346 167.0350 —2.31 123.0450
A5 p-Hydroxybenzaldehyde 12.00 CyHgO, 121.0291 121.0295 —3.51 -
A6 Syringic acid 13.76 CoH190s 197.0447 197.0455 —3.94 gggii;
A7 Vanillin 15.19 CgHgO3 151.0398 151.0401 —1.83 13{7)8;}83’
AL2 Protocatechuic acid 26.25 CoHpOy 1810504  181.0506 —098 153.0553
ethyl ester
Hydroxycinnamic acids
A8 p-Coumaric acid 19.93 CoHgO3 163.0397 163.0401 —2.39 119.0500
A9 o0-Coumaric acid 20.82 CgHgO3 163.0396 163.0401 —2.87 119.0500
A10 Ferulic acid 2391 CioH10O04 193.0503 193.0506 —2.05 149.0602
A1l Sinapic acid 2511 CpiHpOs 2230603 223.0612 —4.08 gi'gz(;‘i’

@ Peaks were numbered according to their order of elution from the lowest to the highest retention times.
b Identification of the compounds was confirmed by authentic standards. f, retention time.
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2.5. Identification of Flavonoids and Phenolic Acids in Fr. 2

As one of the most important antioxidants in plants, flavonoids can be classified into different
subclasses according to the substitution patterns and degrees of oxidation.

In this study, 22 compounds belonging to various metabolite families that include procyanidins
(B1-8, B11, B13, B18, and B19), flavonoid glycosides (B9, B10, B12, B15-17), hydroxycinnamic acid
derivatives (B14 and B21), flavonols (B20), and flavones (B22) were identified from Fr. 2 (Table 3).
The structures of the compounds and the base peak chromatogram of Fr. 2 are provided in Figures S3
and S4B in the Supplementary Materials, respectively.

Table 3. Identification of flavonoids and phenolic acids in Fr. 2.

-
Peak ? Compound tR (min) Formula [M + HI" Gniz) Fragment Ion (m/z)

Measured  Calculated  Error (ppm)

Procyanidins

561.1380, 453.1170, 427.1016,

idi b —
B1 Procyanidin B1 7.63 C30H26012 579.1480 579.1497 2.87 409.0912, 291.0862, 289.0705
561.1380, 453.1170, 427.1016,
o b _ ) g )
B2 Procyanidin B2 8.34 C30H26012 579.1480 579.1497 2.87 409.0912, 291.0862, 289.0705
561.1380, 453.1170, 427.1016,
o b _ g g )
B3 Procyanidin B3 9.55 C39H26012 579.1481 579.1497 2.69 409.0912, 291.0862, 289.0705
B4 Epigallocatechin ® 1010 CysHyuO;  307.0818  307.0812 1.89 181.0490
B5 Catechin ® 11.01 Ci5H1406 291.0862 291.0863 —0.56 273.0747, 165.0544, 139.0836
B6 Epicatechin b 11.08 Ci5H1406 291.0862 291.0863 —0.56 273.0347, 165.0544, 139.0836
B7 A-type procyanidin tetramer ¢ 1297 CeoHygOpq  1153.2559 1153.2608 —4.30 865.1963, 713.1592, 577.1334
BS A-type procyanidin dimer © 1579  CyHpuOp 5771326 577.1341 —2.86 5591220, 451.1013,
7 ° 425.0858
B11 B-type procyanidin tetramer © 17.07 CpoHs0024 1155.2715 1155.2765 —4.41 1029.2438, 1003.2283, 867.2122
B13 A-type procyanidin trimer © 17.96 Cy5H36018 865.1955 865.1974 —2.27 713.1488, 695.1382, 577.1543
B18 A-type procyanidin trimer 21.07 Cy5H34018 863.1792 863.1818 -2.95 845.1689, 711.1322, 693.1221
B19 Procyanidin C1 2215  CysHyOps 8672138 867.2131 0.92 715.1660, 697.1447
Flavonoid glycosides
B9 Rutin ® 16.10 Cy7H30016 611.1597 611.1607 —1.69 303.0485
B10 Eriodyctyol 7-O-hexoside © 16.81 CyH2 O 451.1222 451.1235 —-291 289.0714, 271.0608, 245.0818
B12 6,8-di-C-hexosyl apigenin © 17.36 Cy7H30015 595.1647 595.1657 —1.80 577.1543, igi};égg' 475.1226,
6-C-hexosyl-8-C-pentosyl -~ 547.1437, 529.1331, 475.1123,
B15 aagenin 1879  CpeHogOy  565.1534 5651552 3.13 1451124, 4151020, 355.0808
6-C-pentosyl-8-C-hexosyl B 547.1437,529.1331, 475.1123,
B16 apigenin © 1935 CoHosOus  565.1544 565.1552 139 445.1124, 415.1020, 355.0808
517.1345, 499.1221, 475.1225,
B17 6,8-di-C-pentosyl apigenin © 2069  CasHygOp3 5351431 535.1446 ~3.86 4451123,
355.0810
Others
Dihydroferulic acid
B14 4-0-glucuronide © 18.28 C16H20019 373.1134 373.1129 133 355.1022, 197.0807
B20 Quercetin ® 2409  CysHypO; 3030494 303.0499 —161 181.0128, 153.0178
B21 3,4,5-Trimethoxycinnamic acid € 26.13 CioH1405 239.0915 239.0914 0.26 224.0684, 195.1019
B22 Tricin © 28.05 Cy7H1407 331.0796 331.0812 —4.90 316.0568, 301.0340

@ Peaks were numbered according to their order of elution from the lowest to the highest retention times.
b Tdentification of the compound was confirmed by authentic standard. ¢ Compound was tentatively identified by
comparison with literature data. tg, retention time.
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2.5.1. Procyanidins

Procyanidins, the oligomers and polymers of catechin and epicatechin, can be divided into
two different structure types. In the more common B-type procyanidins, the (epi)catechin units are
connected through a single bond between C-4 of the upper unit and C-6 or C-8 of the lower unit.
The A-type procyanidins differ from the B-type by having an additional bond between adjacent
(epi)catechin units that connects C-2 of the upper unit via an oxygen atom to C-7 or the less abundant
C-5 of the lower unit [28].

Red rice O. sativa has been demonstrated to be a natural source of procyanidins [25]. However,
procyanidins from wild rice have not been well studied with the exception of one primary research on
North American wild rice, in which only catechin, epicatechin, and four procyanidin oligomers were
identified [13].

Twelve procyanidins were identified from Fr. 2. Peaks B1-3 showed a protonated molecular
ion at m/z 579.1480 [M + H]* with fragment ions at m/z 291.0862 [M + H — 288]" generated by
the loss of an (epi)catechin unit through quinone methide (QM) cleavage of the interflavan bond,
and 561.1380 [M + H — 18]* from the loss a water molecular [28], and three noticeable fragment
ions of B-type procyanidin dimers formed by losses of 126, 152, and 170 Da [29]. As is shown
in Figure 3, the fragment at m/z 453.1170 [M + H — 126]* corresponded to the elimination of a
phloroglucinol molecule through heterocyclic ring fission (HRF). The fragments at m/z 427.1016
[M + H — 152]" and 409.0912 [M + H — 170]* originated from a retro-Diels-Alder (RDA) reaction, and
the latter eliminated a water molecule. The fragment at /2 289.0705 [M + H — 290]* was generated by
QM cleavage of the interflavan bond [28,30]. Accordingly, peaks B1-3 were respectively identified as
procyanidins B1, B2, and B3, based on the standards. Peaks B4 (11/z 307.0818 [M + H]*), B5 and B6 (111/z
291.0862 [M + H]*) were respectively identified as epigallocatechin, catechin, and epicatechin, using
the standards. Peak B7 (1m/z 1153.2559 [M + H]*) exhibited fragments at m/z 865.1963 [M + H — 288]*,
713.1592 [M + H — 288 — 152]*, and 577.1334 [M + H — 288 — 288]* (from QM cleavage and RDA
reaction), being identified as an A-type procyanidin tetramer [30]. The protonated molecular ion
atm/z 577.1326 [M + H]* and fragments at m/z 559.1220 [M + H — 18]* (loss of a water molecule),
451.1013 [M + H — 126]* (loss of a phloroglucinol molecule), and 425.0858 [M + H — 152]* (from RDA
reaction) led to the assignment of peak B8 as an A-type procyanidin dimer [29]. Furthermore, a B-type
procyanidin tetramer (peak B11, m/z 1155.2715 [M + H]*) showing fragments at m/z 1029.2438
[M + H — 126]" (loss of a phloroglucinol molecule), 1003.2283 [M + H — 152]* (from RDA reaction),
and 867.2122 [M + H — 288]" (loss of an (epi)catechin unit) was identified [31]. In addition, peaks
B13 (m/z 865.1955 [M + H]*) and B18 (m/z 863.1792 [M + H]*), with the typical fragment ions of
procyanidin oligomers (Table 3), were assigned as A-type procyanidin trimers, on the basis of literature
data [30,32]. Peak B19 (m/z 867.2138 [M + H]*) was identified as procyanidin C1 using the standard.
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Figure 3. Fragmentation pathway (a) and MS? spectrum (b) of B-type procyanidin dimers.
The fragment mechanisms are RDA (retro-Diels-Alder), HRF (heterocyclic ring fission), and QM
(quinone methide) cleavage.

2.5.2. Flavonoid Glycosides

Natural flavonoids are usually found in O-glycoside and C-glycoside forms. Six flavonoid
glycosides were identified from Fr. 2. Peak B9 (m/z 611.1597 [M + H]*) with a major fragment
at m/z 303.0485 [M + H — 308]* (loss of a rutinose moiety) was identified as rutin, based on the
standard. Peak B10 had a protonated molecular ion at m/z 451.1222 [M + H]*, dissociating to yield
fragments at m/z 289.0714 [M + H — 162]* (loss of a hexose moiety), 271.0608 [M + H — 162 — 18]*
and 245.0818 [M + H — 162 — 44]* (for the presence of eriodictyol), and was identified as eriodictyol
7-O-hexoside [33]. Generally, in the MS spectrum, the characteristic losses for O-glycosides are 162
(hexose), 146 (deoxyhexose), and 132 Da (pentose), which correspond to the complete losses of the sugar
moieties produced by cleavage at O-glycosidic bonds. In contrast to O-glycosides, the losses of 120, 90,
and 60 Da, formed by cross-cleavages within sugar moieties, and an additional 18 Da representing a
water molecule loss, could be diagnostic for C-glycosides. In most cases, C-glycosylation was found at
C-6 and C-8 positions of the flavonoid aglycone [13]. Figure 4 illustrates the fragmentation pattern
of the C-glycosylated flavonoids (peaks B12, B15-17) identified from Fr. 2. Peak B12 (m/z 595.1647
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[M + HJ*) produced fragments from losses of water molecules (m/z 577.1543 [M + H — 18]* and
559.1436 [M + H — 36]%), and 475.1226 [M + H — 120]* (formed by cross-ring cleavage of the hexose
moiety), indicating the presence of a C-diglycosylated flavonoid [34]. The aglycone of apigenin was
deduced from the occurrence of a fragment at m/z 355.0808 [M + H — 120 — 120]* [13]. Therefore
peak B12 was identified as 6,8-di-C-hexosyl apigenin. Peaks B15 (m/z 565.1534 [M + H]*) and B16
(m/z 565.1544 [M + HJ") produced fragments at m/z 475.1123 [M + H — 90]*, 445.1124 [M + H —
120]*, 415.1020 [M + H — 60 — 90]*, 547.1437 [M + H — 18]*, and 529.1331 [M + H — 36]*, which
suggested that the two compounds were C-glycoside comprising one hexosyl and one pentosyl moiety.
Furthermore, a fragment of peaks B15 and B16 at m1/z 355.0808 [M + H — 120 — 90]* representing
apigenin was also observed. Accordingly, the two compounds were assigned as hexosyl-pentosyl
apigenin. According to earlier reports [13,34], in the MS? spectrum of 6-C-hexosyl-8-C-pentosyl apigenin,
the ion [M + H — 120]* formed by cross-ring cleavage of the hexose moiety, has a higher relative intensity
than that of the ion [M + H — 90]* from the cross-ring cleavages of both the hexose and pentose moieties,
and an opposite result should be obtained for 6-C-pentosyl-8-C-hexosyl apigenin; hence, peaks B15 and
B16 were concluded to be 6-C-hexosyl-8-C-pentosyl apigenin and 6-C-pentosyl-8-C-hexosyl apigenin,
respectively, because higher relative intensities of 445.1124 [M + H — 120]* for peak 15 and 475.1123 [M +
H — 90]* for peak 16 were observed. Peak B17 (11/z 535.1431 [M + H]*) exhibited fragments from losses
of water molecules (m/z 517.1345 [M + H — 18]* and 499.1221 [M + H — 36]*), from cross-ring cleavage
of the pentose moiety (m/z 475.1225 [M + H — 60]* and 445.1123 [M + H — 90]*), and for the presence of
apigenin (1m/z 355.0810 [M + H — 90 — 90]*), and was hence identified as 6,8-di-C-pentosyl apigenin [34].

Rz = CH,OH (hexosyl): -90Da _
R, = H (pentosyl): -60 Da . OH

Ry = CH,OH (hexosyl): -120 Da
Ry = H (pentosyl): -90 Da

HO
HO

A

HO™ Y™~ ~OH
y OH'

R1 = CH,0H (hexosyl): -90 Da R4 = CH,OH (hexosyl): -120 Da

R1 = H (pentosyl): -60 Da R4 = H (pentosyl): -90 Da

Figure 4. Fragmentation pattern of 6,8-di-C-diglycosylated apigenins.
2.5.3. Others

Peak B14 (m/z 373.1134 [M + H]*) was identified as hydroferulic acid 4-O-glucuronide, on the
basis of the fragments at m/z 355.1022 [M + H — 18]* (loss of a water molecule) and 197.0807 [M +
H — 176]* (loss of a glucuronic acid moiety) [35]. Peak B20 (1n1/z 303.0494 [M + H]*) was identified
as quercetin, using the standard. 3,4,5-Trimethoxycinnamic acid (Peak B21, m/z 239.0915 [M + HJ"),
exhibiting fragments at m/z 224.0684 [M + H — 15]* (loss of a methyl) and 195.1019 [M + H — 44]*
(loss of a CO, molecule), was identified based on the literature [36]. Peak B22 (m/z 331.0796 [M + H]*),
with fragments at m/z 316.0568 [M + H — 15]* (loss of a methyl) and 301.0340 [M + H — 30]* (loss of
two methyls), was tentatively assigned as tricin [37].

A total of 34 phenolic compounds were identified from Fr. 1 (mainly low molecular weight
phenolic acids) and Fr. 2 (mainly flavonoids). Strong and positive correlations between the phenolics
content and antioxidant activities of wild rice measured by DPPH and ABTS radical methods, have
been revealed in an earlier report [8]. To the best of our knowledge, 14 compounds, including nine
procyanidins (B1-3, B7, BS, B11, B13, B18, and B19), two flavonoid glycosides (B10 and B16), two
hydroxycinnamic acid derivatives (B14 and B21), and one flavone (B22), have been identified from
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wild rice for the first time, in this study. All the phenolic acids and flavonoids from wild rice, reported
previously, are summarized in Table S1 in the Supplementary Materials.

2.6. Quantification of Antioxidants

The contents of the compounds in two wild rice and control samples were determined using
the multiple reaction monitoring (MRM) mode of UPLC-QqQ-MS/MS. Due to the lack of available
standards, only 21 compounds were quantified. The representative MRM chromatograms of Jingzhou
wild rice are shown in Figure 5. The results (Table 4) revealed that significantly higher concentrations
of phenolic acids and flavonoids were detected in wild rice than in the control samples. Ferulic acid,
followed by gallic acid and sinapic acid, was the most abundant phenolic in both the wild rice
samples. Huai’an wild rice had higher amounts of ferulic acid (189.7 & 1.0 pg/g) and gallic acid
(167.1 & 0.6 ug/g) than those of Jingzhou wild rice (121.1 £ 0.8 and 64.6 £ 0.4 ug/g, respectively),
whereas a smaller amount of sinapic acid was detected in Huai’an wild rice (26.8 & 0.3 ug/g) than
in Jingzhou wild rice (59.4 + 0.4 ug/g). As for the content of total phenolic acids, a higher value of
472.5 pug/g was assessed in Huai’an wild rice than in Jingzhou wild rice (349.3 ug/g). A high content
of procyanidins was detected in both the wild rice samples. The results established the following
order of procyanidin content in wild rice: epicatechin > procyanidin C1 > catechin > procyanidin B1
> epigallocatechin > procyanidin B3 > procyanidin B2. It was worth noting that, in contrast to total
phenolic acids content, the total procyanidins content was higher in Jingzhou wild rice (126.2 ug/g)
than in Huai’an wild rice (86.4 ng/g). The control sample red rice contained a total procyanidins
content of 28.9 ug/g. No procyanidins were detected in the white rice control. The aforementioned
information together with the order of the antioxidant activities of the three samples (Jingzhou wild
rice > Huai’an wild rice > red rice > white rice) implied that the antioxidant activity of wild rice
may mainly be associated with the accumulation of flavonoids, especially procyanidins, which were
found in Fr. 2, the most active fraction. Supporting the aforementioned speculation, an earlier study
reported that phenolic acids only constitute a small portion of antioxidant compounds in wild rice,
and flavonoids and other phytochemicals may contribute to the bulk of its antioxidant capacity [7].

Table 4. Quantification results (ug/g rice) of phenolic compounds in wild rice and control samples.

Compound Wild Rice Wild Rice Rice (0. sativa)
(Jingzhou) (Huai’an) Red White
Phenolic acids
Gallic acid 64.6 +0.4P 167.1+0.6 1.1+00°¢ 0240049
Protocatechuic acid 15.6 £ 022 1294 0.1° 78+£0.1°¢ nd
p-Hydroxybenzoic acid 1114012 71£01° nd 0.8+00°
Vanillic acid 178+022 63+01° nd 13+00°¢
p-Hydroxybenzaldehyde 156 £0.12 121+01° nd nd
Syringic acid 19.5+02° 51+00P nd 09+£00°¢
Vanillin 13.0+£0.1° 223+022 1.0+0.0°¢ nd
Protocatechuic acid ethyl ester 20+00° 61+00% nd nd
p-Coumaric acid 67+£002 70+£012 11+00° 124+00°
o0-Coumaric acid 29400° 10.0 +£0.12 nd nd
Ferulic acid 1211 +08° 189.7 £1.02 124+03°¢ 109 +0.14
Sinapic acid 59.4 042 26.8 +0.3° 3.2 +004 46+£00°
Total phenolic acids 349.3 472.5 26.6 19.9
Flavonoids
Catechin 21.3+03° 15.6 +0.2° 6.6+0.1°¢ nd
Epicatechin 433+05° 2434 03P 35+00¢ nd
Epigallocatechin 10.0+£02° 75+02° nd nd
Procyanidin B1 13.0+02? 102+01° 70+£01°¢ nd
Procyanidin B2 50£012 55+01° 24+00°¢ nd
Procyanidin B3 94+01°% 63+01° 34+00° nd
Procyanidin C1 242401° 17.0 £0.2° 60+0.1¢ nd
Total procyanidins 126.2 86.4 28.9 -
Rutin 103.7 £0.72 83.6 + 0.5 208 +0.2°¢ 15.7 +0.24
Quercetin 154 +0.1° 441+022 16.6 £0.2°¢ nd

Values are mean = standard error (1 = 5). Values with different letters in the same row indicate significant differences
(p < 0.05). nd, not detected.
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Figure 5. MRM chromatograms of Jingzhou wild rice containing 21 target compounds.

3. Materials and Methods

3.1. Plant Materials and Chemicals

Whole grains of wild rice (Z. latifolia) were hand-harvested from Jingzhou (Hubei Province, China)
and Huai’an (Jiangsu Province, China) in September 2017. The whole grains of red and white rice
O. sativa collected from Huai’an was used as control samples. All the freeze-dried rice grains were
ground to a fine powder in a mechanical grinder and sieved through a 0.45 mm sifter.

Folin-Ciocalteu reagent, DPPH (2,2-diphenyl-1-picrylhydrazyl) (97% purity), ABTS
(2,2"-azino-bis(3-ethylbenothiazoline-6-sulfonic acid) diammonium salt (98% purity), and all
the phenolic acid and flavonoid standards (>99% purity) were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA). Precoated silica gel plates GF254 purchased from Qingdao
Haiyang Chemical Co. Ltd. (Qingdao, China) were used for thin layer chromatography analyses.
The LC-MS grade solvents (99.9% purity) were purchased from Sigma-Aldrich Chemical Co (St. Louis,
MO, USA). Six macroporous resins, including HPD600, NKA-9, AB-8, X-5, D101, and HPD300, with
different physical properties (Table S2 in the Supplementary Materials), were purchased from Solarbio
Science & Technology Co. Ltd. (Beijing, China). Before the experiments, the resins were pretreated as
previously reported [38].

3.2. Extraction

Twelve different solvents, including six native solvents (ethanol, methanol, acetone, 70% aqueous
ethanol, 70% aqueous methanol, and 70% aqueous acetone) alone and acidified with 1% (v/v) acetic
acid, were used to obtain antioxidants from wild rice. The rice flour was extracted twice with the
solvent in an ultrasonic cleaner for 1 h, at 40 °C and a ratio of liquid to solid of 50 mL/g [7,13].
The mixture was centrifuged at 5000 rpm for 20 min. The supernatants were combined and used as
the crude extract to determine the antioxidant activities, TFC, and TPC. The crude extract derived
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from ethanol, which was concentrated in vacuum, was stored at —20 °C for further purification
and identification.

3.3. Evaluation of Antioxidant Activities

The in vitro antioxidant activities were evaluated by DPPH [39] and ABTS radical [40], and
reducing power [39] methods, with ascorbic acid as the reference. The results were expressed as
micromoles of ascorbic acid equivalents (AAE) per g of rice on a dry weight basis (umol AAE/g).
The antioxidants content measured by the DPPH radical method was expressed as micromoles of
ascorbic acid equivalents per mL of the sample solution (umol AAE/mL).

3.4. Determination of TFC and TPC

The TFC and TPC were measured according to previously described methods [41]. TFC was
calculated using a standard quercetin curve and expressed as mg of quercetin equivalents (QE) per g of
rice (mg QE/g). TPC was expressed as mg of gallic acid equivalents (GAE) per g of rice (mg GAE/g).

3.5. Screening of Macroporous Resins

Macroporous resins were screened by static adsorption and desorption tests, according to a
previously described method [17], with minor modifications. The ethanol crude extract of wild rice
was dissolved in distilled water to give a crude extract solution (antioxidants content, 0.50 umol
AAE/mL). 1.0 g of the pretreated resin was put into a 200 mL flask and then 50 mL of the crude extract
solution was added. After shaken on an immersion oscillator (120 rpm), at room temperature for 24 h
to reach adsorption equilibrium, the resins were washed with deionized water and then desorbed with
50 mL of 70% (v/v) aqueous ethanol in the flask, which was continually shaken (120 rpm) at room
temperature for 24 h. The screening of resins was based on the capacities of adsorption and desorption,
and the desorption ratio, which were quantified according to Equations (1)-(3):

Qa=(Co—Ca) x Vo/m 1)
Qq=Cq x Vg/m (el
D= Cd X Vd/[(CO — Ca) X Vo] x 100 (3)

where Q, is the adsorption capacity at adsorption equilibrium (umol AAE/g dry resin); Qg is the
desorption capacity after adsorption equilibrium (umol AAE/g dry resin); Cy, C,, and Cq4 represent
the antioxidants contents of the solution at initial, absorption equilibrium, and desorption status,
respectively (umol AAE/mL); V and V4 are the volumes of the initial sample and desorption solution
(mL), respectively; m is the dry weight of resin (g); and D means the desorption ratio (%).

3.6. Determination of Dynamic Breakthrough Curve

The dynamic breakthrough curve of antioxidants on the D101 resin column was constructed
using a dynamic adsorption test, which was performed on a glass column (16 x 300 mm) wet-packed
with 15.0 g of D101 resin. The bed volume (BV) of the resin was 20 mL. The adsorption process was
carried out by overloading the column with the crude extract solution (antioxidants content, 0.50 pmol
AAE/mL) at a flow rate of 2 BV/h. The effluent liquids were collected by an automatic fraction
collector (4 mL for each tube) and the antioxidants content for each tube was analyzed.

3.7. D101 Macroporous Resin Column Chromatography

The crude extract solution (44 mL) was subjected to a glass column (16 x 300 mm) wet-packed
with 15.0 g of D101 resin. After reaching adsorption equilibration, the resins adsorbed with the
sample were initially washed with deionized water (2 BV), and then eluted successively with 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% (v/v) aqueous ethanol (5 BV for each, 2 BV /h).

12



Molecules 2018, 23,2782

In sequence, the effluents of the different eluents were collected and then concentrated and pooled to
obtain four fractions (Frs. 1-4) based on their TLC and HPLC fingerprint chromatograms (Figure S5 in
the Supplementary Materials). In general, the 10% ethanol eluent was collected as Fr. 1. The 20-30%
ethanol eluents were combined as Fr. 2. The eluents of 40-60% ethanol gave Fr. 3. Lastly, the eluents of
70-100% ethanol produced Fr. 4.

3.8. HPLC-LTQ-Orbitrap-MS" Analysis

An Accella HPLC instrument with a diode-array detector and an autosampler, coupled with an
linear ion trap quadrupole Orbitrap XL mass spectrometer (Thermo Scientific, San Jose, CA, USA), was
used for the compounds identification. During the analysis, 5 uL of sample was injected and eluted
through an Agilent poroshell 120 EC-C18 column (2.7 um, 4.6 x 150 mm) with a gradient mobile
phase consisting of 0.1% (v/v) acetic acid in acetonitrile (solvent A) and 0.1% (v/v) acetic acid in water
(solvent B) at a flow rate of 0.3 mL/min. The solvent system used for Fr. 1 was as follows: 0-15 min,
5-10% A; 15-20 min, 10-15% A; 20-25 min, 15-20% A; 25-30 min, 20-5% A. The solvent system used
for Fr. 2 was as follows: 0-10 min, 5-10% A; 10-25 min, 10-15% A; 25-30 min, 15-40% A; 30-35 min,
40-5% A.

For mass detection, an electrospray ionization (ESI) source was operated in negative mode with a
scan range from m/z 50 to 1000 for Fr. 1, and positive mode with a scan range from n1/z 150 to 2000 for
Fr. 2. The capillary temperature was 350 °C. Nitrogen was used as the sheath gas and auxiliary gas,
and the gas flow was set at 30 arb and 5 arb, respectively. The spray voltage was 4000 V for the positive
mode and 3000 V for the negative mode. The collision energy was 35%, to adjust collision-induced
dissociation for the best performance. The Xcalibur 2.1 software (Thermo Scientific) was used for
data analysis.

The identification of compounds was determined on the basis of their retention times, UV spectra,
and accurate mass data; a compound was positively identified when all the data matched those of
the standard. Those with no available standards were tentatively identified by comparison with
literature data. The mass errors for the quasi-molecular ions of all the identified compounds were
within £5 ppm.

3.9. UPLC-QqQ-MS/MS Analysis

The quantitation of compounds was performed on a UPLC-QqQ-MS/MS system, which consisted
of a Waters ACQUITY H-CLASS UPLC instrument equipped with an autosampler (Waters, Milford,
MA, USA), and a TSQ Quantum Ultra triple quadrupole tandem mass spectrometer (Thermo Scientific).
The analytes were chromatographed by injecting 2 uL of sample into a Waters ACQUITY UPLC BEH
C18 column (1.7 um, 2.1 x 50 mm). The binary mobile phase consisted of 0.1% (v/v) acetic acid in
acetonitrile (solvent A) and 0.1% (v/v) acetic acid in water (solvent B), and the solvent gradient was as
follows: 0-5 min, 5-10% A; 5-7 min, 10-20% A; 7-8 min, 20-60% A; 8-9 min, 60-100% A; 9-10 min,
100-5% A. The flow rate was 0.3 mL/min.

An ESI source was used with negative ions in the MRM mode. The optimized ion spray voltage
was 3000 V. The vaporizer and capillary temperature were 350 and 320 °C, respectively. Nitrogen
was used as the sheath gas (30 arb) and auxiliary gas (5 arb), and argon was used as the collision gas
(1.5 mTorr). The collision energy was optimized individually for each transition. Data acquisition and
processing were performed using the Xcalibur 3.1 software (Thermo Scientific). The ion transitions,
optimized MS parameters, and linear relationships of the 21 external standards are listed in Table S3 in
the Supplementary Materials.

3.10. Statistical Analysis

All the assays were performed at least in triplicate and data were expressed as mean + standard
error. One-way analysis of variance (ANOVA) followed by Duncan’s multiple range test were used to
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determine statistically different values at a significance level of p < 0.05. All the statistical analyses
were performed using SPSS 19.0 for Windows (SPSS Inc., Chicago, IL, USA).

4. Conclusions

During this first investigation on the antioxidants from wild rice Z. latifolia, the ethanol extract of
this species was demonstrated to be a potent source of natural antioxidants, that can be enriched in
10% (Fr. 1) and 20-30% ethanol-eluted fractions (Fr. 2) obtained by D101 macroporous resin column
chromatography. The HPLC-LTQ-Orbitrap-MS" analysis of the active fractions led to the identification
of 34 phenolic acids and flavonoids, among which 14 compounds were firstly encountered in wild
rice. We found that the active Frs. 1 and 2 mainly contained phenolic acids and flavonoids (including
procyanidins and flavonoid glycosides), respectively. These first respective enrichments of phenolic
acids and flavonoids provide references for the application of the two families of potential natural
antioxidants from wild rice. Compared with phenolic acids, flavonoids may contribute more to the
antioxidant activity of wild rice. This study offers new insights into the functional components of
wild rice and may advance the understanding and development of the abundant but underutilized Z.
latifolia resources in East Asia.

Supplementary Materials: Supplementary materials are available online. Table S1: Phenolic acids and flavonoids
found in wild rice in previous reports; Table S2: Physical properties of six macroporous resins; Table S3: The ion
transitions, optimized MS parameters, and linear relationships of the standards in UPLC-QqQ-MS/MS analysis;
Figure S1: The radical scavenging activities of DPPH (A) and ABTS (B), reducing power (C), total flavonoid
content (TFC) (D), and total phenolic content (TPC) (E) of different solvent extracts of wild rice collected from
Jingzhou; Figure S2: Dynamic breakthrough curve of antioxidants on D101 resin column; Figure S3: Structures
of phenolic compounds identified in wild rice; Figure S4: Base peak chromatograms of Frs. 1 (A) and 2 (B) in
HPLC-LTQ-Orbitrap-MS" analysis; Figure S5: HPLC fingerprint chromatograms at 360 nm (A) and 280 nm (B)
of the four fractions (Frs. 1-4) eluted from D101 resin column. The gradient solvent system consisting of A
(methanol) and B (water containing 0.1% acetic acid, v/v) was as follows: 0-10 min, 5-10% A; 10-30 min, 10-15%
A; 3040 min, 15-20% A; 40-50 min, 20-25% A; 50-60 min, 25-35% A; 60-70 min, 35-90% A; 70-80 min, 90-60% A.
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Abstract: Osimertinib, a new-generation inhibitor of the epidermal growth factor, has been used for
the clinical treatment of advanced T790M mutation-positive tumors. In this research, an original
analysis method was established for the quantification of osimertinib by ultra-performance liquid
chromatography with time of flight mass spectrometry (UPLC-TOF-MS) in rat plasma. After protein
precipitation with acetonitrile and sorafinib (internal standard, IS), they were chromatographed
through a Waters XTerra MS C;g column. The mobile phase was acetonitrile and water (including
0.1% ammonia). The relative standard deviation (RSD) of the intra- and inter-day results ranged from
5.38 t0 9.76% and from 6.02 to 9.46%, respectively, and the extraction recovery and matrix effects
were calculated to range from 84.31 to 96.14% and from 91.46 to 97.18%, respectively. The results
illustrated that the analysis method had sufficient specificity, accuracy and precision. Meanwhile,
the UPLC-TOF-MS method for osimertinib was successfully applied into the pharmacokinetics of
SD rats.

Keywords: osimertinib; UPLC-TOF-MS; rat; pharmacokinetics

1. Introduction

Osimertinib (AZD9291, Merelitinib, Tagriiso®), N-(2-{2dimethylaminoethyl-methylamino}-4-
methoxy-5-{[4-(1-methylindol-3-yl)pyrimidin-2ylJamino}phenyl)prop-2-enamide (Figure 1), a
third-generation, highly selective, irreversible covalent inhibitor has been created by AstraZeneca for
the clinical therapy of advanced non-small cell lung cancer (NSCLC) [1-6]. NSCLC patients, who have
epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) resistance, are mostly subject
to a mutation of EGFR. Therefore, this has been the active target for the osimertinib [7-9]. In addition,
the tablet formulation of osimertinib has been approved by the FDA (Food and Drug Administration
of the USA) for NSCLC patients, who have progressed to or completed EGFR TKI therapy in 2015.
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Figure 1. Structures of osimertinib (molecular weight = 499.619 Da) and sorafenib (molecular weight =
464.825 Da).

To the best of our knowledge, several papers have established the methods for the determination
of osimertinib in biological samples, and the utilized apparatuses are all ultra-performance liquid
chromatography coupled with tandem mass spectrometry (UPLC-MS/MS) [10-13]. There are some
advantages of UPLC-MS/MS, including its high sensitivity, high stability, and short analytic time.
Unlike UPLC-MS/MS, UPLC-TOF-MS has specific advantages such as its high working efficiency,
wide measurable mass range, and high ratio of resolution [14-17]. In addition, the capability of
simultaneous quantitative analysis and qualitative analysis greatly benefits the analysts, and it is
very useful for the further study of agents, such as their metabolism, enzymology, transportation and
so on [18]. However, to date, methods using UPLC-TOF-MS for the determination of osimertinib
have not been reported. In the present study, we are the first to quantify osimertinib in rat plasma
using UPLC-TOF-MS.

The objective of this study was to investigate a specific, sensitive, rapid and reliable UPLC-TOF-MS
method for osimertinib quantification in rat plasma samples. Meanwhile, we have successfully
investigated the pharmacokinetic study of osimertinib in rats using this UPLC-TOF-MS method.

2. Results and Discussion

2.1. UPLC-TOF-MS Method Development

By using the product scan mode, we could find the method of pyrolysis of osimertinib and ion of
sorafinib (IS) in rat plasma under the UPLC-TOF-MS condition that we have optimized (see Section 2.3)
(Figure 2). The parent ion m/z of osimertinib was 500.2768 and the characteristic product ion was
72.0810. In addition, the m/z of the parent ion and product ion of sorafenib (IS) were 465.0953 and
270.0882, respectively. All these results are consistent with previous studies [4-7,19].

However, the optimization of the UPLC condition became the key point in the process
of investigating our UPLC-TOF-MS method. We used various proportions and gradients of
water (containing 0.1% formic acid)-acetonitrile and water (containing 0.1% formic-ammonia
formate)—acetonitrile to optimize the chromatographic conditions. However, the chromatographic
peaks all displayed the trailing phenomenon (Figure S1). Since the pKa of osimertinib was 13.64,
it needs a basic environment to keep its molecular state. Therefore, we decided to use 0.1%
ammonia water—-acetonitrile as the mobile phase, which enabled us to finally obtain the symmetrical
chromatographic peak (Figure 3).
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Figure 3. Typical chromatograms of (A) standard osimertinib (20 ng/mL) in rat plasma,
(B) pharmacokinetic plasma sample, (C) blank plasma, (D) standard ion of sorafenib (IS) (500 ng/mL)
in rat plasma, (E) pharmacokinetic plasma sample, and (F) blank plasma.

2.2. Method Validation

2.2.1. Specificity and Selectivity

The typical chromatograms of blank plasma, the plasma sample spiked with osimertinib and
IS and rat plasma after treatment are shown in Figure 3. Figure 3A-C displays the characteristic
peaks of standard osimertinib in rat plasma, the pharmacokinetic plasma sample and blank plasma,
and the chromatograms showed a good specificity. In addition, Figure 3D-F exhibits the good
specificity of standard sorafenib (IS). Moreover, these results also showed that there was no significant
chromatographic interference with the osimertinib and IS in rat plasma.

2.2.2. Calibration and Lower Limit of Quantification (LLOQ)

To investigate the linearity of osimertinib and IS, nine calibration concentrations were analyzed in
each validation batch, and the results showed the good linearity (12 > 0.99) of the calibration curve
of osimertinib and IS over the range of 1 to 500 ng/mL. The lower limits of quantification (LLOQ) of
osimertinib and IS were both 1 ng/mL, and the ratios of signal-to-noise were considerably higher than
5. In addition, the LLOQ of this UPLC-TOF-MS method was sufficient for the determination of the
osimertinib pharmacokinetic study.

2.2.3. Precision and Accuracy

The intra- and inter-day precision and accuracy are shown in Table 1. In addition, the intra- and
inter-day results of the HQC, MQC and LQC are investigated with the RSD ranging from 5.38-9.76%
(intra-day) and 6.02-9.46% (inter-day), respectively. The results ranged within the standard acceptance
limit of 15% and demonstrated the good accuracy and precision of osimertinib.
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Table 1. Intra- and inter-day precision and accuracy of osimertinib in rat plasma. RSD: relative

standard deviation.

Intra-Day (n = 7)

Inter-Day (n =7)

Concentration
(ng/mL) Measured Conc. Precision, Accuracy  Measured Conc. Precision Accuracy
(ng/mL) RSD (%) (%) (ng/mL) RSD (%) (%)
400 395.12 £ 21.27 5.38 98.78 401.13 4 24.15 6.02 100.28
20 21.08 + 1.42 6.74 105.40 19.34 +1.83 9.46 96.70
2 2.05 £ 0.20 9.76 102.50 1.98 +0.17 8.59 99.00

2.2.4. Extraction Recovery and Matrix Effect

Table 2 shows the extraction recovery of osimertinib and IS, and these results are sufficient for
quantification. The matrix effects of osimertinib and IS range from 0.810 to 0.926 and from 0.798 to
0.934, respectively (Table 3). The calibration curves of the final concentrations of IS were the same as

those of osimertinib. The results showed the high extraction recovery and lack of significant matrix
effect of this method for osimertinib and IS in the rat plasma.

Table 2. Extraction recovery and matrix effect of osimertinib and IS in rat plasma.

Extraction Recovery (%)

Analyte Concentration (ng/mL)
Mean + SD RSD
400 95.24 + 3.01 3.16
Osimertinib 20 96.14 +1.83 1.90
2 84.31 +3.18 3.77
Sorafinib 500 87224423 4.85

Table 3. The slope ratio of the solvent linear equation and the matrix linear equation.

o Rsiope
Analyte Calibration Curve R?
Min Max AR
Osimertinib Y =0.085X + 0.1102 0.9997 0.810 0.926 0.116
Sorafinib Y=0.0781X + 0.2314 0.9996 0.798 0.934 0.136

Rgope = Slope of matrix standard calibration curve/slope of mobile phase standard calibration curve.

2.25. Stability

Table 4 shows the stability of HQC, MQC and LQC of osimertinib under four different storage
conditions. According to the results, osimertinib was found to have good stability at room temperature
(25 °C) and the autosampler temperature (4 °C) for 24 h and remained stable following three freeze
(—80 °C) and thaw (0 °C) cycles. Moreover, the plasma samples of osimertinib were also stable at the
storage temperature (—80 °C) for at least 30 days.

Table 4. Stability of osimertinib in rat plasma under various storage conditions.

Storage Condition Concentration (ng/L) Mean + SD RSD%
. 2 2124023 10.85
fS;tO:raaTlil:;(ff ) 20 2145+ 1.81 8.44
P 400 406.81 + 5.64 1.39
Room temperature 2 2214026 3.66
25°C) fgr b 20 2245 +2.18 9.71
400 407.28 + 5.12 1.26
Storage temperature 2 2.29 £0.25 1092
(780§C) o e 20 2133 + 1.74 8.16
Yy 400 406.34 + 7.51 1.85
2 227 +0.19 8.37
fhreﬁ frff%%‘ﬁfg;” Cﬁlﬁi 20 22.20 £ 1.92 8.65
eacha or 400 406.17 £ 6.19 1.52
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2.3. Pharmacokinetic Application

After successfully establishing the analysis method of osimertinib by UPLC-TOF-MS, we applied
this method into the pharmacokinetic study in SD rats. The dosage of the oral administration was
4.5 mg/kg and the mean plasma time-concentration of osimertinib in seven rats is shown in Figure 4.
This showed that the osimertinib had the highest plasma concentration at 4.5 h after oral administration
and the Cpax was 28.49 ng/mL. In addition, Table 5 shows the following non-compartmental
parameters of osimertinib in SD rats: a terminal half-life of (14.96 £ 3.44) h, a distribution volume of
(233.82 & 66.68) L/kg, and a clearance of about (10.84 £ 1.94) L/h/kg (Table 5). These pharmacokinetic
data of osimertinib can provide more information regarding its application in clinical treatment.

40-
30

20+

Concentration(ng/mL)
4.5mg/kg of Osimertinib

Time(h)

Figure 4. Plasma concentration-time profile after single oral administration of osimertinib (4.5 mg/kg)
to rats. Data are expressed as the mean + SD (1 = 7).

Table 5. Pharmacokinetic parameters of osimertinib after oral administration of 4.5 mg/kg to rats.

Pharmacokinetic Parameter Osimertinib
AUC gy, ng/mL-h 382.00 + 69.00
AUC(pc0), ng/mL-h 426.01 4+ 81.73

MRT, h 14.51 £1.91

t1/22, h 14.96 + 3.44

tmax, h 4.80 +1.10

Crmax, ng/mL 28.49 + 3.97
V./E L/kg 233.82 + 66.68

CL,/F L/h/kg 10.84 +1.94

Data are expressed as the mean & SD (n = 7).

3. Materials and Methods

3.1. Drugs and Materials

Osimertinib (purity >99%) and sorafenib (internal standard, IS) were purchased from Stanford
Analytical Chemicals Inc. (Eugene, OR, USA). Dimethyl sulfoxide (DMSO) was purchased from Beijing
Solarbio Science and Technology Co., Ltd. (Beijing, China). Ammonia and acetonitrile (HPLC grade)
were provided by Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China) and the Fisher Scientific
Co., Ltd. (Pittsburgh, PA, USA), respectively. Ultrapure water was obtained from a milli-Q reagent
water purification system (Millipore, Bedford, MA, USA).

3.2. Apparatus

The UPLC-TOF-MS/MS method was performed on a system that includes a Qtrap 5600-TOF
mass spectrometer (AB Sciex, MA, USA) and an UPLC chromatographic analysis system (Shimadzu,
Kyoto, Japan). An Xterra MS C;g column (100 x 2.1 mm, 3.5 um) (Waters Corp., Milford, MA, USA)
was used for the analytical separation at the temperature of 40 °C. A TGL-16M high speed centrifuge
was purchased from Cence Co., Ltd. (Changsha, China).

22



Molecules 2018, 23, 2894

3.3. Solution Preparation

DMSO was used to dissolve the accurately weighed standard of osimertinib and sorafenib (IS)
to obtain the stock solutions of 1.0 mg/mL. Then, the working solutions of osimertinib were diluted
serially with 50% acetonitrile in water to achieve 10, 20, 50, 100, 200, 500, 1000, 2000 and 5000 ng/mL.
Next, 10 pL diluted solutions were diluted in 100 uL blank plasma to obtain the final calibration
standard samples, and the range of the final concentrations of the calibration standards was from 1 to
500 ng/mL.

The working solution concentration of IS was 500 ng/mL, which was dissolved using 50%
acetonitrile water (v/v). The quality controls (QCs) were diluted to achieve the lower limit of the
quantification (10 ng/mL, LLOQ), low (20 ng/mL, LQC), medium (200 ng/mL, MQC), and high (4000
ng/mL, HQC) concentrations of osimertinib. After that step, 10 uL of the QC solutions were dissolved
by 100 uL of blank plasma to get the final concentrations of LLOQ (1 ng/mL), LQC (2 ng/mL), MQC
(20 ng/mL), HQC (400 ng/mL) and 50 ng/mL of IS. All samples and working solutions were kept at
—20 °C before use.

3.4. UPLC-TOF-MS Condition

The chromatographic separation was performed using a Cig column, and its temperature was
kept at 40 °C. The chromatographic separation consisted of a 0.1% ammonia (A) and acetonitrile (B)
mixture and a 0.4 mL/min flow rate was maintained. The gradient ran linearly from 10% to 95%
between 0 and 1.5 min, and then the mobile phase was kept at 95% for 5.0 min. 3.0 uL of samples
was injected into the analysis system and the total analytical time of one sample was 5.1 min. The
temperature of the autosampler was maintained at 4 °C.

The TOF-MS spectrometer was set up in the positive ion full scan electrospray and high sensitivity
mode with an m/z range from 100 to 1000 Da, and the accumulation time was set as 0.25s. The
parameters of TOF-MS were as follows: nebulizer gas (gas 1), 55 psi; heater gas (gas 2), 55 psi; curtain
gas, 35 psi; ion spray voltage, 5500 V; turbo spray temperature, 550 °C; declustering potential (DP),
100 V; and collision energy (CE), 35 eV. The conditions of the information-dependent data acquisition
(IDA) criteria were as follows. The eight most intense fragment ions of each analyte in 100 cps were
chosen as the product ions, and the m/z of the product ions ranged from 600 to 1300 over a 0.08 s
accumulation time. In addition, the CE and collision energy scope (CES) of the product ions scan were
set at 35 eV and 15 eV, respectively.

3.5. Pharmacokinetic Application

The pharmacokinetic study of osimertinib was applied to seven male SD rats using oral
administration by gavage and the dosage was 4.5 mg/kg. Osimertinib was diluted and suspended by
0.5% sodium carboxymethylcellulose. No less than 0.3 mL rat plasma was sampled at0, 1, 2, 3,4, 5,
6,7,8,10, 12,24, 36, and 48 h after oral administration through the oculi chorioideae vein under the
condition of light ether anesthesia. After 10 min centrifuging of all analytes at 5000 g, the supernatant
was collected and frozen at —40 °C until analysis. The use of animals in the presented study was
permitted by the Ethics Committee of the Hebei Medical University, and all animal studies were
carried out according to the Guidance for the Care and Use of Laboratory Animals of the US National
Institute of Health.

3.6. Sample Preparation

Ten microliters of IS solution (500 ng/mL) was prepared in 100 uL rat plasma and vortex-mixed
for 20 s. After that step, 500 uL of acetonitrile was added to precipitate the protein. Then, the mixture
was vortexed for 1 min and centrifuged at 12,000 rpm for 10 min. The supernatant was transferred
into a new Eppendorf tube and evaporated to dryness through nitrogen gas at 45 °C. After 100 uL of
acetonitrile was added to reconstitute the residue and vortexed for 1 min, all samples were centrifuged

23



Molecules 2018, 23, 2894

at 12,000 g for 10 min. Finally, 80 uL of the supernatant was collected and injected into UPLC sample
vials before use.

3.7. Method Validation

According to the US Food and Drug Administration (FDA) guidelines regarding the bioanalytical
method’s validation [20], the method validation was investigated and established, including the
specificity and selectivity, the linearity and sensitivity, the recovery, the stability, and the precision,
accuracy and matrix effect.

3.7.1. Selectivity and Specificity

The selectivity and specificity of the developed method was assessed by comparing the
chromatography of the blank plasma and blank plasma spiked with the targets.

3.7.2. Linearity and Sensitivity

A series of calibration analytes from 1 to 500 ng/mL consisted of the calibration curve of
osimertinib. In addition, the method to determine the linearity of calibration curve was the peak area
ratios of osimertinib and IS, and these ratios were used to get a least-squares weighted regression (the
weighting factor was 1/y, and y = peak area ratio of osimertinib/IS). The correlation coefficient (r?) of
all calibration curves, which were desirable for this method, were better than or equal to 0.99.

LLOQ was used to investigate the method sensitivity and follows these two criteria: (1) the
comparison of the LLOQ and blank response should occur at least 5 times; and (2) the analyte peak of
the LLOQ should be discrete, reproducible and identifiable, and its accuracy and precision should be
at least 20%.

3.7.3. Precision, Accuracy and Matrix Effect

The intra-day accuracy and precision were investigated through the determination of six QC
analytes of the high (HQC = 400 ng/mL), medium (MQC = 20 ng/mL), low (LQC =2 ng/mL), and
LLOQ (LLOQ = 1 ng/mL) concentrations. The inter-day accuracy and precision were conducted
through the determination of the six replicates of the four levels of QCs using the same preparation
on 3 separate days. The assay accuracy of the QC samples was compared to the corresponding
standard calibration concentration. The precision of the replicates was evaluated by the RSD (relative
standard deviation).

It can be accepted that the mean values of accuracy should not exceed 15% at the HQC and
MQC, and LQC concentrations and LLOQ should not exceed 20%. Similarly, the relative standard
deviation of the precision for HQC, MQC, and LQC concentration levels should not exceed 15% and
the limitation of LLOQ was 20%.

The matrix effect was determined by dividing slopes of calibration curves of osimertinib in the
rat blood matrix and mobile phase.

3.7.4. Recovery

The extraction recovery of osimertinib was evaluated by comparing the peak area ratios of
standard solution samples and the same concentrations rat plasma samples through five replicates at
HQC, MQC and LQC concentrations.

3.7.5. Stability

The stabilities of this method, which include the freeze-thaw stability, autosampler stability,
short-term stability and long-term stability, were evaluated through three QC samples after the sample
preparation method. The freeze (—80 °C)-thaw (room temperature) stability was conducted under the
conditions of three free—thaw cycles. The autosampler stability of the plasma samples was investigated

24



Molecules 2018, 23, 2894

by the extracted QC samples that were kept in an autosampler (4 °C) for 12 h. In addition, the long-term
stability was evaluated through the determination of three QC samples that were kept at —80 °C for
30 days. All samples were considered stable with RSDs < £15%.

3.8. Data Analysis

Dynamic background subtraction is a novel technique performed using the Analyst software (AB
Sciex, Foster City, CA, USA). In addition, the data of the pharmacokinetic study of osimertinib were
collected and calculated by the DAS 2.1.1 software in the non-compartmental mode (Mathematical
Pharmacology Professional Committee of China, Shanghai, China).

4. Conclusions

A sensitive UPLC-TOF-MS method for the determination of osimertinib has been established in
this research. The method exhibited excellent precision, recovery and sensitivity. The results indicated
that UPLC-TOF-MS could serve as a highly interesting analytical alternative for bioanalysis.
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Abstract: The great research interest in the quantification of reactive carbonyl compounds (RCCs),
such as methylglyoxal (MGO) in biological and environmental samples, is reflected by the fact
that several publications have described specific strategies to perform this task. Thus, many
reagents have also been reported for the derivatization of RCCs to effectively detect and quantify
the resulting compounds using sensitive techniques such as liquid chromatography coupled with
mass spectrometry (LC-MS). However, the choice of the derivatization protocol is not always clear,
and a comparative evaluation is not feasible because detection limits from separate reports and
determined with different instruments are hardly comparable. Consequently, for a systematic
comparison, we tested 21 agents in one experimental setup for derivatization of RCCs prior to
LC-MS analysis. This consisted of seven commonly employed reagents and 14 similar reagents,
three of which were designed and synthesized by us. All reagents were probed for analytical
responsiveness of the derivatives and stability of the reaction mixtures. The results showed that
derivatives of 4-methoxyphenylenediamine and 3-methoxyphenylhydrazine—reported here for the
first time for derivatization of RCCs—provided a particularly high responsiveness with ESI-MS
detection. We applied the protocol to investigate MGO contamination of laboratory water and show
successful quantification in a lipoxidation experiment. In summary, our results provide valuable
information for scientists in establishing accurate analysis of RCCs.

Keywords: carbonyl derivatization; phenylhydrazine; phenylenediamine; hydroxylamine; water
analysis; lipoxidation

1. Introduction

The research interest in the role of reactive carbonyl compounds (RCCs) for environmental and
biomedical aspects has grown tremendously ever since their relevance for human metabolism was

Molecules 2018, 23, 2994; d0i:10.3390/molecules23112994 www.mdpi.com/journal /molecules

27



Molecules 2018, 23,2994

first discovered [1-3]. One of the biologically most important representatives of this compound group
is methylglyoxal (MGO), which has been suggested to be involved in many lifestyle diseases, such as
diabetes [4,5], cancer [6], aging [7,8] or even behavioral phenotypes, such as anxiety [9] and depression [10].
In biological samples, reactive carbonyl compounds are usually formed from carbohydrate and lipid
metabolism [11,12], while in the environment, they may originate from degradation of volatile organic
substances in the atmosphere, such as isoprene [13]. However, the analysis of RCCs is very challenging as
most of them are UV-inactive and as they often feature only intermediate polarity. In addition, small RCCs
are volatile, which complicates sample handling. Due to the transient, reactive nature of the analytes
(e.g., MGO in the atmosphere has an average lifetime of 1.6 h [13]), trap reagents are often employed to
avoid further reaction of the target compounds with other sample components. These trap reagents are
usually selected to obtain derivatives with enhanced sensitivity compared to the parent compound with
respect to the anticipated analytical detection technique.

Consequently, there are a few requirements for an optimal derivatization (or trap) agent:
(i) solubility in or efficient miscibility with the sample or sample extract; (ii) a very fast reaction
with the target compound (for efficient trapping of the analyte); (iii) modification of the original
RCC to a derivative that can be very sensitively detected by the chosen analytical technique; and (iv)
sufficient stability of the derivatives during analysis [14]. As RCCs are particularly reactive against
amino groups, they are most often derivatized with reagents featuring a free amino group, such
as hydroxylamines [15,16], amines [17,18], or hydrazines [14,19-21]. The reaction proceeds via the
very well-known addition/elimination mechanism. This is depicted in Figure 1 with «,-dicarbonyl
compounds and phenylenediamines as an example.
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Figure 1. Reaction of dicarbonyl compounds (here methylglyoxal) with phenylenediamines
(here o-phenylenediamine) as starting material. After addition of the two compounds, water is
eliminated to form the mono-imine (top), which in a second addition-elimination cycle forms the
quinoxaline (bottom).

For analysis of small RCCs, O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (PFBHA, [16]) is one
of the most frequently applied reagents for subsequent analysis with gas chromatography (GC)
coupled with electron impact ionization mass spectrometry (EI-MS) [22,23]. Apart from stability, their
derivatives feature a decreased volatility compared to the original compound and a lower polarity due
to the shielding of the original molecule by the large nonpolar substituent. In addition, a very abundant,
diagnostic fragment (m/z 181) enables very sensitive quantification of the derivatives in EI-MS.
However, in aqueous samples, PFBHA derivatives first need to be extracted into a GC/MS-suitable
organic solvent by liquid/liquid (1/1) partitioning to lengthen the sample preparation procedure
and possibly decrease the recovery while increasing the analytical variance. Moreover, due to the
required volatility of the analyte, the application of multitargeted analysis of RCCs by GC is limited to
RCCs with small molecular weight, and two-step derivatization protocols need to be employed for
hydroxylated representatives and carboxylates [24,25].
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In contrast, liquid chromatography (LC) coupled with electrospray ionization (ESI) MS allows
the direct analysis of aqueous samples, rendering 1/1 extraction of the derivatives from biological
samples unnecessary. For LC-MS analysis of target analytes containing aldehyde and/or keto group,
reaction with amines—such as o-phenylenediamine derivatives with RCCs resulting in imines or
quinoxaline derivatives with o, 3-dicarbonyl compounds and phenylenediamines (PD)—is frequently
used (Figure 1). For hydrazines, the corresponding hydrazones are formed, while oximes are formed
for hydroxylamines [16,20,24-27]. The introduction of small aromatic residues improves the required
desorption of the target analyte ion during the ionization process. In addition, any other substituent
of the reagent apart from the required amino group can be selected to further enhance the reactivity
of the reagent (e.g., electron-donating substituents enhance nucleophilic attack during the addition)
or improve ionization efficiency during electrospray. These are two very important requirements
for successful analysis (electron-donating substituents also enhance the basicity of a compound for
determining characteristic of a good ESI sensitivity [28]).

Many reagents and optimized protocols for derivatization of RCCs prior to analysis with LC-MS
have already been reported. One of the most well-known reagents is 2,4-dinitrophenylhydrazine
(DNPH), which was originally chosen for sensitive detection of RCCs with UV [20]. However, in the
recent past, many alternatives to this reagent have been reported to provide a more sensitive and
selective, and thereby more accurate, analysis. Moreover, new reagents have been tailored for use
with mass spectrometric detection [24] to achieve a higher analytical sensitivity with this particular
technique. In this report, we present a survey of 21 compounds for derivatization of MGO prior to
LC-ESI-MS analysis with respect to analytical efficiency and robustness (stability). This consisted of 15
commercially available compounds (eight phenylenediamines, four hydrazines, two hydroxylamines
and a coumarin hydrazide, Figure 2a) and six synthesized compounds (three hydrazines and their
corresponding anilines featuring a permanent charge, Figure 2b).
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Figure 2. Chemical structure of the reagents tested for derivatization of methylglyoxal with subsequent
ESI-MS detection: (a) commercially available compounds; (b) synthesized reagents for derivatization of
carbonyl compounds, from left to right, 2-(4-hydrazineylphenoxy)-N,N,N-trimethylethan-1-aminium
bromide (4-AEH), 2-(2-bromo-4-hydrazineylphenoxy)-N,N,N-trimethylethan-1-aminium bromide
(3-BrAEH), 2-(3-hydrazineylphenoxy)-N,N,N-trimethylethan-1-aminium bromide (3-AEH), and the
corresponding anilines including 2-(4-aminophenoxy)-N,N,N-trimethylethan-1-aminium bromide
(4-AEA) according to Eggink et al. [24].
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In this paper, we present a thorough comparison of the reagents to identify related problems and
illustrate major obstacles in the accurate analysis of RCCs, which is still a challenge [29]. In conclusion,
we discuss particularly efficient reagents and the requirements for further optimization and finally
present the successful application of the best performing protocol for quantification of methylglyoxal
in a lipoxidation experiment.

2. Results and Discussion

2.1. Relative Response of Methylglyoxal Derivatives in LC-MS Analysis

Although theoretically indicative, the ESI-MS responsiveness of carbonyl derivatives can be
quite different from that of the original amine reagent; therefore, the responsiveness of the reagent
is only a rough indicator for predicting the relative response of the corresponding derivative. For
example, Figure 3a compares the change in response pattern of the protonated molecular ion of the
phenylenediamines (left) and either their methylglyoxal (middle) or glyoxal (GO, right) quinoxaline
derivatives depending on the phenylenediamine substituent R3 (see Figure 2a). The corresponding
m/z values of the MGO derivatization products that were used for quantification are given in
Supplementary Table S1.
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Figure 3. Relative abundances of the different reagents and their corresponding derivatives. Response
is normalized to the peak of the two co-eluting products of MGO with 4-methoxyphenylenediamine
within each experiment, the isomers 6- and 7-methoxy-2-methylquinoxaline (4-PDA_MGO in Figure 3a
and 4-PDA in Figure 3b), illustrated by the blue horizontal line. (a) Relative response of the protonated
molecular ions of phenylenediamine reagents (left) compared to the quinoxaline reaction products
after incubation with MGO (middle) and GO (right). (b) Relative response of the most abundant
reaction product of methylglyoxal with the corresponding reagent, including phenylhydrazines,
methoxyphenylenediamines, and hydroxylamines. (° indole after two days incubation, " diimine
after four days incubation, * monoderivative). The structure of all reagents is presented in Figure 2. All
abbreviations are listed in Supplementary Table S2.

Among the phenylenediamines, signal intensity of the 4-methoxyphenylenediamine (4-PDA)
product was consistently higher compared with those of other phenylenediamines, which was
confirmed for different molar ratios of reagent and aldehyde (data not shown). As expected,
the derivatives of reagents with strong mesomeric effect exhibited the highest signals with +M
(e.g., methoxy) being better than -M (e.g., NO, nitro), and para-substituted (4-position) better
than meta-substituted ones (3-position). According to these results, 4-PDA would be the best
phenylenediamine reagent for detection of low amounts of methylglyoxal. Apart from ionization
efficiency, the relative response of the reaction products may be caused by different reaction yields,
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e.g., due to insufficient incubation time. Thus, after 3 h incubation time, only 50% reaction yield was
reported when using 2,4-dinitrophenylhydrazine (DNPH) for MGO derivatization [30], while reactions
with 4-PDA and 4,5-methylenedioxyphenylenediamine (4,5-PDA) have been reported to be nearly
complete after just 1 h [26,31]. These findings were in agreement with our results. Consequently,
the characteristics supporting ionization efficiency, e.g., electron-donating substituents enhancing
the basicity of compounds as the most important criterion for ESI-MS responsiveness of nitrogen
bases [28], often foster the reactivity of the compound as well, resulting in faster reaction times. (Note
that DNPH, which is the most commonly employed phenylhydrazine, was not included because
with mass spectrometry the derivatives are usually detected in ESI negative ion mode, meaning the
response cannot be easily compared to the other reagents. Moreover, the slow reaction times contradict
the purpose of our study, which was to find a reagent candidate with a fast reaction time). However,
we did not notice a significant time-dependent response effect between 2 and 4 h incubation time for all
of the commercially available reagents and no response enhancement for the derivatives after that time,
which also generally resulted in a satisfactory standard deviation of the replicates. As a general rule,
signal response of the derivatives from reagents with electron-donating substituents slowly decreased
up to 50% during the course of a day, so we prepared all samples for response comparison in situ.

4-PDA has only recently been introduced as a derivatization agent for methylglyoxal [26]. Among
the tested, commercially available phenylenediamines, this reagent seems to produce the most sensitive
signal response. Thus, we compared this particular reagent to phenylhydrazines, another group
of commonly employed reagents for analysis of carbonyls that also promises to provide excellent
performance for derivatization. The results are illustrated in Figure 3b.

It is clear that 3-methoxyphenylhydrazine (3-MPH)—which to our knowledge has not been
suggested yet for derivatization of methylglyoxal—outperformed all other commercially available
reagents we tested in our experiments. Only our synthesized phenylhydrazine carrying a permanent
charge in para position (4-AEH) provided a higher intensity, although it mostly reacted with just
the aldehyde function and we observed mainly monomers. For comparison, Table 1 lists the
corresponding estimated limits of detection (LOD) for selected protocols, i.e., using the reagents
4-PDA, 3-MPH, 3-ammonioethoxyphenylhydrazine (3-AEH), 3-ammonioethoxyaniline (3-AEA),
coumarin carbohydrazide (DCCH), Amplifex™ Keto Reagent (AKR, ABSciex, Framingham, MA,
USA), and 4-MPH.

Table 1. Limit of detection (LOD, S/N > 3) for MGO derivatives of seven different reagents with
LC-ESI-MS, estimated from factorial dilution series factor 3 involving concentrations below detection.

LOD pmol/Injected Literature Reference Value LOD

pmol/Injected

4-PDA 0.01 0.1 with HPLC-FD [26]
3-MPH 0.05 n.a.
3-AEH 0.7 n.a.
3-AEA 1 na.?
DCCH 15 na.b

AKR 2 na. ¢
4-MPH >50 n.a.

20.03 pmol/injected for malondialdehyde derivatized with 4-AEA analyzed with LC-ESI-MS/MS [24]; > 1 nmol/L
4-hydroxynonenal analyzed with continuous flow nanospray mass spectrometry [32], € 0.035 fmol testosterone
analyzed with LC-ESI-MS/MS [33].

The pattern of LODs did not exactly follow the relative response as obtained from signal intensities
at 50 uM MGO (0.5 nmol injected). Thus, for 3-AEA, a surprisingly high value was found, while 4-PDA
had a surprisingly low LOD in contrast. Our comparison confirms the notion that assessment of relative
sensitivities based on peak areas far above the detection limit does not necessarily help to find the most
sensitive protocol. According to these results, 4-PDA might be the preferred reagent by far for analysis
of x-oxo-aldehydes, which quinoxaline derivative(s) of methylglyoxal (and glyoxal, not shown) were
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detected particularly sensitive. However, at higher concentrations of monocarbonyl compounds,
multiple derivatives could be produced from phenylenediamines, which can be avoided when using
the second-best candidate reagent, i.e., 3-MPH. Furthermore, the production of a diagnostic daughter
ion from 3-MPH derivatives, m/z 122, provides a great advantage for identification of unknown
carbonyl compounds by MS/MS analyses.

A drawback of using phenylhydrazines for quantification of nonsymmetric dicarbonyl
compounds, such as methylglyoxal, compared to phenylenediamines is the formation of two mono-
and two main bis-derivatives (for the latter, four isomers would be possible). For 3-MPH, the less
abundant bis-derivative was present as a shoulder peak under our conditions, so we quantified the
signal as the more robust sum of both peak areas. The same applied to the coumarin carbohydrazide
DCCH, which was also the only reagent considerably retained beyond the dead volume of the LC
column. Here, the two MGO monoderivatives eluting within the broad tailing of the reagent peak
were nearly twice as abundant as the late eluting bis-derivatives, indicating insufficient reactivity
against ketones. (Note that another reason for the observed low abundance of the bis-derivative might
be the expected very poor solubility, with a logS of 6.78 in the ChemAxon’s solubility predictor [34]
corresponding to maximal 3 uM dissolved substance vs. 50 uM starting material used in this
experiment.). Considering the use of the reagent for a generally applicable multimethod to analyze
aldehydes and ketones beyond the analysis of x-oxo-aldehydes, 3-MPH would still be favorable
due to its nonselective high reactivity. In return, the presence of two isomers also enables an easier
identification of corresponding derivatives in an unknown mixture or for derivatization of unknown
carbonyl compounds.

The most curious result, however, is the bad performance of 4-MPH as derivatizing reagent.
With this reagent, the base peak chromatogram of the reaction mixture was dominated by multiple
degradation products rather than by the expected MGO derivatives. Thus, the only intermediate
response of the main derivative (m/z 296) and the corresponding high variance of this species may be the
consequence of ion suppression by a very abundant coeluting reagent dimer (m/z 243, see Section 2.2.1
or Figure 4). Stability tests suggested that extensive oxidation processes within the reaction mixture
hampered reproducibility of the results and led not only to the degradation of derivatives and reagent
but also to precipitations in reaction mixtures with high concentration of GO.

2.2. Extent of Degradation, Solubility, and Practical Considerations

2.2.1. Multiple Reaction Products in the Chromatograms of 4-MPH and 4-PDA Reaction Mixtures

Particularly with the successful derivatization reagents, we noticed extensive, time-dependent
reactive processes within the reaction mixtures, which were not inhibited by addition of antioxidants
such as 2-mercaptoethanol or di-tert-butyl-hydroxytoluene (BHT) after incubation (not shown); these
results were in agreement to the observations reported by Nemet et al. [31]. Indeed, the addition of
mercaptoethanol, which has been described for the derivatization with 4-PDA [26], led to a slightly
but consistently reduced response (90%) of the MGO derivative that was even more prominent for
the phenylhydrazines. Therefore, we omitted this additive from our comparison. However, after
the addition of mercaptoethanol, the response of the reagent dimer peaks, 1/z 241 and 273, indeed
decreased, indicating an inhibition of reagent polymerization. Moreover, a reduced form of the reagent
(e.g., m/z 137 for 4-PDA) was observed in mercaptoethanol-containing preparations.

Figure 4 illustrates the appearance of typical LC-MS chromatograms obtained from the reaction
mixtures of MGO, with 4-PDA, 4-MPH, and 3-MPH as an example to illustrate the formation of
such by-products.
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Figure 4. LC-ESI-MS analysis of reaction mixtures of methylglyoxal with phenylenediamines or
phenylhydrazines. Top: reaction mixture with 4-PDA. Middle: reaction mixture with 4-MPH. Bottom:
reaction mixture with 3-MPH. Black: ion current of selective mass traces, m/z 175 (extracted ion
chromatogram for the reaction mixture with 4-PDA) or m/z 193, 243, 283, 296, 313 (reconstructed ion
current for the reaction mixtures with 4-MPH and 3-MPH). Grey: base peak chromatogram, BPC
(intensity of the base peak at a given retention time).

In the 4-PDA reaction mixture, m/z 175 from the protonated reaction product methoxy-2-
methylquinoxaline exhibited the most abundant signal. Other abundant peaks with m/z such as
149, 163, 241, 282, and 273 have been earlier shown to appear after electrolytic oxidation of the reagent
during the electrospray ionization process [35]. As we found the compounds corresponding to these
peaks also separated in LC-MS analysis of the reaction mixture, we concluded them to have been formed
spontaneously here by reagent oxidation in solution. In addition, after multiple measurements, we
observed a very abundant compound with m/z 124 eluting at higher acetonitrile (ACN) phase. This m/z
corresponds to another potential degradation product of 4-PDA—4-methoxyaniline; the signal hardly
decreased even after long flushing times of the column. In contrast, the signal intensity of the MGO
derivative methoxy-2-methylquinoxaline itself was reduced to 75% after 12 h.

The different hydrazines are known to produce many analytical artifacts in solution, such as
by degradation to the corresponding aniline, aryldiazene, or diarylamine [36,37]. Nevertheless, they
have long been used as derivatization agents of carbonyls for analytical purposes [20]. This is most
likely due to the good sensitivity that can be achieved, the sufficient stability of the target derivatives,
and reproducibility [38]. The stability of hydrazines and their derivatives from the reaction with
carbonyl compounds, i.e., the hydrazones, is related to the type of substituent and the extent of
protonation of the hydrazine/hydrazone group. Thus, phenylhydrazines with electron-donating
substituents, such as the alkoxy phenylhydrazines used in this study, are less stable but are much more
reactive at the same time due to the higher electron density in the aromatic ring and at the hydrazine
group itself. Last but not least, electron-donating substituents make their carrier molecules particularly
responsive to ESI-MS in positive mode [28] and promise to introduce high sensitivity to the analysis of
the derivatives, a point that is particularly relevant for our investigation.

At low pH, these electron-rich phenylhydrazines exist as the more stable ions; however,
degradation to the corresponding aniline already starts in these conditions [39]. Thus, we tentatively
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identified the diimine with 4-MPH (m/z 283, Figure 3) and mixed aniline/hydrazine derivatives
with our synthesized, permanently charged phenylhydrazines (data not shown). Moreover, fast
reagent polymerization was indicated by the presence of dimethoxyphenyldiazenes from 4-MPH and,
to a lesser extent, 3-MPH (m/z 243) (Note that reagent dimers were also immediately observed for
the phenylenediamines, e.g., m/z 241 and 273 for 4-PDA in Figure 4). In agreement, in the reaction
mixture of 4-MPH with high concentrations of GO in 20% ACN, a precipitation already occurred after
2 h (Note that no precipitates were observed for MGO at used concentrations).

In the analysis of the reaction mixture from the derivatization with 4-MPH, only a small
signal of a tentative oxidation product of the expected derivative—the dehydro-dihydrazone,
i.e., the propenediyl-bis(methoxyphenyl)diazene (1m/z 311)—was detected instead of the dihydrazone,
while the main peak appeared to be the di(methoxyphenyl)diazene (m/z 243), a chemically formed
reagent dimer whose formation should be particularly favored with the methoxy group in para
position to the hydrazino group. The two main products with MGO were the tentatively identified
diimine (m/z 283) and an indole (m/z 296) related to the MGO-dihydrazone intermediate, which
formally cleaves ammonia in a [3,3]-sigmatropic rearrangement known as Fischer indole synthesis.
In summary, a minimum of eight abundant, reagent-borne species and six derivatives of MGO were
detected in the reaction mixture. The reaction speed of all these products was found to be inversely
related to the organic content in the solvent composition of the reaction mixture (data not shown).
Consequently, 4-MPH was deemed not suitable for derivatization in LC-MS profiling of reactive
carbonyl compounds, and the protocol would require further method development before efficient
application. However, we refrained from further optimization given the only-moderate responsiveness
for MGO with this protocol.

2.2.2. 3-MPH, Anilines, and Hydroxylamines Exhibit Higher Stability Compared to 4-MPH

In comparison to 4-MPH, 3-MPH produced considerably less by-products (Figure 4); not only
were the tentative diphenyldiazene, diimine, and demethylated dihydrazone absent from the reagent
mixture, but the monohydrazones also had a very low relative intensity. Thus, 3-MPH produced
the expected dihydrazone derivative as base peak in the corresponding chromatogram (m/z 313).
However, the bis-diazene was also observed due to oxidation in the reaction mixture. In agreement,
the derivative of our 3-substituted aniline also gave higher signals compared to the 4-subsituted
analogue (data not shown). However, the stability of the 3-MPH derivative was still not satisfactory;
after 2-3 hours, signal intensity decreased constantly to 50% at 12 h. However, as response with this
reagent was favorable compared to other reagents, we tested the influence of other parameters such
as reaction buffers at different pH, the addition of antioxidants or the reducing agent NaCNBHj,
and storage at lower temperature. Finally, we observed that in higher organic phase, the stability
of the derivatives was crucially enhanced, which led to the development of an optimized protocol;
shortly after mixing (after ~30 min) the reagent and target analyte, the aqueous sample was almost
completely dried and needed to be re-dissolved in methanol before analysis. These samples did not
produce any signal decline over the tested period of 24 h, providing satisfactory stability for proper
handling in the lab. Moreover, the procedure offers the possibility of sample concentration with respect
to a reasonable evaporation time below 2 h in the vacuum centrifuge (otherwise lyophilization might
be recommended). The estimated LOD did not change in comparison to immediate analysis in the
aqueous sample.

For 3- and 4-PDA using the intensity of the reagent dimer as an indicator, polymerization [35]
was observed with both reagents from the very beginning, i.e., after 2 h incubation. The intensity
of the signal corresponding to 5-methoxy-3-methylquinoxaline, the product with 3-PDA, was only
75% of the corresponding product from 4-PDA (Figure 3b). However, in agreement with the extent
of degradation of the meta- compared to the para-substituted phenylhydrazine, the intensity of the
corresponding reagent dimer peak was 10 times higher in 4-PDA compared to 3-PDA.
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Unlike the phenylenediamines and phenylhydrazines, the anilines synthesized according to
Eggink et al. [24] appeared to be rather stable. In addition, the MGO derivatives of the anilines
provided an excellent stability within one week storage. Given their competitive signal response
(Figure 3b), reagents of this type would have been the most promising approach for derivatization of
aldehydes to achieve a very sensitive ESI-MS detection within our comparison. Unfortunately though,
the reactivity against the keto group was negligible.

Finally, after multiple injections, we experienced undesirable precipitations for most reagents in
the ESI source on the spray shield. As a general rule, the more pronounced the precipitation, the more
the reagent tended to polymerize, degrade, and form late eluting products not directed to waste
during the first minutes of LC separation. In this context, DCCH, which was hardly soluble in water or
organic phase other than dimethylformamide, was the reagent that was most prone to precipitation.
Its derivatives were indeed expected to exhibit a very low solubility in aqueous solvents, and we
experienced particularly serious, hardly removable source contamination during these experiments.
Moreover, we observed a fast deterioration of the LC column signal background and performance
using this derivatization agent as well as abundant, long-tailing memory peaks. The solutions of this
reagent would have to be strongly diluted or the reagent would have to be removed before analysis to
avoid any precipitation in the ESI source or accumulation on the column due to precipitation, which
might compromise the limit of detection for the method. In the literature, this reagent is instead used
for analysis of lipoxidation products from polyunsaturated fatty acids of higher molecular weight
compared to MGO [40], where the chromatographic separation of the reagent by elution within the
dead volume is easier to achieve with other chromatographic systems than that used for the small RCC
investigated here. In addition, reagent removal by liquid extraction of derivatives from the aqueous
sample to nonpolar solvents after incubation time might be a useful approach to improve the situation;
however, this would lengthen the sample preparation procedure and manual effort.

2.2.3. Reaction Products of Phenylhydrazines Featuring a Permanent Charge Provide Excellent
Solubility but Insufficient Stability

When it comes to reversed phase (RP) LC analysis of aqueous samples, a particular problematic
aspect of the hydrazines and their reaction products is the poor solubility in water, which leads to
precipitation in the samples, possibly disturbing the injection process or, worse, to precipitation in
the separating column. Therefore, we investigated the suitability of permanently charged reagents
in analogy to the aniline 4-AEA [24] to improve the solubility of the reagent and any obtained
products. Given the results we obtained with our test candidates, including 3-MPH, we also
developed synthesis routes leading to the corresponding permanently charged phenylhydrazine
(4-AEH), the corresponding 3-substituted phenylhydrazine, and a third hydrazine by additionally
introducing bromine as inductive electron-withdrawing substituent in ortho position to improve the
stability of the molecule (Figure 2b, protocols described in the supplement). These reagents were tested
with methylglyoxal.

As expected, precipitate formation did not appear in the reaction mixtures with these reagents
featuring a permanent charge. However, unfortunately, the synthesized hydrazines were still very
unstable in aqueous solution and produced several oxidation products at later retention times. Thus,
the signal response of all synthesized hydrazines was significantly decreased after just a few hours
(data not shown), indicating a particularly bad stability of the reagents in aqueous solution. The
reaction with MGO appeared to be very fast as the maximum response was observed as early as
after 30—45 min incubation, while the derivative with bromine as substituent provided the worst
response (data not shown), possibly due to a lower reactivity of the starting material from the inductive
electron-withdrawing effect or a worse ionization efficiency of the derivative. Figure 5 illustrates the
appearance of the chromatogram of the reagent mixtures with 3-AEH after 1 h incubation time.
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Figure 5. LC-ESI-MS analysis of the reaction mixtures from the derivatization of MGO (left) and GO
(right) with 3-AEH after 1 h incubation time in aqueous ACN. Black: ion current of selective mass
traces (extracted ion chromatogram) for the monohydrazone derivatives of MGO, m/z 264, and GO,
m/z 250. Grey: ion current of selective mass traces of the MGO hydrazone-imine and bisphenyldiazene
(m/z 221 and 227) and GO bisphenyldiazene (1m/z 220) derivatives.

Unfortunately, in addition to the insufficient stability of the reagents, a clear discrimination in
reactivity against the keto (MGO) and even the second aldehyde group (GO) obviously led to abundant
multiple derivatives, exhibiting a disadvantage of the use of these reagents in the development of
multiselective methods, including ketones as target compounds. Finally, though the permanently
charged hydrazines produced derivatives with satisfactory responsiveness (e.g., factor 2.5 for the
MGO monoderivative of 4-AEH compared to 3-MPH), in agreement with the behavior of the reagents,
the stability of these derivatives was also less satisfactory. Thus, the response of the derivatives
obtained with 4-AEH continuously decreased to 50% of the original value during 7 h incubation time
(for the 3-AEH derivative, the half-life was as short as ~30 min). The highest response of the derivative
was always observed with the shortest possible incubation time.

The corresponding anilines featuring a permanent charge [24] were expected to be more stable
than the hydrazines. However, we did not obtain any products in the course of 10 h without adding
sodium cyanoborohydride as reduction agent for the formed imines to the corresponding amines,
which could only then be detected with high sensitivity. As reported, the keto group of MGO
hardly reacted, meaning these reagents would only be suitable for reactive carbonyls carrying an
aldehyde function.

In conclusion, among the reagents whose derivatives exhibited a high signal response after
reaction with MGO, we found 3-MPH and 4-PDA produced the least number and intensity of
by-products, which is an important advantage when it comes to the establishment of multitargeted
methods. While MGO derivatives were successfully separated from the most abundant by-products
of all investigated reagents, derivatives of other carbonyl compounds might coelute and therefore be
prone to be suppressed by these abundant signals as was found for the derivative of 3-deoxyglucosone
and the 4-PDA dimer at m/z 241 (data not shown). In such situations, further method optimization,
such as improvement of chromatographic separation or the addition of 2-mercaptoethanol to reduce
the reagent dimer formation, may be recommended.

2.3. Application of 3-MPH as Derivatizing Agent to Explore the Contamination of Laboratory Water
with Methylglyoxal

Another well known, serious problem in the quantitative analysis of methylglyoxal is the fact
that it is hard to produce a clean solvent blank as required, for instance, for LOD determination [41].
As illustrated below using 3-MPH as reagent, even high-quality equipment and several tested cleaning
procedures were not able to completely remove methylglyoxal from the blank (Figure 6).
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Figure 6. (a) Water contamination with MGO analyzed as MGO-dihydrazone after incubation with
3-MPH. Different quality laboratory water and different procedures for purification of water were
tested, refer to Section 2.3. (b) Response of the MGO-dihydrazone in preparations containing different
concentrations of 3-MPH in relation to the original 5 mM solution. (c) Response of the corresponding
MGO derivatives in blank solutions of four different reagents and response of the dihydrazone after
incubation of a 3-MPH solution with 4-PDA and the quinoxaline in a 4-PDA solution with 3-MPH.

MGO response in methanol equaled the one from distilled water and water purification systems 3,
4, and 5, suggesting that these purification protocols indeed performed the best. However, successful
purification by SPE procedures appeared to be much more cumbersome, expensive, and laborious
and required a very careful optimization in advance. Thus, we believe the favorable value achieved
with the PFBHA (III) protocol could at least partially be a consequence of signal suppression by bulk
unreacted PFBHA, which was not satisfactorily removed by SPE. Excess PFBHA is usually removed
by 1/1 extraction after selective protonation of the reagent [16], after which a higher response of blank
contamination can be obtained (protocol IV). Moreover, complete elimination of the reagent employed
for MGO removal from the solvent used for analysis is indispensable to avoid subsequent competitive
reaction with the reagent of choice for determination of MGO in the sample. Using the same reagent
for purification of water and analytical derivatization itself [26], on the other hand, may still lead to an
overestimation of MGO in the sample in case the residue is not completely removed.

Curiously, we still obtained a response for MGO when injecting 3-MPH in methanol only.
This finding prompted us to further test the potential origins of the contamination. Considering
that excess reagent is used for derivatization, MGO response in the water blank was expected to stay
constant with decreasing reagent concentration until a certain threshold. Instead, we observed an
immediate decrease in response with decreasing concentrations of the reagent at all levels (Figure 6b),
indicating reagent contamination with the derivative. Reagent contamination was further confirmed
by dissolving one reagent in a solution of another after 2 h incubation, i.e., 3-MPH in 4-PDA and
4-PDA in 3-MPH solutions without adding MGO, where derivatives of MGO with both reagents were
found (Figure 6¢c). We conclude that the reagents themselves are a source of blank contamination and
require thorough purification and subsequent storage under appropriate conditions, particularly if
quantification near or below the concentration of the corresponding contamination is anticipated (5 nM
for 3-MPH in our case). In addition, appropriate blank replication is required for quantification above
the blank level for which, theoretically, the reagents can be used without prior purification employing
blank subtraction. Thus, 3-PDA, 4-PDA, and 3-MPH were all suitable to determine concentrations
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down to 10 nM MGO (0.1 pmol injected) before blank contamination prevented quantification of lower
concentrations. For comparison, typical concentrations of MGO in biological samples are, for example,
~250 nM in whole blood and 170 nM in human plasma [17], 1 nmol/g in U87 cancer cells [22], ~15 uM
in wine [42], and >200 nM in urine [26].

2.4. Analysis of Carbonyl Reaction Products of Linoleic and Linolenic Acids Oxidation by Cu(II) and Hydrogen
Peroxide After Derivatization with 3-MPH

As a proof of concept and to show the applicability of our derivatization agent, we analyzed
reaction mixtures after oxidation of linoleic and linolenic acids—two very important native fatty
acids that are present, for instance, in human epidermis. Oxidation of these acids is known to
produce mainly hydroxylated acids, such as 8,13-dihydroxy-9,11-octadecadienoic and 9,14-dihydroxy-
10,12-octadecadienoic acids [43], but oxo-octadecadienoic acids were also observed [44]. Recently,
the formation of several carbonyl compounds, such as acrolein and crotonaldehyde as well as glyoxal
and methylglyoxal after oxidation of linoleic and linolenic acids, has been reported [45] but no
quantitative information has been added. Because lipoxidation mechanisms are a highly interesting
topic in biomedical research and because there is already information available to rate the validity of
our own results, we selected this model system to show the performance of our method. Firstly, we
detected signals that could be produced by approximately 60 possible RCC candidates (although this
tentative identification would have to be subjected to future confirmation). Moreover, we were able to
quantify methylglyoxal in the reaction mixture (4.6 uM in the linoleic acid and 1.1 uM in the linolenic
acid mixtures) and used the average comparison for other test candidates. As an example, we present
a small table with ratios and average comparisons of selected potential target compounds (Table 2).

Table 2. Average comparison of selected, tentatively identified carbonyl compounds between the
reaction mixtures of linoleic and linolenic acids. Values below one represent candidates that were more
abundant in linolenic acid mixtures, and those above one represent candidates preferentially formed
from linoleic acid.

Tentative Ratio p-Value
Identification C18:2/C18:3 t-Test
oxobutanal * 11 0.005
oxopentanal * 10 0.056
oxononanoic acid * 1.9 0.035
methylglyoxal 1.7 0.013
glyoxal 0.7 0.031
acrolein * 0.7 0.056
pentenal * 0.6 0.071
malondialdehyde * 0.4 0.015
hexenedial * 0.1 0.005

* tentative assignment by m/z.

Although an exhaustive evaluation of such an experiment would require prior establishment
of a proper multimethod, in particular the assessment of appropriate retention times and MS-MS
data for differentiation of derivatives with the same mass but different structure (e.g., methylglyoxal
and malondialdehyde), this experiment already shows the capability of the reagent for application in
such multitargeted methods to assess the presence and concentration of many carbonyl compounds
in a sample in one analytical run. However, compared to our standard samples, we observed not
only a significantly enhanced background in the hydrogen peroxide and metal ion (Cu II)-containing
solutions of this experiment but also an enhanced formation of the reagent dimer (11/z 243) as indicator
of oxidative degradation of the reagent. (Note that similar effects were observed for 4-PDA as
derivatization agent in a glycation mixture from a glucose solution with Fe II/III; data is not shown).
Copper and iron salts are additives with the particular purpose of enhancing the reactivity of lipids and
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carbohydrates toward oxidative degradation; therefore, not surprisingly, we found that the presence
of these Lewis acids may become very problematic in investigations such as ours. Their interaction
with the lone electron pairs of the heteroatoms could enhance the reactivity of the reagents and the
carbonyls. Thus, in such experiments, the immediate analysis of the derivatized sample would be of
particular importance. Our advanced protocol, which changed the solvent directly after derivatization,
is expected to decrease the concentration of these metal ions in the reaction mixture and would
therefore provide a significant advantage to improve experimental variance.

3. Materials and Methods

3.1. Materials and Chemicals

Acetonitrile (ACN; ROTISOLV®, >99.95%, LC-MS Grade), cyclohexane, and formic acid (>98%,
p-s.) were purchased from Carl Roth, Karlsruhe, Germany. Bakerbond SPE-500, C18 and empty
cartridges (all J.T.Baker, Philipsburg, MT, USA), LiChrosorb C18 bulk material (Merck, Darmstadt,
Germany), and water (HiPerSolv® CHROMANORM®, LC-MS Grade) were purchased from VWR
Chemicals, Darmstadt, Germany. Sodium cyanoborohydride (95%) was purchased from Alfa
Aesar, Karlsruhe, Germany. All other chemicals were purchased from Sigma-Aldrich, Taufkirchen,
Germany. The experimental details for synthesis and analytical confirmation of the permanently
charged anilines and hydrazines, i.e., 2-(4-hydrazineylphenoxy)-N,N,N-trimethylethan-1-aminium
(4-AEH), 2-(2-bromo-4-hydrazineylphenoxy)-N,N,N-trimethylethan-1-aminium (3-BrAEH), and 2-(3-
hydrazineylphenoxy)-N,N,N-trimethylethan-1-aminium (3-AEH) bromides and the corresponding
aminoethoxyanilines (AEA), are given in the supplementary.

All solvents were degassed with Argon 4.6 (Air Liquide, Diisseldorf, Germany). All reagent
solutions were prepared in situ, sonicated, and handled under argon in the dark. The pH was adjusted
using the pH meter Level 1 (WTW, Weilheim, Germany) with the pH electrode BlueLine 24 pH (Schott
Instruments, Mainz, Germany).

MGO contamination was analyzed in water from the following water purification systems: BWT
Permaq Pico 10-90 (1, BWT Wassertechnik GmbH, Schriesheim, Germany), Veolia Berkesoft Midi with
Berkefeld miniRO 5 (2, Veolia Water Technologies, Celle, Germany), Millipore Milli-Q Integral 5 (3),
Millipore Elix 3 with Element A10 (4), and Millipore Direct-Q 3UV (5); the latter three were from Merck,
Darmstadt, Germany.

3.2. Response and Stability of Methylglyoxal Derivatives

A total of 21 reagents were used for analytical derivatization of methylglyoxal with subsequent
LC-MS analysis of the derivatives. The detailed structures of all reagents are illustrated in Figure 2,
and all used abbreviations are summarized in Table S2. The selection of the reagents was guided
by reported frequent use for carbonyl derivatization and mainly comprised two groups of chemical
substances: aromatic amines [41,46] and hydrazines [47]. In our experiments, we included further
reagents from these two groups with substituents, allowing a more systematic comparison of signal
response featuring electron-withdrawing and electron-donating substituents in different positions to
the reacting amino group.

Below, we describe the protocols used for derivatization as adopted from the literature and
optimized if required. Stability of the reagents and the reaction mixtures was assessed over the course
of one week.

3.2.1. Reaction with Anilines

Anilines were dissolved in 50 mM ammonium acetate pH 5.7 to prepare mixtures of
2.5 mM reagent and 25 pM MGO [24]. Alternatively, these samples contained 2.5 mM sodium
cyanoborohydride as reduction agent. Reagent blanks and reagent mixtures without sodium
cyanoborohydride were analyzed by LC-MS after 1, 3, and 10 h incubation time; reagent mixtures
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with sodium cyanoborohydride were analyzed after 3 h incubation time [24]. Five millimolar
4-aminopyridine and 250 uM MGO in 20% ACN (v/v) were incubated for 2 h and analyzed in
triplicate by LC-MS after appropriate dilution.

3.2.2. Comparison of Phenylenediamines (PDA)

Responsiveness of formed quinoxalines was studied after mixing equal volumes of 16 mM reagent
stock solutions in methanol (pH 4) with 3 mM MGO or GO for incubation at 37 °C for 70 minutes in
the dark at 550 rpm shaking. Reaction mixtures were diluted and analyzed with flow injection analysis
in ESI positive mode.

3.2.3. Reaction with Phenylhydrazines, 4-Hydrazinopyridine, and Methoxyphenylenediamines

Ten millimolar 4-methoxyphenylhydrazine (4-MPH), 3-methoxyphenylhydrazine (3-MPH),
phenylhydrazine (PH), 4-hydrazinopyridine (4-HP), 3-methoxyphenylenediamine (3-PDA), and 4-
methoxyphenylenediamine (4-PDA), were used to prepare reaction mixtures containing 50 uM MGO
in 20% ACN (v/v) at pH ~4. For the synthesized hydrazines, 50 mM ammonium acetate pH 5.7 was
used instead (n = 3) [24]. Reaction vessels were closed firmly and incubated for 2 h shaking in the dark
before analysis by LC-MS.

3.2.4. Reaction with the Amplifex™ Keto Reagent, Methoxyamine, and 7-(Diethylamino)coumarin-
3-carbohydrazide

The derivatization with the Amplifex™ Keto Reagent Kit (AKR) [33] was carried out according to
the manufacturer’s instructions (ABSciex, Framingham, MA, USA). Briefly, 50 uM MGO was incubated
with the reagent working solution for 1 h at room temperature.

Ten millimolar aqueous methoxyamine (MOA) and 100 pM MGO were incubated for 2 h at room
temperature, diluted, and analyzed in triplicate.

Derivatization with 7-(diethylamino)coumarin-3-carbohydrazide (DCCH) was accomplished in
triplicates as described in Reference [40]: 5 puL of a 100 mM stock solution in DMF was mixed with
40 uL 50% ACN and added with 5 pL of a 10 mM MGO solution. The mixture was incubated for 1 h at
37 °C and diluted with 20% ACN (1:20) prior to LC-MS analysis.

3.2.5. Relative Response for Different Types of Reagents

Prior to comparison of responsiveness, we confirmed the dynamic behavior from 10 to 300 uM
MGO (n > 3). Based on this investigation, we selected a concentration of 50 uM (0.5 nmol on column)
in the final sample as the basis for our comparison (n > 3). This concentration is in the lower dynamic
range and not hampered by any blank contamination. We refrained from comparison of responsiveness
at high concentrations because the concentration of RCCs in biological and environmental samples is
usually rather low.

However, for particularly successful protocols, we additionally estimated the limit of detection
(8/N > 3). A factorial dilution series (factor 3) of the derivatization products of MGO with
3-PDA, 4-PDA, 4-MPH, 3-MPH, DCCH, AKR, 3-trimethylammonioethoxyphenylhydrazine (3-AEH),
and 3-trimethylammonioethoxyaniline (3-AEA) was used to assess the agreement with the relative
response at 50 M.

3.2.6. Optimized Derivatization Protocol with 3-MPH

Ten millimolar 3-MPH in methanol was mixed with an equal volume of the sample in 50 mM
ammonium acetate buffer of pH 4 and incubated for 30 min in the dark. Subsequently, the sample
was completely evaporated in a vacuum centrifuge. The sample was dissolved in methanol before
LC-ESI-MS analysis. If diluted in an aqueous solvent, dilution was made very shortly before analysis
of the sample.
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3.3. Application of 3-MPH as Derivatization Agent to Explore the Contamination of Laboratory Water
with Methylglyoxal

We determined MGO blank contamination in water from five different water purification systems
as outlined under 3.1. In addition, several protocols were assessed for their ability to completely
remove methylglyoxal from blank water (HiPerSolv® CHROMANORM®, LC-MS Grade from VWR
Chemicals, Darmstadt, Germany).

Thus, apart from heating for 20 min at 100 °C under the fume, distillation, and vacuum
centrifugation without heating to reduce the solvent volume by ~25% before LC-MS analysis, we
also applied several solid phase extraction protocols. For solid phase extractions, cartridges were
conditioned with methanol before application: (1) Water was applied to a Bakerbond C18 cartridge
and the eluate was subjected to derivatization with 3-MPH. (2) Water was derivatized with 3-MPH
and applied to SPE extraction with Bakerbond C18, LiChrosorb C18 and SPE-500. (3) 25 mg
0-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine (PFBHA) was dissolved in 20 mL water, incubated 1 h
at 40 °C, applied to SPE extraction with Bakerbond C18, and subsequently derivatized with 3-MPH.
(4) 2.5 mg/mL PFBHA in water was subjected to 1/1 extraction against equal volumes of cyclohexane.
The aqueous phase was subjected to derivatization with 3-MPH. (5) Water was adjusted to pH 7 by
ammonia, extracted with Bakerbond C18 and SPE-500 and subsequently derivatized with 3-MPH.

All purified extracts were subjected to LC-MS analysis (n > 3).

3.4. Analysis of Carbonyl Reaction Products of Linoleic and Linolenic Acids Oxidation by Hydrogen Peroxide
After Derivatization with 3-MPH

Three replicates of the following samples were prepared in 100 uL water: 500 nmol linoleic
or linolenic acids (5 mM, 1.4 mg/mL) and 300 nmol Cu(NO3), (3 mM) were added with 10 pmol
hydrogen peroxide (100 mM) and incubated overnight at 37 °C while shaking. Afterwards, samples
were derivatized with 3-MPH as described under 3.2.6 and analyzed by LC-ESI-MS as described below.

3.5. Instrumental Parameters of LC-ESI-MS

LC-MS analysis was carried out using an HPLC system 1100 series (Agilent, Waldbronn, Germany)
equipped with a Gemini C18 reversed-phase column 5 pm, 110 A, 150 mm x 2 mm (Phenomenex,
Aschaffenburg, Germany). For separation of the derivatives obtained with the permanently charged
Amplifex™ Keto Reagent (Figure 2a), 3-AEH and 3-AEA, an Accucore aQ LC column (100 x 2.1 mm,
2.6 um, Thermo Fisher Scientific GmbH) was used. The columns were kept at 40 °C, and 10 pL sample
was injected.

The gradients were established with 0.1% formic acid in ACN as Eluent A and in water as Eluent
B according to the required performance (Table 3).

Table 3. Gradients used for HPLC separation of the carbonyl derivatives.

Experiment Gradient [min]/[%B] Flow mL/min
3- and 4-MPH, PDAs and MOA  0/80, 5/80,20/70, 30/30, 35/0, 42/0, 47/80, 54/80 0.6
DCCH, 4-AEH 0/90,5/90,15/0,30/0,40/90, 45/90 0.5
Amplifex™ (AKR) 0/0,10/0,30/50,40/98,45/98,46/0,56/0 0.3
3-AEH, 3-AEA 0/98,5/98,15/0,20/0,20.1/98,25/98 0.3

The LC system was coupled with a Bruker ESI ion trap mass spectrometer Esquire 3000+ (Bruker
Daltonik GmbH, Bremen, Germany) operated in positive ion mode. The source parameters were as
follows: nitrogen as nebulizer (55 psi) and dry gas (12 L/min) with a temperature of 365 °C; ICC
20,000, target mass m/z 250, scan range m/z 50-700.

Flow injection analysis by full scan MS was carried out on the Esquire 3000 Plus using a syringe
pump (KD Scientific, Hollisten MA, USA) at a flow rate of 4 pL/min. For this, the nebulizer was set to
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11 psi, and the dry gas was set to 5 L/min at 280 °C. Target mass was set to the anticipated m/z value
and a scan range from r1/z 50-500.

Bruker Data analysis 4.2 (Bruker Daltonik GmbH, Bremen, Germany), was used for raw data
assessment based on peak areas (LC-MS analyses) or peak height (flow injection analysis) of selected
mass traces for the derivatives listed in Table S1.

Student’s t-test for average comparisons was performed with MS Excel 2013 (Microsoft, Redmond,
WA, USA).

4. Conclusions

In our survey, the commercially available substances 4-methoxyphenylenediamine followed by
3-methoxyphenylhydrazine were the best performing reagents for derivatization of methylglyoxal in
LC-ESI-MS analysis considering handling, analysis time, sensitivity of the derivatives, and stability of
the reagent mixture at room temperature. With respect to reactive carbonyl compounds in general,
permanently charged anilines might still be a better choice for derivatization of aldehydes with
subsequent LC-MS analysis due to the high response and stability of the corresponding N-substituted
anilines obtained after reductive amination of the formed imines; however, they cannot be employed
for ketones. Moreover, the very quick reaction time achieved with 4-PDA and 3-MPH exhibits a great
advantage over reagents requiring longer incubation times, especially because MGO can be released or
produced de novo from certain sample matrix components during procedural steps and because the
remaining metabolic activity in biological samples may result in an overestimation of its concentration
in the sample [41]. Finally, apart from stability, sensitivity can also be greatly enhanced when drying
the samples and dissolving in a smaller volume of a nonaqueous solvent. Using this improved
protocol, we showed the capability of employing 3-MPH for quantification of methylglyoxal during
a lipoxidation experiment and demonstrated the potential of this method to analyze different carbonyl
compounds simultaneously.

A particularly bothersome fact, however, appeared to be the solvent and reagent contamination
with methylglyoxal at very low concentration levels. While contamination of water used as sample
solvent could be removed by repeated distillation or high-quality water purification systems,
the development of a protocol for satisfactory reagent purification is tedious and requires very
careful optimization.

In addition, the stability of the derivatives with trapping reagents still needs very careful
consideration, particularly when applying lengthy deproteinization procedures as often required
for biological samples or extended trapping times of MGO from environmental samples. Here,
an insufficient stability of the derivatives may lead to an underestimation of MGO concentration
in the samples. With only intermediate stability of the derivatives, nested online sampling and
derivatization [48,49] might be considered when analyzing large sample batches.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1420-3049/23/11/
2994/s1, Materials and Methods for the synthesis of the permanently charged hydrazines and anilines; Table S1:
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Abstract: Twelve impurities (process-related and degradation) in lisdexamfetamine dimesylate
(LDX), a central nervous system (CNS) stimulant drug, were first separated and quantified by
high-performance liquid chromatography (HPLC) and then identified by liquid chromatography
mass spectrometry (LC-MS). The structures of the twelve impurities were further confirmed
and characterized by IR, HRMS and NMR analyses. Based on the characterization data, two
previously unknown impurities formed during the process development and forced degradation were
proposed to be (25)-2,6-di-(lysyl)-amino-N-[(1S)-1-methyl-2-phenyl ethyl[hexanamide (Imp-H) and
(25)-2,6-diamino-N-[(15)-1-methyl-2-(2-hydroxyphenyl)ethyl] hexanamide (Imp-M). Furthermore,
these two compounds are new. Probable mechanisms for the formation of the twelve impurities
were discussed based on the synthesis route of LDX. Superior separation was achieved on a
YMC-Pack ODS-AQ S5 120A silica column (250 x 4.6 mm X 5 um) using a gradient of a mixture
of acetonitrile and 0.1% aqueous methanesulfonic acid solution. The HPLC method was optimized
in order to separate, selectively detect, and quantify all the impurities. The full identification and
characterization of these impurities should prove useful for quality control in the manufacture of
lisdexamfetamine dimesylate.

Keywords: lisdexamfetamine dimesylate; impurities; structural elucidation; forced degradation;
HPLC validation

1. Introduction

Lisdexamfetamine dimesylate (LDX; formerly NRP-104), (25)-2,6-diamino-N-[(15)-1-methyl-
2-phenylethyllhexanamide dimethanesulfonate) is a novel, long-acting, central nervous
system (CNS) stimulating drug with low toxicity used as an abuse-resistant treatment of
attention-deficit/hyperactivity disorder (ADHD). LDX is a therapeutically inactive amphetamine
prodrug, and the pharmacologically active D-amphetamine is gradually released by rate-limited
hydrolysis following ingestion [1]. The drug, originally developed by Shire Development Inc. (London,
UK) and New River Pharmaceutical Inc. (Washington, DC, US) is currently marketed under the trade
name of Vyvanse since its launch in February 2007 [2,3].

The industrial manufacturing process of LDX was developed by New River Pharmaceutical Inc.
(Figure 1) [2]. Impurities in drugs are closely related to their adverse reactions and pharmacological
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activity. For example, degradation products, precursors, and byproducts in drugs can produce
fatal immune responses, which may be responsible for some clinical allergic reactions [4,5]. After a
comprehensive literature survey, we found that only one patent cursorily referred to six impurities
of LDX [3]. Unfortunately, there was no information about the synthesis and spectroscopic data of
LDX process-related and degradation impurities. There was only one analytical method available for
quantitative analysis of LDX in the literature [6]. However, the paper only focused on comparison
of CAD and UV detectors, but did not include information on process-related impurities of LDX.
Furthermore, we did not get good separation resolution between LDX and process-related impurities
according to the literature. According to the guidelines recommended by the International Conference
on Harmonization (ICH), impurities present in drug substances exceeding the accepted level of 0.1%
should be identified and characterized [7]. Hence, a thorough study was conducted to develop an
effective and sensitive method for separation and identification of impurities in LDX.

NH2 NHBoc
W a /k/\/\
HoOC NH, * HCI — -~ Hooc NHBoc
2 5

*HCI
3 6

: o X NH,
©/\NH2 4 HN__,CHj; c m .
b CH,
7

H NHBoc o NH:
e N
MNHBOC MNHZ
CHy O CH; O - 2MeSOzH
8 1(LDX)

Figure 1. The synthesis route of LDX. Reagents and conditions: (a) BocyO, acetone/2N NaOH,
25 °C, 4 h, 94%-98%; (b) (i) NaBH(AcO)3, DCM, rt., 9h; (ii) THF, 36% hydrochloric acid, 73%-78%;
(c) ammonium formate, MeOH, 65 °C, 3 h, 92%-96%; (d) (i) EDCI, HOBt, NMM, DMF, rt., 20 h, 92-95%;
(ii) recrystallization (acetone:n-heptane = 1:10, v/v); (e) MeSO3H, THE, 50 °C, 6 h, 95%-96%.

This study aimed to: (1) identify impurities formed during the preparation of LDX and its
forced degradation study; (2) characterize and confirm structures of process-related and degradation
impurities by IR, HRMS and NMR. The impurities were proposed based on the molecular weight
revealed by LC-MS, and confirmed by their synthesis followed by spectroscopic analysis; (3) develop
an effective and sensitive HPLC method to separate and quantify all the related substances of LDX. To
our knowledge, this is the first comprehensive study on process-related and degradation impurities in
LDX including their characterization and probable mechanisms of formation, and on development of
an effective HPLC method to separate and quantify them.

2. Results and Discussion

2.1. Detection of Process-Related Impurities and Forced Degradation of LDX

After analysis of different laboratory batches of LDX, process-related impurities were detected in
the range of 0.05-1.61%. The HPLC method described in Section 3.2 was used to obtain a typical LC-UV
chromatogram of a bulk drug sample of LDX, presenting eleven peaks (the retention time of Imp-B
and Imp-C was the same due to their being enantiomers), Imp-H (RT = 8.667, relative retention time
(RRT) = 0.725); Imp-L (RT = 9.908, RRT = 0.828); Imp-M (RT = 10.305, RRT = 0.862); Imp-E (RT = 10.728,
RRT = 0.897); Imp-D (RT = 11.145, RRT = 0.932); Imp-B and Imp-C (RT = 13.467, RRT = 1.126); Imp-A
(RT = 14.025, RRT = 1.173); Imp-K (RT = 25.740, RRT = 2.153); Imp-G (RT = 26.907, RRT = 2.251), Imp-F
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(RT = 28.440, RRT = 2.379); Imp-J] (RT = 36.838, RRT = 3.082), which were shown in Figure 2. Moreover,
the LDX samples were analyzed by LC-MS and the molecular weights were 135.1 (Imp-A), 263.2
(Imp-B and Imp-C), 391.2 (Imp-D), 391.2 (Imp-E), 363.2 (Imp-F), 363.2 (Imp-G), 519.3 (Imp-H), 463.3
(Imp-J), 163.1 (Imp-K), 249.2 (Imp-L) and 279.2 (Imp-M), respectively (Figure S5).

During the course of degradation studies (under acidic, thermal and photolytic conditions),
no significant change in the sample purity was observed. However, three degraded products
(Imp-A, -B and -C) under alkaline and one degradation product (Imp-M) under oxidative conditions
were detected.
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Figure 2. Typical HPLC chromatogram of LDX spiked with its impurities.
2.2. Impurity Preparation and Structural Confirmation

All twelve LDX impurities were synthesized in our laboratory and further confirmed by IR, HRMS,
NMR, and MS/MS spectroscopy. The HRMS data and carbon atom numbering scheme were shown in
Table 1 and the 'H-NMR and '*C-NMR spectral data of the impurities were shown in Tables 2 and 3,
respectively. There were detailed descriptions on the structural characterization of (15)-1-phenyl
propan-2-amine (Imp-A) [8,9], (25)-2,6-di-((tert-butoxycarbonyl)amino)-N-[(1S)-1-methyl-2-phenyl
ethyl]hexanamide (Imp-J) [10] and N-[(1S)-1-methyl-2-phenylethyl]formamide (Imp-K) [11] in the
literature. Accordingly, the structures of Imp-A, Imp-J and Imp-K were confirmed by comparison with
published spectral data. All the relevant spectral data for structural confirmation are shown in the
Supporting Information.

2.2.1. Structural Elucidation and Control Strategy of Imp-B and Imp-C

Imp-B and Imp-C originated from the enantiomers of two different starting materials 2, 3.
The synthetic route of Imp-B and Imp-C were consistent with LDX (Figure 3), except that L-lysine (2)
was replaced by D-lysine (2a) or (S)-1-phenylethanamine (3) was replaced by (R)-1-phenylethanamine
(3a). Imp-B and Imp-C, were obtained as white solids and their HPLC purities were 98.63% and 96.71%,
respectively. The HRMS of Imp-B and Imp-C showed an [M + H]* at m/z 264.2071 and 264.2069,
respectively, suggesting the same elemental composition of C;5H,N3O (Table 1) as LDX. Imp-B and
Imp-C were at the same position in reversed-phase liquid chromatography but were displayed as two
different peaks (RT = 12.740 min and 14.288 min) in normal-phase chromatography (in Supporting
Information Figure S6), which indicated that they were isomers instead of an identical compound.
Specific rotations of Imp-B and Imp-C were +6.512 and —6.847, respectively, further supporting that
Imp-B and Imp-C, with identical molecular formulae, were diastereoisomers of LDX. Detailed 'H-NMR
spectral data were given in Table 2. The control strategy of Imp-B and Imp-C was to minimize the
isomers of intermediate 8 by recrystallization (acetone:n-heptane = 1:10, v/v). Furthermore, by means
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of recrystallization of LDX, Imp-B and Imp-C were easily removed leaving less than 0.1% content in

the bulk drug.
Table 1. Retention time, HRMS and structures of LDX and its impurities.
HRMS
Compound RRT Structure Source
M+H]* Chemical Formula
17
Y 6w
LDX 1.00 264.2076 C15HyN30 ;H”w;(zkﬁfws‘ Target compound
A1 G50 aesos
Z:/\g SO,
; 15,027 ,}‘ﬁz
Imp-A 1.17 136.1121 CoHi3N 1m3 Process and alkaline degradation
2 8
NH; R
Imp-B 1.12 264.2071 Cy5HpN3O @’v\{; WN% Process and alkaline degradation
. 2N|esoJ
H NH;
Imp-C 1.12 264.2069 Ci5HpN30 7(2\3/\/\ Process and alkaline degradation
P g
2Me$03
B 22, 24 26‘
Imp-D 0.93 392.3205 Cp1H3gN50, @y\r {(‘\Mum Process
11 CHy O 3,‘1,‘;303,
17
o0 KV 6§ e,
Imp-E 0.89 392.3207 Cy1H3sN50, ' LT 5 :dsz L2 ’ Process
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 Ch 0 8
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Imp-J 3.08 464.3118 CpsHyN3O5 1w R0 N ey J5< 2 Process
12 8
1: 2
186.0889 (M + 14 202N L H 5
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Table 2. 'H-NMR assignment for LDX and its impurities.

Position LDX Imp-B Imp-C Imp-D Imp-E Imp-F Imp-G Imp-H Imp-L Imp-M
2 3.66-3.63 3.67-3.63 3.67-3.63 4.22-4.18 3.63-3.61 3.10-3.07 3.99-3.95 4.20-4.12 4.93-4.88 3.65-3.63
(t,1H) (t,1H) (t,1H) (t,1H) (t,1H) (t,1H) (t,1H) (dt,1H) (m,1H) (t,1H)
3 148-140  1.76-1.67  176-1.68  1.79-1.69  1.75-1.68 1.47,1.30 1.54-146  149-143  1.53-146 1.54-1.46
(m©4H)  (dd @2H (dd,2H) (m,2H) (m,2H) (m,2H) (m,2H) (m,2H) (m,2H) (dd,2H),
4 1.03-0.92 1.35-1.26 1.35-1.26 1.39-1.31 1.38-1.27 1.24-1.17 1.28-1.23 1.13-1.11 1.25-1.14 1.08-0.86
(m,2H) (m,2H) (m,2H) (m,2H) (m,4H) (m,2H) (dd,2H) (d,2H) (m,2H) (m,2H).
5 1.48-1.44 1.59-1.47 1.59-1.47 1.63-1.48 1.49-1.45 1.34-1.26 1.43-1.34 1.38-1.34 1.69-1.66 1.44-1.39
(m,4H) (m,2H) (m,2H) (m,6H) (m,2H) (m,2H) (m,2H) (m,6H) (m,2H) (m,2H),
6 2.78-2.73 278271 2.78-2.70 2.82-2.76 3.03-2.98 2.89-2.84 2.69-2.61 3.06-3.01 2.67-2.61 2.68-2.61
(m,2H) (m,2H) (m,2H) (m,4H) (m,2H) (dd,2H) (m,2H) (m,2H) (dd,2H) (m,2H),
7 416404  397-393  397-393  397-392  4.15-4.07  393-4.03 432432  4.02-395 _ 4.20-4.09
(m,1H) (m,1H) (m,1H) (m,1H) (m,1H) (m,1H) (m,1H) (m,1H) (m,1H),
3 1.13 1.03 1.02 1.01 114 1.03 115 1.07 1.38 1.11-1.10
(d ® 3H) (d,3H) (d,3H) (d,3H) (d,3H) (d,3H) (d,3H) (d,3H) (d,3H) (d,3H),
9 265,275 2.62,2.82 2.62,2.82 2.62,2.79 2.68,2.76 2.77,2.63 2.84-2.71 2.69-2.67 3.79 2.72,2.56
(dd,2H) (dd,2H) (dd,2H) (dd,2H) (dd,2H) (dd,2H) (dd,2H) (d,2H) (t,1H) (dd,2H)
1113 7.24-7.18 7.23-7.17 7.23-7.16 7.23-7.17 7.23-7.18 7.20-7.17 7.24-7.18 7.20-7.19 7.34-7.28 7.04(d,1H),
. (m,3H) (m,3H) (m,3H) (m,3H) (m,3H) (m,3H) (m,3H) (m,3H) (m,4H) 7.01(t,H)
1214 7.31-7.26 7.32-7.26 7.32-7.25 7.31-7.26 7.30-7.26 7.29-7.26 7.31-7.28 7.30-7.23 7.34-7.28 6.69(d,1H),
¢ (m,2H) (m,2H) (m,2H) (m,2H) (m,2H) (m,2H) (m,2H) (m,2H) (m,4H) 6.78(t,H)
15 7.24-7.18 7.23-7.17 7.23-7.16 7.23-7.17 7.23-7.18 7.20-7.17 7.24-7.18 7.20-7.19 7.34-7.28 _
(m,3H) (m,3H) (m,3H) (m,3H) (m,3H) (m,3H) (m,3H) (m,3H) (m,4H)
16 8.38-8.32 8.43-8.37 8.43-8.37 8.01-7.99 8.43-8.40 7.80-7.77 5.15 7.99-7.97 8.95-8.93 8.27
(d,1H) (d,1H) (d,1H) (d,1H) (t,1H) (d,1H) (d,1H) (d,1H) (d,1H) (d,1H)
17 8.15-7.56 8.20-8.10 8.20-8.10 8.65-8.63 8.10-8.09 _ 6.16 8.43-8.42 8.18-8.13 8.08
(s,6H) (s,3H) (s,3H) (d,1H) (d,3H) (s,1H) (d,2H) (m,3H) (s,2H)
18 8.15-7.56 7.82-7.72 7.82-7.72 7.78 8.33-8.30 6.75-6.73 _ 8.43-8.42 7.78 7.86
(s @ 6H) (s,3H) (s,3H) (s,3H) (d,1H) (t,1H) (d,2H) (s,3H) (s,2H)
19 2.39 242 242 2.39 2.38 _ _ 245 245 9.43
(s,6H) (s,6H) (s,6H) (s,9H) (s,9H) (s,12H) (s,6H) (s,1H)
2129 3.88-3.83 3.72-3.69 1.37 145 3.82-3.73
. (t,1H) (t,1H) (s,9H) (s,9H) (t,1H)
231 1.63-148  1.60-1.52 1.37 145 1.72-1.70
- (m,6H) (dd,2H) (s,9H) (s,9H) (d,4H)
2330 1.25 1.04,0.93 137 145 1.38-1.34
- (d,2H) (m,2H). (s,9H) (s,9H) (m,6H)
2433 1.63-1.48 1.38-1.27 1.62-1.53
- (m,6H) (m,4H) (dd,4H)
2534 2.82-2.76  2.79-2.74 2.84-2.71
- (m,4H) (dd,2H) (dd,4H)
7.78 7.70 7.75
26,35) (s,3H) (s,3H) (s,6H)
8.14 7.99 8.09
27,(30) (s,3H) (d,3H) (s,6H)
@ Single; ®) Double; © Multiple; @ Doublet doublet.
Table 3. '>*C-NMR assignment for LDX and its impurities.
Position LDX Imp-D Imp-E Imp-F Imp-G Imp-H Imp-L Imp-M
§C DEPT §C DEPT §C DEPT §C DEPT §C DEPT §C DEPT §C DEPT §C DEPT
1 167.41- 168.88— 167.87- 174.25- 174.17- 170.61- 167.96- 167.69—
2 52.02 CH 53.35 CH 52.61 CH 54.98 CH 54.97 CH 53.34 CH 52.33 CH 52.47 CH
3 30.38 CHy 30.89 CHy 30.88 CHy 35.00 CHy 34.55 CHy 28.97 CHy 30.78 CH 30.88 CHy
4 20.73 CH, 21.58 CH, 21.57 CH, 22.88 CH, 22.72 CH, 22.96 CH, 22.74 CH, 21.27 CH,
5 26.38 CH, 26.72 CH, 26.78 CH, 29.89 CH, 29.83 CH, 26.72 CH, 26.66 CH, 27.01 CH,
6 38.53 CH, 38.98 CH, 38.90 CH, 40.25 CH, 40.09 CH, 32.14 CH, 38.95 CH, 38.93 CH,
7 46.45 CH 46.66 CH 46.84 CH 46.00 CH 45.83 CH 46.54 CH - 45.31 CH
8 20.83 CHj 20.17 CHj 21.22 CHj 20.54 CHj 20.23 CHj 21.02 CHj 21.46 CHj 21.47 CH,
9 41.77 CHp 41.99 CH, 42.17 CHp 42.29 CH, 42.62 CHp 42.19 CHp 48.91 CH 36.97 CHy
10 138.99 C 139.43C 139.34 C 13943 C 138.25C 139.51 C 144.61C 12537 C
11 128.13 CH 128.62 CH 128.50 CH 128.55 CH 128.30 CH 128.46 CH 127.32CH 131.29 CH
12 129.20 CH 129.61 CH 129.57 CH 129.62 CH 129.38 CH 129.59 CH 128.78 CH 118.94 CH
13 126.18 CH 128.62 CH 126.56 CH 126.45 CH 126.37 CH 126.47 CH 126.37 CH 127.73 CH
14 129.20 CH 129.61 CH 129.57 CH 129.62 CH 129.38 CH 129.55 CH 128.78 CH 11528 CH
15 128.13 CH 128.62 CH 128.50 CH 128.55 CH 128.30 CH 128.49 CH 127.32CH 155.85 C
19 39.80 CH3 40.07 CH3 40.13 CH3 156.03— 156.10- 40.16 CH3 40.11 CH3 -
20 170.61- 168.67— 7773 C 79.07C 168.63—
21 5247 CH 52,53 CH 28.74 CHj 28.42 CHj 52.53 CH
22 31.98 CHy 31.07 CHy 28.74 CHj 28.42 CHj 30.90 CHy
23 22.63 CHy 21.64 CHy 28.74 CHj3 28.42 CHj3 21.65 CHy
24,33 26.86 CH, 28.83 CH, 26.78 CH,
25,34 39.10 CH, 38.96 CH, 38.97 CH,
28 168.69—
29 52.25 CH
31 30.84 CHy
32 21.33 CHy

Note: 3C-NMR assignment for Imp-B and Imp-C was identical to LDX.
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Figure 3. Eleven routes for the formation of LDX and its impurities.

2.2.2. Structural Elucidation and Control Strategy of Imp-F and Imp-G

Both of the protonated molecular ions for Imp-F and Imp-G, were obtained at an [M + H]* of
m/z 364.2 (Figure S5), which was 100 a.m.u. more than that of LDX. The 100 may correspond to
one t-butyloxy carbonyl (Boc) moiety and thus we speculated that the two impurities were possibly
(25)-2-amino-6-((tert-butoxycarbonyl)amino)-N-[(15)-1-methyl-2-phenylethyl]hexan-amide (Imp-F)
and (25)-2-((tert-butoxycarbonyl)amino)-6-amino-N-[(15)-1-methyl-2-phenyl-ethyl]hexanamide (Imp-
G), respectively. According to the synthetic route (Figure 3), Imp-F was obtained as a colorless oil with
97.63% HPLC purity while Imp-G was obtained as a white solid with 98.63% HPLC purity.

The HRMS of impurities F and G showed an [M + H]* at m/z 364.2595 and 364.2590, respectively,
suggesting an identical elemental composition of Cp0H34N303 (Table 1). The structures were further
confirmed by the IR, "H-NMR, 3C-NMR, and DEPT spectra. Both of these impurities had one
additional t-butyloxycarbonyl compared with LDX. In the 3C-NMR of Imp-F, the additional Boc group
was deshielded to 5o = 77.73 ppm and 8¢y = 28.74 ppm. In the 'H-NMR, the chemical shift of the
additional Boc was deshielded to pyp1 = 1.37 ppm. The NMR spectrum of Imp-G was similar to that
of Imp-F, except that H-2 was appeared at a lower field of the 'H-NMR spectrum (chemical shift of
5y = 3.98 ppm) that impurity G, which was affected by the acyl-amino groups at C1 and C19. This
phenomenon also ocurrs between 2b and 2¢ (Supporting Information Figure S7). Detailed information
about the TH-NMR and 3C-NMR spectra can be seen in Tables 2 and 3. To the best of our knowledge,
this is the first report of all the spectroscopic data of Imp-F and Imp-G.
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There were two ways whereby Imp-F and Imp-G can be formed in the bulk drug. First,
intermediate 5 may contain 2b and 2c if the amino protection was not complete during its synthesis,
affording, respectively, Imp-F and Imp-G. Second, the presence of Imp-] in LDX drug substance
indicated that Imp-F and Imp-G were also likely formed due to the incomplete de-Boc in the final
step of LDX. Accordingly, the control strategy of Imp-F and Imp-G was to increase the equivalents
of (Boc);O to 2.2 during the amino protection, so that L-lysine reacted completely as far as possible,
thereby reducing the content of 2b and 2c. Moreover, the amount of methanesulfonic acid was
increased to 5 equivalents in the last step to ensure he complete deprotection. The content of Imp-F,
Imp-G and Imp-J can thus be reduced to below 0.1% after recrystallization.

2.2.3. Structural Elucidation and Control Strategy of Imp-D and Imp-E

On-line LC-MS spectra of Imp-D and Imp-E in LDX suggested that they were
likely (25)-2-lysyl-6-amino-N-[(1S)-1-methyl-2-phenylethyl]hexanamide (Imp-D), and (25)-2-amino
-6-lysyl-N-[(15)-1-methyl-2-phenylethyl]hexanamide (Imp-E), both of which were colorless oils with
>96% HPLC purity. The HRMS of impurity D and E revealed their [M + H]* at m/z 392.3205 and
392.3207, respectively, suggesting that they share the same elemental composition of C;1H3sN50;
(Table 1). Their structures were further confirmed by IR, TH-NMR, *C-NMR, DEPT, HSQC and
HMBC spectral data. The 'H-NMR spectra of Imp-D and Imp-E showed 17 signals, corresponding to
49 protons, which were consistent with the molecular structures of Imp-D and Imp-E. Both of them had
an additional L-lysine on different amino groups (H17 and H18) compared with LDX. In the '*C-NMR
spectrum of Imp-E, the chemical shift of the additional L-lysine (C20, C21, C22, C23, C24, C25) was
deshielded to §¢ = 168.64, 52.53, 31.07, 21.64, 28.83, 38.96 ppm, respectively. The 1*C-NMR spectrum
of Imp-D was similar to that of Imp-E. In the "H-NMR spectrum of Imp-D (Supporting Information
Figure S7, D-1), affected by the two carbonyl groups (C1 and C20), the H-2 proton appeared at a lower
field (chemical shift of 833, = 4.20 ppm) while its chemical shift is 3.60 ppm in the "H-NMR spectrum of
Imp-E (Figure S7, E-1). Besides, compared with the H-6 of Imp-D (8136 = 2.80 ppm), the H-6 of Imp-E,
affected by the acyl-amino group (C20), shifted to a lower field (3116 = 3.02 ppm). The HSQC spectrum
provided further evidence for the difference on the structures of Imp-D and Imp-E (Figures S7, D-5,
E-5). In the HMBC spectrum of Imp-D (Figure S7, D-6), H-2 was correlated with C1 and C20, but the
key long-range correlation between H-2 and C20 in Imp-E was not existed (Figure S7, E-6). In the
meantime, there was no correlation between H-6 and C20 in Imp-D (Figure S7, D-6), while the H-6
was correlated with C20 in Imp-E (Figure S7, E-6). The correlation peaks of two-dimensional NMR
spectra indicated that Imp-D and Imp-E were not the same compound, but rather positional isomers.
The detailed 'H-NMR and '3C-NMR spectra information can be seen in Tables 2 and 3. The HRMS
and NMR spectra of the two impurities have never been reported in the literature.

In order to control the amount of Imp-D and Imp-E, we decreased the content of 2b and 2¢ by
optimizing the process parameters in the amino protection step. In addition, intermediate 8 was
recrystallized (acetone:n-heptane = 1:10, v/v) to reduce the precursors of Imp-D and Imp-E. As a result,
the content of the two impurities in LDX were eliminated to below 0.05%.

2.2.4. Structural Elucidation and Control Strategy of Imp-H

Inspired by the formation of Imp-D and Imp-E and a [M + HJ]* m/z 520.3 peak for Imp-H
(Figure S5), we speculated that Imp-H was (25)-2,6-di-(lysyl)-amino-N-[(15)-1-methyl-2-phenylethyl]
hexanamide. Imp-H was obtained as a white solid and its HPLC purity was found to be 99.61%.
By comparison of retention times in HPLC, we found that the quantity of Imp-H was about 0.05% in
the bulk drug (Figure 2). The HRMS of impurity H revealed an [M+H] * at m/z 520.3975, suggesting an
elemental composition of Cy;Hs0N7O3 (Table 1). Besides, the fragments 503.4, 392.3, 385.3, 264.2, 257.2,
129.1 appeared in the MS/MS spectrum of Imp-H, which supported the proposed molecular structure
(Figure 4). The structure was further confirmed by IR, 1D NMR (*H, 13C, DEPT) and 2D NMR (COSY,
HSQC, HMBC) spectral data. The IR spectrum displayed characteristic absorptions at 3431.0, 1671.4,
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1555.5 and 1192.9/cm which were indicatives of an amino (N-H) stretching vibration, a C=O stretching
vibration, an N-H bending vibration, and a C-N stretching vibration, respectively. Imp-H had two
additional acyl-amino groups (-CONH) and two additional amino-groups (-NH») compared with LDX.
The chemical shift of the additional active hydrogens (H17, H18) were deshielded to 6y = 7.8-8.5 ppm
compared with the "H-NMR spectrum of LDX. The additional amino groups were assigned to be
H-27, H-30, H-26, H-35 on the basis of the HMBC spectrum in the Supporting Information (Figure S7)
showing correlations of H-27, H-30 (65 =8.08 ppm) with C-20, C-28 (8¢ = 168.69, 168.63 ppm) and
correlations of C-20, C-28 (3¢ = 168.69, 168.63 ppm) with H-17, H-18 (5 =8.43-8.42 ppm) (Figure S7,
H-5). The above results indicated that Imp-H had two additional L-lysines compared with LDX.
Furthermore, the H-2 and H-6 signals appeared at a lower field in the "H-NMR spectrum (chemical
shift of dtyp = 4.18 ppm and d1yp = 3.04 ppm, respectively) of impurity H (Figure S7), which indicated
that the amino-group (-NHj) was transformed to an acylmino (-CONH). The COSY spectrum showed
correlation of H-17 (811 = 8.42 ppm) with H-2 (65 = 4.18 ppm) and correlation of H-18 (55 = 8.43 ppm)
with the methylene H-6 (6 = 3.04 ppm). In the meantime, there were twelve more carbon atoms in
Imp-H than in LDX, and the chemical shifts of dcpg = 168.69 ppm, dcop = 168.63 ppm and d¢; = 170.61
ppm in the 13C-NMR spectrum provided further evidence for the existence of amides. The assignment
of 'H- and '®C-NMR signals was performed for Imp-H on the basis of the H-, 13C- and 2D NMR data
in Tables 2 and 3. Further detailed information of the HSQC, HMBC and COSY spectra of Imp-H
can be seen in Figure S7. To our knowledge, this compound is reported for the first time. The control
strategy of Imp-H is identical to that of Imp-D and Imp-E.

2.2.5. Structural Elucidation and Control Strategy of Imp-L

The synthetic route of (25)-2,6-di-amino-N-((15)-phenylethyl) hexanamide (Imp-L) was similar to
that of LDX (Figurel), except that Imp-A was replaced by (S)-1-phenylethylamine (3) in the amide
condensation step. Imp-L was obtained as a white solid and its HPLC purity was found to be 98.63%.
The HRMS of Imp-L revealed an [M + H]*" at m/z 250.1908, which suggested an elemental composition
of C14Hp4N3O (Table 1). Compared with LDX, Imp-L was missing a -CH; group. In the TH-NMR
spectrum, no benzyl (H7) was found at 6y = 2.6-2.9 ppm and the chemical shift of Hg was deshielded
from 1.14-1.15 ppm to 1.37-1.39 ppm. Detailed information about the 'H-NMR and '*C-NMR spectra
is given in Tables 2 and 3. The IR spectrum of Imp-L displayed characteristic absorptions at 3449.5,
1597.1 and 1198.5/cm which were indicative of an amino (N-H) stretching vibration, a C=0 stretching
vibration and a C-N stretching vibration, respectively.

The residue of (S)-1-phenylethanamine (3) in intermediate 7 led to Imp-L. Hence, the control
strategy of Imp-L was to make 3 react as completely as possible in the reductive amination reaction.
Thus, the equivalent ratio of (S)-1-phenylethanamine (3) and phenylacetone (4) was set to 1:1.1. On the
other hand, the chemical and optical purity of intermediate 6 were improved by salt formation with
hydrochloric acid, thereby reducing the production of Imp-L from the source.
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Figure 4. MS/MS spectra and plausible fragments of LDX (a), Imp-H (b) and Imp-M (c).
2.2.6. Structural Elucidation and Control Strategy of Imp-M

Oxidative degradation was performed in 5% H;O, at room temperature in the dark for 4h.
Considering that the purpose of the degradation experiment is to provide recommendations for
transport and storage of drugs, we focused on the impurity with the maximum content under this
oxidative condition. The on-line LC-MS spectrum indicated that the molecular weight of the major
degradation product was 279.2 (Figure S5), 16 more than LDX. The HRMS of impurity M showed an
[M + HJ* at m/z 280.2020, suggesting an elemental composition of C15HpN30O; (Table 1). Furthermore,
there was only four hydrogen atoms on the benzene ring accorded with the 'H-NMR spectrum. In other
words, impurity M had more than one substituent group on the benzene ring and not the two primary
amines of LDX. It was supposed that the two primary amines had formed salts with methanesulfonic
acid, making them more stable in hydrogen peroxide. Furthermore, the identical oxidative experiment
had been conducted with the free base of LDX, but the degraded products showed different retention
time with Imp-M in HPLC. Moreover, it was reported that hydrogen peroxide with strong acid or
Lewis acid converted benzene and alkylbenzenes into their hydroxylated products [12]. On the basis of
molecular weight (279.2), we speculated that the additional group was a hydroxyl group. In addition,
the "H-NMR spectrum showed that there were four different kinds of hydrogen on the benzene ring in
the low field. Thus, we excluded the para-hydroxyl degradant. Moreover, the splitting of these four
kinds of hydrogen are double and triple peaks, but not single, which indicated the hydroxyl group was
not located in the meta-position. The HMBC spectrum of Imp-M in Supporting Information Figure S7
showed correlations of the additional hydroxyl group (H-19) (5y =9.43 ppm) with C-10, C-14 and C-15
(8¢ =125.30, 115.25, 155.85 ppm) and correlations of H-9 (811 = 2.73, 2.56 ppm, dd) with C-10, C-11 and
C-15 (8¢ =125.30, 131.29, 155.85 ppm). The above results supported that the additional OH was located
in the ortho-position. The structure was further confirmed by '*C-NMR and DEPT. In the '*C-NMR,
the carbon atom connecting to the additional OH shifted to the low field (6c15 = 155.85 ppm) compared
to that of LDX. In the meantime, the DEPT spectrum showed that only four carbons appeared in the
aromatic region (110-160 ppm), and the C-15 (5¢15 = 155.85 ppm) disappeared, which confirmed again
that the OH was on the benzene ring. The HSQC spectrum of Imp-M (Figure S7, M-5) showed that
there was no hydrogen atom correlated with C-10 and C-15 (§C-10 = 1125.30 ppm, 6C-15 = 155.85 ppm),
which provided further evidence for the above conclusion. Based on the abovementioned spectral data,
the new compound was identified as (25)-2,6-diamino-N-[(15)-1-methyl-2-(2-hydroxyphenyl) ethyl]
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hexanamide. Fragments 263.2, 246.2, 152.1, 135.1, 129.1, 84.1 were visible in the MS/MS spectrum of
Imp-M, which further supports the proposed molecular structure (Figure 4). The assignment of 'H-
and '*C-NMR signals was completed by means of COSY, HSQC and HMBC spectroscopic data sets
(Figure S7). The detailed information about the TH-NMR, 3C-NMR and DEPT spectra can be seen in
Tables 2 and 3. This novel degradation product has not yet been disclosed in any other published work.

2.3. Possible Mechanisms for Formation of the Impurities

Taking into account the synthetic process of LDX in combination with some published research,
we proposed eleven possible routes for the formation of the twelve impurities (process-related and
degradation) (Figure 3). Imp-A and Imp-] were the residues of intermediate 7 and intermediate
8 in the synthetic process of LDX in route 1. In routes 2 and 3, both intermediate 7 and
L-lysine (2) contained trace amounts of enantiomers A-1 and 2a. The synthetic routes of
Imp-B and Imp-C were consistent with that of LDX (Figure 1), except that L-lysine (2) was
replaced by D-lysine (2a) while intermediate 7 was replaced by (R)-1-phenylpropan-2-amine
(A-1). On the other hand, LDX can produce Imp-B or Imp-C in alkaline condition. In routes 4
and 5, intermediate 5 may contain (25)-2-amino-6-((tert-butoxycarbonyl)amino)hexanoic acid (2b)
and (25)-6-amino-2-((tert-butoxycarbonyl)-amino)hexanoic acid (2¢) as impurities when the amino
protection was not completed during its synthesis, affording, respectively, Imp-F and Imp-G which,
generated Imp-D (route 6) and Imp-E (route 7) after sequentially reacting with intermediate 5, and
both underwent the same reaction that gave LDX. In route 8, intermediate 5 may contain the residue
of L-lysine (2) in its synthesis process, affording Imp-H with the same reaction that gave LDX in
the last step. In route 9, during the debenzyl reaction, excessive amounts of ammonium formate
may continuously react with intermediate 7, affording Imp-K as a residue in LDX. In route 10, as an
impurity, 3 might exist in intermediate 7, and Imp-L was obtained by the same reaction for LDX. In
route 11, Imp-M was produced under oxidative condition.

2.4. Optimization of the HPLC-UV Method

According to the foregoing analysis, twelve impurities were detected and successfully identified
by LC-MS, HRMS, NMR and IR spectroscopy. Initially, different types of HPLC columns, such as
Thermo Accucore XL C8 (150 x 4.6 mm, 4 pm) column, Thermo Syncronis C18 (250 x 4.6 mm x 5 pum)
column and YMC-Pack ODS-AQ (250 x 4.6 mm x 5 um) were tested to analyze LDX. The capability
of separating LDX and its impurities was evaluated mainly through the performance characteristics of
the columns. The best resolution was obtained on the discovery YMC-Pack ODS-AQ column which
was thereafter used for further optimization of the method.

Different mobile phase conditions and gradient progress were tested together to develop a
selective separation method. We used a variety of organic acids and the tailing peak was found to
appear when trifluoroacetic acid was used as the mobile phase. Fortunately, better shape symmetrical
peaks were obtained with methanesulfonic acid. In the meantime, the addition of 0.1% methanesulfonic
acid to acetonitrile improved the baseline fluctuation. The separation of these impurities was not
satisfactory by a continuous gradient elution program. The initial gradient elution condition was as
follows: 0-10 min, linear from 5% to 20% B, however, the polar impurities (D, E, L, M) cannot be well
separated under this condition. For the separation of Imp-D, Imp-E, Imp-L and Imp-M, the gradient
profile was optimized. On the one hand, we reduced the slope of B increase (0-15 min, linear from
3% to 20% B). Alternatively, the separation can be improved by reducing the initial proportion of the
organic phase to 3%. The method was initially optimized by comparing the separation of related
substance, shape symmetrical peaks of LDX and its impurities, and then by optimizing the effect of
column types, mobile phase and gradient elution mode afterwards shown in Section 2.2.
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2.5. Validation of the HPLC-UV Method

The HPLC method, used to identify the related substances in LDX bulk drug, was validated
in terms of the linearity, accuracy, precision, limit of quantitation (LOQ), limit of detection (LOD),
robustness and system suitability. The validation was in accordance with ICH Q2 guideline [13] and
the details are shown in Tables 4 and 5.

Table 4. Summary of method validation.

c 1 System Suitability Linearity Sensitivity
RRT* PCP  SF© R Range (ug/mL) R¢  Slope Intercept CFf LOD 8 (ug/mL)  LOQ™ (ug/mL)

LDX - 19755 1.28 6.09 0.5100-20.4000 0.9999  0.1461 —0.0055 - 0.3060 0.5100
Imp-A 1.17 105353 115 66.28 0.5025-20.1000 1.0000  0.2271 —0.0276 0.61 0.3028 0.5025
Imp-B 1.12 121354 1.02 3.50 0.5110-20.4400 1.0000 0.1262 —0.0141 1.10 0.3010 0.5105
Imp-C 112 125659  1.03 3.50 0.5047-20.1900 1.0000 0.1119 —0.0010 131 0.3026 0.5105
—Imp-D 0.93 98972 1.09 3.33 0.5160-20.6400 1.0000 0.1112 —0.0079 1.04 0.3035 0.5070
Imp-E 0.89 118365 1.14 3.19 0.5135-20.5400 1.0000  0.0836 —0.0013 1.66 0.3041 0.5051
Imp-F 2.38 749255  1.63 12.44 0.5022-20.0900 1.0000  0.1700 —0.0061 0.86 0.3013 0.5023
Imp-G 225 864920  1.16 80.95 0.5070-20.2800 1.0000  0.1641 —0.0119 0.89 0.3042 0.5070
Imp-H 0.725 46840 1.28 8.53 0.5028-20.1900 1.0000 0.1524 —0.0085 0.92 0.3028 0.5062
Imp-J 3.08 28465 1.14 - 0.5080-20.3200 0.9998  0.1269 0.0110 115 0.3028 0.5041
Imp-K 215 322224 1.12 7.00 0.5105-20.256 0.9999  0.1389 0.0105 1.32 0.3036 0.5075
Imp-L 0.83 90222 1.02 8.53 0.5180-20.7200 1.0000 0.1159 —0.0056 119 0.3041 0.5180
Imp-M 0.86 114119 117 3.40 0.5240-20.9592 1.0000 0.1614  —0.0011 091 0.3060 0.5140

2 Relative retention time; ® (USP) plate count;  Symmetry factor; ¢ (USP) resolution; ¢ Correlation factor. f Calibration
response factor. 8 (S/N > 3). M (S/N >10).

Table 5. Summary of accuracy.

Impurity  0.05%-1% 0.05%-2% 0.05%-3% 0.10%-1% 0.10%-2% 0.10%-3% 0.15%-1% 0.15%-2% 0.15%-3% Mean RSD (n=9)

Imp-A 91.8 90.2 92.6 89.6 927 94.1 92.0 925 94.1 92.0 1.83
Imp-B 102.6 105.1 100.2 100.9 91.3 97.3 92.6 90.8 90.5 96.8 5.82
Imp-C 92.8 90.4 91.2 100.6 98.7 99.5 97.4 102.4 98.5 96.8 4.44
Imp-D 99.7 96.3 95.8 97.7 96.3 97.6 94.1 97.0 93.1 96.4 2.04
Imp-E 99.1 101.0 102.7 101.6 96.5 95.7 103.5 103.4 102.6 100.6 291
Imp-F 103.9 96.6 97.1 103.3 105.6 99.3 98.8 100.3 98.1 100.3 3.19
Imp-G 101.5 1024 100.3 103.3 96.6 102.6 95.8 100.9 100.5 100.4 2.59
Imp-H 99.5 98.7 102.5 101.8 98.9 103.5 96.9 99.5 102.1 100.3 2.16
Imp-J 92.7 95.4 93.9 95.0 96.2 93.5 91.0 99.4 94.0 94.5 2.50
Imp-K 99.7 103.5 101.6 98.7 99.5 96.4 105.1 103.6 104.2 101.3 2.90
Imp-L 914 90.6 101.2 95.7 95.5 94.8 96.7 90.0 94.9 94.5 3.69
Imp-M 97.8 98.5 93.2 95.1 94.4 97.6 91.3 95.5 92.7 95.1 2.62

2.5.1. System Suitability

In order to obtain a satisfactory performance using the analytical method, a system suitability
test was carried out before each run. The results showed that the United States Pharmacopoeia (USP)
theoretical plates of LDX and its impurities were greater than 19755, the USP resolution between any
two compounds was greater than 3.19, and the peak asymmetry for all the analytes was between 1.02
and 1.28 (Table 4). The HPLC chromatogram of the separation of LDX and its impurities can be seen in
Figure 2.

2.5.2. Linearity, LOD, and LOQ

Using the least squares method, linear regression analysis of the response values of sample
solutions with different concentrations and the corresponding concentration was carried out to
calculate the slope and intercept. The measurements indicated that the response value and
concentration had a positive linear relationship over the concentration range of 0.50-20.00 pug/mL.
The LOQ solution (0.50 ug/mL), equivalent to 0.05% of the LDX sample solution, was prepared and
used to calculate the (5/N) of LDX and its twelve impurities. S/N of LDX and its impurities was
greater than 10, and the LOQ of the method was 0.05% while the minimum quantitative concentration
was 0.50 pg/mL. Using the same injection, the calculated LOD of the method was 0.02% and the
S/N of LDX and its impurities was 3:1. The LOQ level by injecting six individual preparations and
calculating the percentage RSD of the areas. The results were shown in Table 4.
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2.5.3. Accuracy, Precision, and Robustness

Recovery and RSD values of sample solution at concentration levels of 0.05%, 0.10%, and 0.15%
were measured in triplicate after the addition of a certain amount of the twelve impurities to LDX
test solutions (1.0 mg/mL) and then the accuracy was calculated. The recovery of all the impurities
was 80%—-120%, confirming the acceptable good accuracy of the method (Table 5). The precision of the
method was evaluated through parallel preparation of six individual 1.0 mg/mL LDX sample solution
for injection and calculating the RSD for each peak. The RSD of all individual impurities was not more
than 5%, indicating good precision of the method (Table 6). The robustness of the developed method
was studied by changing the column temperature (30 & 3 °C) flow rate (1.0 & 0.1 mL/min), detection
wavelength (215 & 2 nm) of the original HPLC conditions. Under different conditions, excluding the
isomer of impurities B and C, resolution between any two compounds was >1.5. Compared with the
original HPLC method, difference measured values of the individual impurities in the sample solution
was not more than 0.02%, suggesting excellent robustness of the method (Table 7).

Table 6. Summary of precision.

1 2 3 4 5 6
Compound C (mg/mL) RSD (n=6)
1.0080 1.0225 1.0180 1.0290 1.0130 1.0095

Imp-A 0.10 0.10 0.09 0.10 0.10 0.10 4.22

Imp-B 0.10 0.11 0.11 0.11 0.11 0.11 2.19

Imp-C 0.12 0.12 0.12 0.12 0.12 0.13 3.24

Imp-D 0.09 0.09 0.09 0.09 0.09 0.08 1.67

Imp-E 0.10 0.10 0.10 0.11 0.10 0.10 1.83

Imp-F 0.12 0.12 0.12 0.12 0.11 0.11 1.20

Imp-G 0.10 0.10 0.10 0.10 0.10 0.10 1.30

Imp-H 0.10 0.11 0.11 0.10 0.10 0.10 1.51

Imp-J 0.11 0.11 0.10 0.10 0.10 0.10 2.14

Imp-K 0.11 0.11 0.11 0.10 0.10 0.11 1.63

Imp-L 0.11 0.11 0.11 0.11 0.11 0.11 1.32

Imp-M 0.12 0.11 0.11 0.11 0.11 0.11 1.87

RRT =1.32 0.01 0.01 0.01 0.02 0.02 0.01 2.85

Table 7. Summary of robustness.
Column Temperature Flow Rate uv
Compound
27°C 30°C 33°C 09mL/min  1.0mL/min 11mL/min 213nm 215nm 217 nm

Imp-A 0.10 0.10 0.09 0.10 0.10 0.09 0.11 0.10 0.10
Imp-B 0.13 0.12 0.13 0.12 0.13 0.12 0.12 0.13 0.13
Imp-C 0.10 0.11 0.10 0.13 0.12 0.13 0.11 0.10 0.12
Imp-D 0.09 0.09 0.08 0.09 0.09 0.10 0.09 0.09 0.08
Imp-E 0.11 0.10 0.11 0.11 0.10 0.10 0.10 0.10 0.10
Imp-F 0.10 0.09 0.09 0.09 0.10 0.10 0.09 0.10 0.09
Imp-G 0.09 0.09 0.09 0.10 0.09 0.10 0.09 0.09 0.10
Imp-H 0.09 0.09 0.08 0.09 0.09 0.08 0.09 0.09 0.09
Imp-J 0.08 0.09 0.08 0.07 0.08 0.07 0.07 0.07 0.07
Imp-K 0.10 0.10 0.11 0.10 0.10 0.11 0.11 0.10 0.10
Imp-L 0.11 0.12 0.12 0.11 0.11 0.12 0.12 0.12 0.12
Imp-M 0.08 0.08 0.09 0.08 0.09 0.08 0.09 0.09 0.09

3. Materials and Methods

3.1. Chemicals and Reagents

Crude LDX and its impurities were synthesized in our laboratory. L-Lysine hydrochloride
(2), (S)-1-phenylethanamine (3) and methanesulfonic acid were purchased from Energy Chemical
Corporation (Shanghai, China). The purity of all substances was >98%. HPLC-grade methanesulfonic
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acid were purchased from Fisher Scientific (Waltham, MA, USA). HPLC-grade acetonitrile (ACN) was
purchased from Honeywell (Newark, NJ, USA). Deionized water for preparing the aqueous phase was
obtained using a water purification system and all other chemicals were of analytical grade.

3.2. Analytical HPLC Conditions

Studies were conducted on a Dionex Ultimate 3000 HPLC instrument (Waltham, MA, USA)
equipped with a quaternary pump and a DAD detector. An analytical silica column YMC-Pack
ODS-AQ S5 120A (250 x 4.6 mm x 5 um, YMC, Nagoya, Japan) maintained at 30 °C was used
for separation. Mobile phase A was 0.1% methanesulfonic acid (v/v) in water, while B was 0.1%
methanesulfonic acid in acetonitrile. The HPLC gradient program was set as follows: Time (min)/% of
solvent B: 0/3, 15/20, 30/50, 35/95, 37/95,37.1/3,45/3. The flow rate was 1.0 mL/min for a total run
time of 45 min, and the detection wavelength was 215 nm. The crude LDX was accurately weighed
and dissolved in the mixture of water and ACN (70:30, v/v) to obtain a test solution of 1.0 mg/mL.
Samples (10 uL) were injected into the HPLC system for analysis.

3.3. LC-MS Conditions

LC-MS was performed on an Agilent LC/MS system consisting of an Agilent 1260-LC system
equipped with a single quadruple mass detector and electrospray ionization (ESI) interface (Agilent
Technologies, Santa Clara, CA, USA). The column and mobile phase composition are the same as in
the HPLC analysis, except that formic acid was used instead of methanesulfonic acid. The LC gradient
program was set as follows: Time (min)/% of solvent B: 0/5, 40/15, 50/50, 55/95, 60/95, 60.1/5, 65/5.
The flow rate was 1.0 mL/min for a total run time of 65 min. The mass instrument was operated
in positive-ion ESI mode. Optimized mass conditions are as follows: drying gas (N) flow rate of
12.0 L/min, drying gas temperature 300 °C, nebulizer pressure 50 psig, capillary voltage 3.0 kV. Scans
were acquired from 50 to 800 amu with a 0.1 s/scan. The high-resolution mass spectra and MS/MS
were recorded on a Q-TOF micro YA019 instrument (Waters, Milford, MA, USA).

3.4. NMR Spectroscopy

TH-NMR, 3C-NMR, distortionless enhancement by polarization transfer (DEPT), correlation
spectroscopy (COSY), heteronuclear multiple bond correlation (HMBC), and heteronuclear singular
quantum correlation (HSQC) NMR spectra were recorded on an Avance III 400 MHz spectrometer
(Bruker, Karlsruhe, Germany). Solvents used were DMSO-ds; or CDCls.

3.5. FT-IR Spectroscopy

IR spectra were recorded in the solid state as KBr dispersions using a 670 FT-IR spectrophotometer
(NICOLET Waltham, MA, USA). Data were collected between 400 and 4000/cm, at a resolution of
4.0/cm.

3.6. Preparation of Standard and Sample Solutions

Samples was prepared using a water and acetonitrile mixture (70:30, v/v) as the diluent. In each
trial, the HPLC conditions were investigated by injecting test solution added with the twelve impurities
into the HPLC system. The concentration of LDX sample was 1.0 mg/mL, prepared by spiking the
twelve impurities (Imp-A, Imp-B, Imp-C, Imp-D, Imp-E, Imp-F, Imp-G, Imp-H, Imp-J, Imp-K, Imp-L
and Imp-M) into LDX at a concentration of 1.0 ug/mL and used to investigate the system suitability.

3.7. Forced Degradation Study

For forced degradation solutions, LDX was subjected to stress conditions according to ICH
guidelines [14]. The forced degradation of LDX was performed under hydrolytic (acidic and alkaline),
oxidative, thermal and photolytic conditions. The hydrolytic degradation was carried out separately
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in 1.0 M HCI (2.0 mL) as well as 5.0 M NaOH (2.0 mL) and kept in water bath at 90 °C for 3 h.
The oxidative degradation was performed in 5% HyO, (5.0 mL) at room temperature in the dark for 4 h.
LDX was also subjected to thermolytic (90 °C, 48 h) and photolytic (UV light, 4500 Ix, 24 h) degradation.
After completion of the experiment, the samples were cooled to ambient temperature, neutralized with
a base or an acid, respectively. All of the stressed samples were kept at a concentration of 1.0 mg/mL
for assay determination.

4. Conclusions

An effective and selective HPLC method, used for the separation and determination of the
twelve impurities (process-related and degradation) in LDX bulk drug, was developed and optimized.
Structures of the two new compounds, Imp-H and Imp-M, were proposed by the synthesis route of
LDX and LC-MS analyses, and then confirmed and characterized using HRMS, ESI-MS/MS, 1D NMR
(lH-, 13C-, DEPT 135) and 2D NMR (COSY, HSQC, HMBC). Furthermore, probable mechanisms for
the formation of the process-related and degradation impurities were proposed based on the synthesis
route of LDX. The HPLC method was validated in terms of its linearity, accuracy, robustness, limits of
detection, and quantification. Full identification and characterization of these impurities is useful in
quality control in the manufacture of LDX.

Supplementary Materials: The following are available online, Table of contents; Figure S5 the LC-MS spectrum of
LDX and its impurities; Figure S6 The spectrum of Imp-B and Imp-C in normal-phase chromatography; Figure S7
NMR, HRMS and IR spectrogram of LDX and its impurities.
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Abstract: Sinisan has been widely used to treat depression. However, its pharmacologically-effective
constituents are largely unknown, and the pharmacological effects and clinical efficacies of
Sinisan-containing processed medicinal herbs may change. To address these important issues,
we developed an ultra-high performance liquid chromatography coupled with electrospray ionization
tandem quadrupole-time-of-flight mass spectrometry (UHPLC-Q-TOF/MS) method coupled with
multiple statistical strategies to analyze the compound profiles of Sinisan, including individual herb,
herb-pair, and complicated Chinese medicinal formula. As a result, 122 different constituents
from individual herb, herb-pair, and complicated Chinese medicinal formula were identified
totally. Through the comparison of three progressive levels, it suggests that processing herbal
medicine and/or altering medicinal formula compatibility could change herbal chemical constituents,
resulting in different pharmacological effects. This is also the first report that saikosaponin h/i and
saikosaponin g have been identified in Sinisan.

Keywords: chemical constituent profiles of Sinisan; chinese medicine processing; chinese medicinal
formula compatibility

1. Introduction

Chinese medicine processing and Chinese medicinal formula compatibility are two outstanding
characteristics in the clinical applications of Chinese medicine. However, current studies often focus
on the compatibility mechanism or processing mechanism alone without combining them together
organically, and reports discussing Chinese medicine processing mechanisms in Chinese medicinal
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formulae have been rarely involved. Therefore, the selection of the processed products of Chinese
herbal medicines contained in Chinese medicinal formulae has only to rely on the experiences of
clinicians without sufficient basis of scientific theories.

Sinisan (SNS), an ancient well-known Chinese medicinal formula consisting of four Chinese
herbal medicines—Bupleuri Radix (BR), Paeoniae Radix Alba (PRA), Aurantii Fructus Immaturus
(AFI), and Glycyrrhizae Radix et Rhizoma Praeparata Cum Melle (GRM), has been regarded as an
effective anti-depression prescription according to the traditional Chinese medicine (TCM) theories of
six channels and depression. SNS was initially described by Zhongjing Zhang in “Treatise on Febrile
Diseases’ as a traditional Chinese herbal formula to cure mental disorders. It has been widely used
for thousands of years, and even today it is still the fundamental and essential prescription for the
treatment of depression [1,2]. However, the application of processed BR and processed PRA contained
in SNS is quite controversial, which is necessary to improve our understanding whether the processing
procedures has changed any chemical constituents of the herbal medicine.

At present, ultra-high performance liquid chromatography coupled with electrospray ionization
tandem quadrupole/time of flight mass spectrometry (UHPLC-Q-TOF/MS) is a powerful tool for the
analysis of complex samples in TCM and possesses high resolution, efficiency, and sensitivity to obtain
accurate mass information [3—6]. Multivariate statistical analysis based on all the available chemical
information has made the identification of potential chemical markers possible. In this report, we
successfully developed an UHPLC-Q-TOF/MS method coupled with multiple statistical strategy to
analyze the compound profiles of SNS.

Based on the theory of TCM, processing with vinegar can enhance the effects of coursing liver and
resolving depression [7]. A previous report has suggested that vinegar-processed BR (VPBR) is more
effective in the treatment of liver disorders, including hepatitis, cirrhosis, and liver cancer [8]. In this
study, we creatively analyzed the compound profiles of individual herb, herb-pair, and complicated
Chinese herbal formula according to their representative herbal medicine: BR, PRA, BR-PRA herb-pair,
and SNS, respectively, and also systematically compared the changes of chemical constituents of BR,
PRA, BR-PRA herb-pair, and SNS before and after processing to reveal the scientific connotation of
processing and formula compatibility. We are looking forward to seeking out the common mechanism
of processing and formula compatibility of Chinese herbal medicine in order to provide scientific
theory for safe clinical applications of Chinese medicine and rational herbal medicine processing in
Chinese medicinal formula.

2. Results and Discussion

2.1. Identification of Compounds

According to the previous reports [9-12], saponins, terpenoids, and flavones are the main chemical
components in BR (VPBR), PRA (VPPRA), AFI, and GRM. These components easily lose a proton
under mass spectrum detection, resulting in a better mass response in negative ion mode than in
positive one. As shown in Table 1, 101 compounds were identified in negative ion mode and 21
compounds were identified in positive ion mode [13-15]. The typical total ion chromatograms (TICs)
of BR, VPBR, PRA, vinegar-processed PRA (VPPRA), BR-PRA herb-pair, VPBR-VPPRA herb-pair, SNS,
and SNS-containing VPBR and VPPRA in both ion modes are shown in Figure 1.
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Figure 1. Typical total ion chromatograms (TICs) in positive ion mode of PRA (A), VPPRA (I), BR (C),
VPBR (K), BR-PRA herb-pair (E), VPBR-VPPRA herb-pair (M), SNS (G), and SNS-containing VPBR
and VPPRA (O). Typical total ion chromatograms (TICs) in negative ion mode of PRA (B), VPPRA (J),
BR (D), VPBR (L), BR-PRA herb-pair (F), VPBR-VPPRA herb-pair (N), SNS (H), and SNS-containing
VPBR and VPPRA (P).
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2.2. Multivariate Data Analysis

Using MarkerView™ 1.2.1 data handling software, multivariate data analysis were completed.
The principal component analysis (PCA) score plot in negative and positive ion modes were shown in
Figure 2. The results showed that all crude and processed samples including individual herb, herb-pair,
and complicated Chinese medicinal formula were successfully classified into two categories in both

positive and negative ion modes.
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Figure 2. Principal component analysis (PCA) score plots in positive ion mode of PRA and VPPRA
(A), BR and VPBR (C), BR-PRA herb-pair and VPBR-VPPRA herb-pair (E), SNS and SNS containing
VPBR and VPPRA (G). PCA score plots in negative ion mode of PRA and VPPRA (B), BR and VPBR (D),
BR-PRA herb-pair and VPBR-VPPRA herb-pair (F), and SNS and SNS-containing VPBR and VPPRA (H).

2.3. Compounds Changed after Processing and Formula Compatibility

The variations of components (p < 0.05) in the individual herb, herb-pair, and complicated Chinese
herbal formula before and after processing were shown in Tables 2 and 3. For BR, 22 peaks were shown
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significant differences after processing. Comparing with BR, the intensity of seven peaks increased in
VPBR; the other 15 peaks declined in VPBR. Taking compatibility into consideration, it was interesting
to find that 14 peaks contributing to differentiate crude and processed individual herbs disappeared
in herb-pair, while three new peaks (isorhamnetin-3-rutinoside, HOSSd, 2’-O-AcetylSSd) appeared.
Additionally, prosaikogenin f decreased in individual herb but increased in herb-pair. Compatibility
may be responsible for these changes. On the contrary, adonltol, SSh, SSi, SSg, SSby, 3''-O-AcetylSSa,
and SSd all showed the same trend after processing of BR in the individual herb and herb-pair. Thus,
it was hard to distinguish that the seven components were affected by processing, compatibility,
or even their combination. Taking into further account the formula compatibility effect of AFI and
GRM, eight peaks showing significant differences in herb-pair vanished in the formula, however
seven new peaks (isorhamnetin, buddlejasaponin 1V, acetylSSc, 4”’-O-AcetylSSa, SSe, 6"-O-AcetylSSa,
and 6"-O-AcetylSSd) appeared. Meanwhile SSg, 3"/-O-AcetylSSa, and SSd showed the same tendency
and this would result in the unidentifiable problem.

Table 2. Results of the t-test of 26 peaks from BR showing significant difference in individual herb,
herb-pair, and complicated Chinese herbal formula before and after processing (1 = 6).

BR Individual Herb Herb-Pair Herbal Formula

No. Tg (min) Identified Compound p-Value p-Value p-Value

1 0.82 Adonitol 0.00394 | ** 0.00011 | ** o

11 4.18 Chlorogenic acid 0.00137 | ** o o

27 7.57 Rutin 0.00946 | ** . o

35 9.56 Isorhamnetin 0.04005 1 * o 0.01029 1 *
36 9.65 Isorhamnetin-3-rutinoside o 0.00055 | ** o

59 12.79 HOSSd o 0.00077 | ** o

60 13.24 Buddlejasaponin IV 1.72 x 1075 | #* . 3.90 x 1076 | **
67 15.79 SSc 0.01180 | * . o

68 15.9 SSi/h 0.00130 1 ** 334 x 1078 4 ** o

74 16.62 SSh/i 0.00017 1 ** 0.00027 1 ** o

80 17.32 AcetylSSc 0.00089 | ** o 0.01867 | *
85 18.11 SSa 0.00475 | ** . o

86 18.25 SSb, 0.03997 1 * . o

94 18.98 SSg 0.00577 1 ** 1.90 x 1076 4 ** 0.04480 1 *
96 19.05 SSbq 0.00656 1 ** 4.85 x 1075 4 * o

97 19.13 3''-O-AcetylSSa 0.00016 1 ** 418 x 10704 ** 0.002821 1 **
98 19.28 4'"-O-AcetylSSa o . 0.001645 1 **
100 19.49 prosaikogenin f 0.00031 | ** 0.00281 1 ** o
101 19.59 SSe/m 0.00014 | ** . 0.00626 | **
103 20.09 6'"-O-AcetylSSa 443 x 10° | ** o 0.024542 | *
107 20.61 SSd 0.00299 | ** 0.00078 | ** 0.04567 | *
110 21.04 2'"-O-AcetylSSd o 0.00116 | ** o
112 21.61 Diacetyl-SSd 0.03744 | * o o
113 21.89 3"-O-AcetylSSd 931 x 1077 | ** o o
117 22.54 6''-O-AcetylSSd 0.00053 | ** . 0.04310 | *
121 23.24 Diacetyl-55d 1.06 x 1078 | ** o

Compared with BR, “|” represents decrease in contents, “1” represents increase in contents, * p < 0.05, ** p < 0.01.
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Table 3. Results of t-test of 22 peaks from PRA showing significant difference in individual herb,

herb-pair, and complicated Chinese herbal formula before and after processing (1 = 6).

PRA Individual Herb Herb-Pair Herbal Formula

No. TR (min) Identified Compounds p-Value p-Value p-Value
2 0.83 Sucrose 0.00678 | ** 0.00852 | ** .

4 1.97 Gallic acid 0.00250 | ** o o

5 2.39 1-O-B-D-glucopyranosyl-paeonisuffrone  0.02508 1 * 0.04461 1 * .

6 3.16 6-O-B-D-glucopyranosyl lactinolide - 0.03649 1 * 415 x 1075 4 **
7 3.31 Mudanpioside f 0.00056 1 ** 0.04576 1 * 0.00043 1 **
9 3.83 Oxypaeoniflora 2.79 x 1070 4 ** - 0.00021 1 **
10 4.16 4""-Hydroxy-3'"-methoxyalbiflorin 0.04610 1 * o o

13 4.40 Cianidanol 0.01515 1 * 0.00631 | ** .

15 4.76 6'-O-B-D-glucopyranosylalbiflorin 0.02004 | * o 0.04757 | *
18 5.13 Isomaltopaeoniflorin 128 x 1072 | ** 258 x 1076 | ** o

19 5.49 Albiflorin 7.64 x 1078 4 0.00303 1 ** 0.01407 1 *
20 5.58 Paeoniflorigenone 8.60 x 10710 4 #+ 0.02864 1 * 0.0168 1 *
21 5.61 Isomaltoalbiflorin 0.00062 1 ** 0.00952 1 ** 0.040769 1 *
23 5.98 Paeoniflorin 0.04235 | * o o

24 6.70 Paeonol 2.80 x 1077 4 ** 0.00106 1 ** 0.00418 1 **
39 10.08 Benzoic acid 534 x 107% | ** 0.00558 | ** 0.04072 | *
41 10.18 Mudanpioside i 0.00050 1 ** . .

42 10.19 Galloylpaeoniflorin 0.00260 |, ** o 0.00856 1 **
48 10.68 Lactiflorin 0.03681 1 * . 0.00508 | **
62 13.96 Benzoylpaeoniflorin o 0.00078 1 ** o

63 14.09 Benzoylalbiflorin 240 x 1075 4 ** o 0.02116 T *
82 17.78 Palbinone 1.72 x 1070 4 ** o

Compared with PRA, “|” represents decrease in contents, “1” represents increase in contents, * p < 0.05, ** p < 0.01.

For PRA, 20 peaks showed significant differences after processing. Comparing with PRA,
the intensity of 13 peaks enhanced in VPPRA, the other seven peaks decreased in VPPRA.
Considering compatibility, 10 of these 20 peaks disappeared in the herb-pair, at the same time,
6-O-B-D-glucopyranosyl lactinolide and benzoylpaeoniflorin appeared. Also, cianidanol enhanced
in individual herb but decreased in herb-pair. These changes perhaps resulted from compatibility.
Moreover, nine peaks had the same trend after processing of PRA in individual herb and herb-pair,
and it was also hard to distinguish as BR. Under further influence of formula compatibility with AFI
and GRM, five peaks showing significant differences in herb-pair vanished in formula; oppositely,
five new peaks (oxypaeoniflora, 6'-O-p-D-glucopyranosylalbiflorin, galloylpaeoniflorin, lactiflorin,
benzoylalbiflorin) appeared. Formula compatibility may be responsible for these changes. In addition,
seven peaks (6-O-B-D-glucopyranosyl lactinolide, mudanpioside f, albiflorin, isomaltoalbiflorin,
paeoniflorigenone, paeonol, and benzoic acid) displayed an identical trend; this still led to the
unidentifiable problem. Figure 3 shows the comparison of the contents of the components identified
with significant differences. Processing with vinegar and formula compatibility can both regulate
the acidity and alkalinity of the solution and promote changes in chemical composition, such as
hydrolysis reaction, isomerization reaction, etc., resulting in increased or decreased dissolution of
some components. Finally, we found that processing of BR and PRA also had the impact on AFI and
GRM, and the results were shown in Table 4.
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Figure 3. Contents of components identified with significant differences in individual herb, herb-pair,
and complicated Chinese herbal formula of SNS.

Table 4. Results of t-test of 12 peaks from AFI and GRM showing significant difference (n = 6).

No.  TRr (min) Identified Compound t-Value p-Value Source
17 4.99 Lonicerin 244 0.03474 1 * AFI
22 591 Schaftoside —4.17 0.00193 | ** AFI
29 7.93 Liquiritin 8.36 8.02 x 1076 4 ** GRM
44 10.39 Hesperetin —4.07 0.00361 | ** AFI
49 10.83 Ononin 5.62 0.00050 1 ** GRM
58 12.65 5,4 -dihydroxy-3,7-dimethoxyflavone —2.31 0.04979 | * GRM
64 14.83 Licoricesaponin Aj —4.69 0.00085 | ** GRM
70 16.42 Licoricesaponin G, —3.40 0.00677 | ** GRM
72 16.55 Licoricesaponin E; 3.53 0.00548 1 ** GRM
79 17.31 Formononetin —3.28 0.01125 | * GRM
104 20.27 Licoisoflavone a —4.16 0.00195 | ** GRM
105 20.40 Glycycoumarin 5.93 0.00014 1 ** GRM

Compared with SNS, “|” represents decrease in contents, “1” represents increase in contents, * p < 0.05, ** p < 0.01.

As shown in Table 2, the intensity of paeonol significantly increased after stir-frying with vinegar.
According to a previous report [16], adding acid could greatly improve the extraction efficiency of
paeonol. Since the boiling point of paeonol is 154 °C, the use of slow fire (130 °C) controlled by infrared
radiation thermometer during the processing minimized the loss of paeonol. In addition, acetic acid
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plays an important role to form intermolecular hydrogen bonds by Van der Waals” force with paeonol,
resulting in the increase of dissolution rate. Modern researches indicate that paeonol has analgesic and
antiphlogistic pharmacological activities [17,18] and is consistent with TCM theory that processing
of medicinal herbs with vinegar can enhance the effects of promoting blood circulation and relieving
pain. As an illustration, Figure 4 revealed the course of deducing fragmentation of paeonol.
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Figure 4. MS and tandem mass spectroscopy (MS/MS) spectra and fragmentation of Paeonol.

As shown in Table 3, we found that the intensity of SSa and SSd declined but the intensity of SSb,
and SSb; increased in the BR. SSs, a kind of oleanane type triterpenoid saponin, could be divided into
seven types according to their different aglycones. SSa, SSd, and SSc are epoxy-ether saikosaponins
(type I), while SSb, and SSby with a different aglycone, form a heterocyclic diene saikosaponin
(type II) [19]. The glycosidic bond is very easily hydrolyzed in the acidic conditions or being
heated [20,21]. Vinegar processing could promote the hydrolyzation from 13 to 28 allyl oxide linkage
to its corresponding heteroannular diene structure, resulting in the aglycone accumulation. As shown
in Figure 5, peak No. 94 was clearly observed in VPBR, VPBR-VPPRA herb-pair, SNS-containing
VPBR and VPPRA, and SNS, and almost undetectable in BR and BR-PRA herb-pair. According to
the fragmentations in both positive and negative ion modes and other reports [22-24], we suggested
that peak No. 94 is SSg. SSg in SNS could be related to the acidic compounds of herbal formula,
such as glycyrrhizic acid. Also, peak No. 68 (SSh/i), as the isomer of SSc, had the same change with
SSg. Based on these, we hypothesized that SSa and SSd could be transformed to SSby, SSby, and SSg,
while SSc could be converted to SSh and SSi after processing and formula compatibility.
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Figure 5. Comparison on intensity of five isomers of Saikosaponins in BR, BR-PRA herb-pair,
and SNS (B). Comparison on intensity of five isomers of Saikosaponins in VPBR, VPBR-VPPRA
herb-pair, and SNS-containing VPBR and VPPRA (A).

3. Materials and Methods

3.1. Materials and Reagents

Acetonitrile (Merck, Darmstadt, Germany) and formic acid from Anaqua Chemical Supply (ACS,
Houston, TX, USA) of HPLC/MS-grade were purchased for UHPLC-Q-TOF/MS analysis. Deionized
water was prepared using a Milli-Q system (Millipore, Molsheim, France). SPE columns (LC-Cyg,
500 mg/mL) were purchased from ANPLE Scientific Instrument (Shanghai, China). Other reagents of
analytical grade were purchased from Nanjing Chemical Reagent Co., Ltd. (Jiangsu, China).

BR, PRA, AFI, and GRM were obtained from different Chinese pharmacies and pharmaceutical
factories, and authenticated by Professor Hao Cai. The quality of all collected samples was strictly
evaluated and consistent with the regulations of Chinese Pharmacopoeia (Edition 2015, Part One).
VPBR and VPPRA were prepared according to the processing standards described in Chinese
Pharmacopoeia (Edition 2015, Part Four). The voucher specimens were deposited in School of
Pharmacy, Nanjing University of Chinese Medicine (Nanjing, China).

3.2. Sample Preparation

The decoction of BR was prepared as follows. Eight grams of BR were extracted twice in a reflux
water heating mantle in 48 mL and 32 mL of deionized water for 1.5 h and 1 h of reflux, respectively.
The mixed solution was filtered through a four-layer mesh following the reflux. One milliliter of
the solution was loaded onto a C1g RP SPE column and the gradient elution was performed as the
following sequence. One milliliter of 20% acetonitrile in water (20:80, v/v), 1 mL of 40% acetonitrile in
water (40:60, v/v), 1 mL of 60% acetonitrile in water (60:40, v/v), 1 mL of 80% acetonitrile in water

74



Molecules 2018, 23, 3128

(80:20, v/v), and 1 mL of acetonitrile. After the sequent elution, the collected eluent was eddied
for 2 min and centrifuged at 13,000 rpm for 5 min. Finally, the supernatant was collected as the
injection solution. The decoctions of VPBR, PRA, and VPPRA were prepared according to the same
procedures above.

The decoction of BR-PRA herb-pair consisted of 4 g of BR and 4 g of PRA, and prepared as the
same procedures as individual herb described above. The decoction of VPBR-VPPRA herb-pair was
prepared using the same procedures as the decoction of BR-PRA herb-pair. The decoction of SNS was
consist of 2 g of BR, 2 g of PRA, 2 g of AFI, and 2 g of GRM, and prepared using the same procedures
as individual herb. The decoction of SNS containing VPBR and VPPRA was prepared using the same
procedures as the decoction of SNS.

3.3. Chromatographic Separation

Chromatographic analysis was performed using a UHPLC system (Shimadzu, Kyoto, Japan)
consisting of an LC-30AD binary pump, an autosampler (Model SIL-30SD), an online degasser
(DGU-20A5R), and a temperature controller for columns (CTO-30A). Separation was carried out
on an extended C;g Column (2.1 mm x 100 mm, 1.8 um; Agilent, Palo Alto, CA, USA) at 30 °C and
the flow rate was 0.3 mL/min. The optimal mobile phase consisted of A (HCOOH/H,0, 0.1:100, v/v)
and B (C;H3N). The optimized UHPLC elution conditions were as follows 0-2 min, 3-15% B; 2-7 min,
15-20% B;7-8 min, 20% B; 8-9 min, 20-30% B; 9-13 min, 30-32% B; 13-21 min; 32-54% B; 21-23 min,
54-100% B; 23-27 min, 100-3% B; and 27-28 min, 3% B. The injection volume was 2 pL.

3.4. MS and MS/MS Experiments

A triple TOF 5600* System (AB Sciex, Concord, CA, USA) equipped with an electrospray
ionization (ESI) source was performed. The MS was operated in both positive and negative ion
modes. Parameters were set as follows: ion spray voltage of +4500/ —4500 V; turbo spray temperature
of 550 °C; declustering potential (DP) of +60/—60 V; collision energy of +35/—45 V; nebulizer gas
(gas 1) of 55 psi; heater gas (gas 2) of 55 psi and curtain gas of 35 psi. TOF MS and TOF MS/MS
were scanned with the mass ranges of m/z 100-2000 and 50-1000, respectively. The experiments
were run with 200 ms accumulation time for TOF MS and 80 ms accumulation time for TOF MS/MS.
Continuous recalibration was performed at the intervals of 3 h. Dynamic background subtraction and
information-dependent acquisition techniques were applied to reduce the impact of matrix interference
and increase the efficiency of analysis.

3.5. MS and MS/MS Data Processing and Analysis

The raw data were obtained by the Analyst TF 1.6 software (AB Sciex, Concord, CA, USA).
Before data processing, a database about chemical components of medicinal herbs in SNS, including
names, molecular formulas, chemical structures, and accurate molecular weights, was established
by searching relevant reported literature and database websites, including PubMed and SciFinder.
The data were analyzed by using PeakView ™ 1.2 software (AB Sciex, Concord, CA, USA) for a perfect
match with the information in the established database, according to fragmentations of the different
peaks. The main parameters used were set as follows: retention time range of 0-28 min, mass range of
100 to 2000 Da, and mass tolerance of 10 ppm. By using the method of PCA with MarkerView™ 1.2.1
software (AB Sciex, Concord, CA, USA) to check for outliers and variation trend, the gathered data
were more intuitionistic. The Student’s f-test was performed to find out a list of peaks that were finally
defined as the main contributors to the significant difference between raw and processed medicinal
herbs (p < 0.05).

4. Conclusions

A total of 122 constituents had been identified by creative global analysis in individual herb,
herb-pair, and complicated Chinese herbal formula of SNS. Taking BR as an example, 29 kinds of
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SSs had been identified, including some new discoveries in recent years, such as SSq, SSm, and so
forth. Monoterpene glycosides (oxypaeoniflora, mudanpioside £, paeoniflorigenone, etc) showed a
marked increase after processing of PRA. This is the first report of SSh/i and SSg being identified
in SNS. Through three progressive levels of comparison, it suggests that processing herbal medicine
and/or changing medicinal formula compatibility could alter herbal chemical constituents, resulting
in different pharmaceutical effects. Herbal formula has always been the predicament of Chinese
medicine research, and some scholars only employed SSd and paeoniflorin (the main components of
BR and PRA) for research [25], whereas the effects between individual components and herbal formula
containing individual components are quite different. We hope that the thoughts of this article would
be some helpful for further research of herbal formula.
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Abbreviations

AFI Aurantii Fructus Immaturus

BR Bupleuri Radix

GRM Glycyrrhizae Radix et Rhizoma Praeparata Cum Melle
PRA Paeoniae Radix Alba; SNS, Sinisan

SS saikosaponin

TCM traditional Chinese medicine

ultrahigh performance liquid chromatography coupled with electrospray

UHPLC-Q-TOF/MS
Q / ionization tandem quadrupole-time-of-flight mass spectrometry

VPBR vinegar-processed Bupleuri Radix
VPPRA vinegar-processed Paeoniae Radix Alba
PCA principal component analysis
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Abstract: Dendropanax morbifera H. Levis a medicinal plant native to South Korea, East Asia, and South
America. Among some 75 species, one species grows in Korea. In previous studies, D. morbifera
extracts with anti-oxidant, anti-inflammatory, anti-complementary and anti-cancer activities were
reported. The present study aims to investigate optimization of extraction and evaluation of
anti-hyperuricemic effects of D. morbifera leaf and the phytochemicals contained therein. Ethanol and
hexane extract were found to display the best xanthine oxidase inhibition among six types of solvent
and water extract. The antioxidant effect of the ethanol extract was superior to that of the hexane
extract. The DPPH radical scavenging effect of the ethanol and hexane extracts were 81.52 & 1.57%
and 2.69 £ 0.16. The reducing power of the ethanol and hexane extracts were 9.71 £+ 0.15 and
0.89 + 0.01 mg/g equivalent of gallic acid. Total phenols of the ethanol and hexane extracts were
6.53 4 0.16 and 0.63 &= 0.001 mg/g equivalent of gallic acid. In addition, we compared the two marker
compounds from D. morbifera, chlorogenic acid and rutin, which were determined in the ethanol
extract at 0.80 = 0.03% and 0.52 + 0.01%, respectively. We found that the ethanol extracts showed
better xanthine oxidase inhibition than hexane extracts. Especially, ethanol extracts showed higher
antioxidant activity than hexane extracts. Based on these results, we selected the ethanol extract as
an effective xanthine oxidase inhibitor and confirmed whether ethanol extracts showed xanthine
oxidase inhibition in animal experiments. The in vivo mouse study demonstrated that ethanol extract
of D. morbifera leaf at the dose of 300 mg/kg could inhibit blood /hepatic xanthine oxidase activity
and this result shows that the xanthine oxidase inhibitory activity in vitro is reproduced in vivo.
The present study showed that ethanol extract was optimal xanthine oxidase inhibitor which can be
applied to prevent diseases related to hyperuricemia.

Keywords: Dendropanax morbifera leaf; xanthine oxidase; hyperuricemia; HPLC

1. Introduction

Dendropanax morbifera (Aralicaceae), called ginseng tree, is a perennial tree that grows in
forests in the southern regions in South Korea. The leaf, stem, and root of D. morbifera have
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79



Molecules 2018, 23, 3313

been used in traditional medicine to treat infectious diseases, dermatopathy, dysmenorrhea and
migraine [1,2]. To date, a few studies have been carried out investigating D. morbifera as a functional
food and medicinal source [2]. This plant has been reported to exhibit various pharmacologic
effects including antioxidant, anticancer, anti-inflammatory, anticomplementary, anti-amnesic,
and antidiabetic activities [3-6]. However, systematic evaluation of pharmacological efficacy based on
active constituents and the standardization of D. morbifera remains insufficient.

Recently, we found that the extract of D. morbifera leaf exhibited in vitro xanthine oxidase
inhibitory activity, indicating that it could serve as a functional source for anti-hyperuricemia agents [2].
Hyperuricemia involves excessive uric acid levels in the blood, which are due to the abnormal intake
of food with high purine content, and these excessive uric acid levels are consistently accompanied
by gout and metabolic syndrome [7]. Uric acid is formed by the oxidation of hypoxanthine to
xanthine and of xanthine to uric acid by xanthine oxidase (XO) [8]. High levels of uric acid by XO
lead to hyperuricemia, which is a main cause of gout. Gout is a metabolic disorder that is strongly
associated with high levels of uric acid in the body, and it can cause diabetic cardiomyopathy, arthritis,
and nephrolithiasis [9].

In our recent study, the optimized extraction and analysis method of marker compounds in
D. morbifera leaf was established [2]. Additionally, we identified the common components of D. morbifera
leaf from four Korean production sites and compared the extraction yield and effective marker content
by region [2]. In the present study, we investigated the optimum extraction of D. morbifera leaf as
well as the biological activities of extracts from D. morbifera leaf to evaluate their feasibility as an
anti-hyperuricemic source. The optimized extract from D. morbifera leaf was prepared and evaluated
for its antioxidant and XO inhibitory activities of D. morbifera leaf extract in vivo.

2. Results and Discussion

2.1. In Vitro Xanthine Oxidase Inhibitory Activities of D. morbifera Extracts

The effects of the various solvent extracts on the XO inhibitory activity of D. morbifera are shown in
Table 1. Allopurinol (ALP, positive control) at a concentration of 50 pug/mL significantly decreased the
uric acid concentration (4.04 &= 1.49%). The XO inhibitory activities of the hexane and ethanol extracts
were significantly higher than those of the other extracts at the concentration of 2 mg/mL (38.7 and
37.3% inhibition). According to previous reports, in the case of XO inhibition at 1 to 2 mg/mL, the plant
extracts showed significant results in animal experiments [10]. We previously reported various plant
sources as potential XO inhibitors [11]. Yoon et al. [10,12] reported that the extracts of Corylopsis
coreana and Camellia japonica each inhibited XO activity by approximately 50% at a concentration of
2 mg/mL. Yoon et al. [11] also reported that Quercus acuta extract showed approximately 50% XO
inhibitory activity at a concentration of 1 mg/mL, and that Cudrania tricuspidata extract inhibited XO
by approximately 75% at a concentration of 2 mg/mL [13]. All of the above results showed in vitro
and in vivo correlation of XO inhibition. However, further investigation on the clinical and biomedical
relevance of our previous and present results is needed.

Table 1. In vitro xanthine oxidase inhibitory activity of various solvent extract.

Extract Relative Activity (%)
Control 100 £+ 10
ALP 4.04 +£1.49
Ethyl acetate 67.2+12
Hexane 61.3+£19
Acetone 66.8 £ 0.9
MeOH 77.6 = 1.0
Water 96.2 £ 4.1
EtOH 62.7 £39
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Therefore, we considered that the hexane and ethanol extracts would inhibit XO in animal
models, and performed an antioxidant test to determine the optimal results in an animal model.
The antioxidant activity of plant material is known to play important roles in hyperuricemia and gout.
Thus, we compared the antioxidant capacities of the hexane and ethanol extracts and tested the best
materials for an in vivo test.

2.2. Antioxidant Activity and Total Phenolic Contents of D. morbifera Extracts

According to previous reports, the antioxidant effects of plant extracts have curative benefits
against conditions such as inflammation, oxidative stress, and other metabolic diseases such as
hyperuricemia and gout arthritis [10,14,15]. Thus, we compared the antioxidant effects of the hexane
and ethanol extracts. First, we compared the DPPH radical scavenging activities between the hexane
and ethanol extracts. The ethanol extract showed an antioxidant activity 30 times higher than the
hexane extract. Reducing power is one of the tools used to evaluate an antioxidant effect. The ethanol
extract showed a reducing power 11 times higher than the hexane extract. Furthermore, phenolic-rich
sources of phytochemicals with antioxidant activities have curative benefits against various metabolic
diseases. In the present study, the ethanol extract showed total phenolic contents 10.3 times higher than
the hexane extract (Table 2). Based on the antioxidant data, it was concluded that the ethanol extract
had an antioxidant ability that was better by 10 times or more than the hexane extract. Considering
that its xanthine oxidase inhibition activity is similar to that of the hexane extract, it is considered that
the ethanol extract is excellent for the development of an anti-hyperuricemic material.

Table 2. Antioxidant activities of hexane and ethanol extract from D. morbifera leaf.

DPPH Reducing Power Total Phenol Total Flavonoid
Acavenging (%) (mg/g eq GA) (mg/g GA) (mg/g QT)
Hexane ex 2.69 £0.16 0.89 £ 0.01 0.63 £ 0.00 ND *
Ethanol ex 815+ 1.6 9.71 £0.15 6.53 £0.16 ND *
*ND (not detected).

2.3. Contents of Marker Compounds in D. morbifera Leaf Extracts

In a previous report, we identified chlorogenic acid and rutin as marker compounds of the
extracts of D. morbifera leaves [2]. This finding could be important in industrial uses of this plant.
Based on a chromatographic measurement, we found that the two indicator substances were not
detected in the hexane extract, but rutin (0.52%) and chlorogenic acid (0.8%) were detected in the
ethanol extract. Rutin and chlorogenic acid are known to have diverse pharmacological effects, such as
antihyperuricemic and anti-inflammatory activities [16-19]. In the present study, we compared the
rutin and chlorogenic acid contents between the ethanol and hexane extracts; rutin and chlorogenic
acid were both found in the ethanol extract (Table 3). In our previous study, we set chlorogenic acid
and rutin as indicators of D. morbifera. Two markers were set as markers for identification and quality
control of D. morbifera extract [2]. In the present study, the presence of two substances in hexane
extract could not be confirmed, however xanthine oxidase inhibition had activity similar to ethanol
extract. This result implies that there is another xanthine oxidase inhibitor in the hexane extract.
We will use a bioassay guided purification method in hexane extract as a further study to find another
marker compound.

Table 3. Comparison of marker compounds of hexane and ethanol extract from D. morbifera leaf.

Extract Chlorogenic Acid (%, v/v) Rutin (%, v/v)

Hexane ND * ND *

Ethanol 0.80 £+ 0.03 0.52 £ 0.01
*ND (not detected).
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2.4. In Vivo XO Inhibitory and Antihyperuricemic Effects of Ethano Extract from D. morbifera Leaf

Figure 1 shows the effects of the ethanol extract on the hepatic and serum XO activities in
potassium oxonate-induced hyperuricemic mice. The one-week oral administration of allopurinol
(by 47%) and ethanol extract at a dose of 300 mg/kg (by 97%, respectively) significantly reduced
hepatic XO activity in comparison to the hyperuricema group (p < 0.05). Similarly, the one-week
oral administration of allopurinol (by 16%) and ethanol extract at a dose of 300 mg/kg (by 50%,
respectively) significantly reduced plasma XO activity in comparison to the hyperuricemia group
(p < 0.05). However, ethanol extract at a dose of 30 mg/kg did not show statistical significance
as compared to the hyperuricemia group. Thus, the 300 mg/kg treatment of ethanol extract was
considered to show XO inhibitory activity. In an in vitro test, the ethanol extract showed a significant
XO inhibitory effect and a consistent XO inhibitory effect in an in vivo test.
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Figure 1. Relative activity of hepatic (A) and serum (B) xanthine oxidase (XO) after the oral
administration of saline in normal mice (NOR) and after the oral administration of saline (HU),
allopurinol at a dose of 10 mg/kg (HU + ALP), or DM at doses of 30 mg/kg (HU + DM30) and
300 mg/kg (HU + DM300) in hyperuricemic mice for 7 days. The rectangular bars and their error bars
represent the means and standard deviations, respectively (1 = 5). The asterisks indicate values that are
significantly different from those of the HU group (p < 0.05).

Figure 2 shows the effects of the extract on the serum uric acid levels in the same animal model.
Notable, the 300 mg/kg treatment of the extract exhibited a significant antihyperuricemic effect in an
in vivo test.
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Figure 2. Serum uric acid levels after the oral administration of saline in normal mice (NOR) and after
the oral administration of saline (HU), allopurinol at a dose of 10 mg/kg (HU + ALP), or DM at doses of
30 mg/kg (HU + DM30) and 300 mg/kg (HU + DM300) in hyperuricemic mice for 7 days. The rectangular
bars and their error bars represent the means and standard deviations, respectively (1 = 5). The asterisks
indicate values that are significantly different from those of the HU group (p < 0.05).

We considered the oral intake of ethanol extract of 1.46 g daily to help in preventing hyperuricemia
and gout. The oral dose for a human weighing 60 kg is 1460 mg/day (24.33 mg/kg/day). The conversion
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factor between humans and mice is known to be 12.33. Therefore, if the effective dose for mice is
300 mg/kg/day, the human equivalent dose is 1.46 g/60 kg/day of ethanol extract or 15.2 g/60 kg/day
as dried leaf. Thus, we concluded that the oral intake of 1.46 g of the extract of D. morbifera leaves is
beneficial for preventing and/or decreasing the possibility of the occurrence of hyperuricemia-related
disease. Taken together, we found beneficial effects of the extract of D. morbifera leaves from the results
of biological evaluation through the antioxidant assay and XO assay in vitro and in vivo. We optimized
the basic extraction condition due to antioxidant and XO inhibitory activities and the contents of marker
compounds as XO inhibitors (e.g., rutin and chlorogenic acid). In addition, we have applied optimized
extracts to in vivo hyperuricemic mouse models and found that the XO in liver and plasma was
inhibited. In previous reports, rutinwas shown to have the ability to draw out dose-dependent
hypouricemic effects by exerting significant inhibitory effects on XO [20]. Meng et al. described that
chlorogenic acid showed an anti-gout effect due to XO inhibition [18]. In addition, chlorogenic acid
has shown an anti-inflammatory effect via the suppression of levels of proinflammatory cytokines
such as interleukin (IL)-13, IL-6, and tumor necrosis factor (TNF)-« induced by uric acid [18,19,21].
These results suggest that chlorogenic acid exerts dual effects in anti-gout and gout inflammatory
diseases. Phenolic compounds are also known to be closely related to the prevention and treatment of
diseases such as inflammation and gout. Phenolic contents are also associated with antioxidant and
XO inhibition [10]. In the present study, we compared the antioxidant activity of hexane and ethanol
extracts, and the ethanol extract showed higher phenolic content than the hexane extract. Therefore,
it was thought that phenolic contents and antioxidant capacity were beneficial in XO inhibition,
and our result was thought to confirm the results of animal experiments. Based on these results, it is
necessary to study the function mechanism of XO and the single component from D. morbifera leaf that
is inhibiting XO.

3. Experimental Section

3.1. Plant Materials

D. morbifera leaves were provided by the Jeollanamdo Wando provincial government in Jeonnam,
Korea. A voucher specimen (MNUCSS-DM-02) was deposited in the Mokpo National University
(Muan, Korea). The leaves were separated for the present study. The dried D. morbifera leaf (50 g)
was extracted twice with each of hexane, ethyl acetate, acetone, methanol, ethanol, and hot water
(250 mL, v/v) for 72 h. The yields of hexane, ethyl acetate, acetone, methanol, ethanol, and hot
water extracts were 1.4, 1.8, 6,9, 9.6 and 13% (w/w), respectively. Each resulting sample was filtered,
the solvent was evaporated, and the water extract was freeze dried. For in vivo evaluation, D. morbifera
leaf (200 g) was extracted twice with ethanol (2000 mL, v/v) at room temperature for 72 hours and
evaporated in vacuo (50 °C). All samples were stored at 4 °C.

3.2. Animals

Male ICR mice (four-weeks old) were purchased from Samtaco Co. (Osan, Korea). The mice were kept
in a clean room at a temperature of 20-23 °C with a relative humidity of 50 & 5%. The mice were housed in
ventilated mice cages (Tecniplast USA, Inc, West Chester, PA, USA) under filtered and pathogen-free air,
with diet (Agribrands Purina Korea, Inc., Sungnam, Korea) and water available ad libitum. All animal
experiments were carried out according to the Guidelines of the Animal Investigation Committee of
Jeonnam Bioindustry Foundation (Naju, Korea) (approval number: JINR1503).

3.3. DPPH Free Radical Assay

The DPPH radical scavenging assay was evaluated to compare antioxidant activity of the extracts [10].
Briefly, sample solutions (0.5 mL) were mixed with 0.4 mM DPPH (0.5 mL) for 10 min. The absorbance
at 517 nm was measured using a microplate reader (Perkin Elmer, Waltham, CT, USA). The radical
scavenging activity was calculated in the form of a percentage using the following equation:
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DPPH radical scavenging activity (%) = [1 — (Asample/ Aplank)] % 100 1)

3.4. Reducing Power

The reducing power was used to evaluate the antioxidant activities of the extracts. Sample was
mixed with 0.2 M sodium phosphate buffer and 1% potassium ferricyanide, followed by incubation
at 50 °C for 20 min. Ten percent trichloroacetic acid solution was used and stop solution. Reaction
mixture was centrifuged at 2000 x g for 10 min, the supernatant was mixed with distilled water and
0.1% iron (III) chloride solution. Reaction mixture was measured at 700 nm. The reducing powers of
the extracts were expressed as vitamin C equivalents [10].

3.5. Total Phenolic Content

The total phenolic content was determined using the Folin-Ciocalteu assay [10]. A sample and
gallic acid (as standard) was mixed with 2% sodium carbonate and 10% Folin-Ciocalteu phenol reagent
for 10 min. The absorbance of the mixture was then measured at 750 nm. The results were expressed
as milligrams of gallic acid equivalents per gram of the sample

3.6. Chromatographic Conditions

Analysis of samples were performed using high performance liquid chromatography (Alliance
2695 HPLC system, Waters, Milford, CT, USA). A Zorbax RP C18 analytical column (5 pm, 150 mm X
5 mm) was used with a mobile phase consisting of a mixture of acetonitrile and 0.2% phosphoric acid.
A gradient elution (from 10/90 to 80/20, v/v) at a flow rate of 0.8 mL/min was used under the same
analytical conditions previously described [2].

3.7. Determination of In Vitro Xanthine Oxidase (XO) Inhibitory Activity

The XO inhibitory assay was performed as follows: the assay system consisted of phosphate
buffer (0.6 mL, 100 mM; pH 7.4), various concentrations of extract (0.1 mL), XO (0.1 mL, 0.2 U/mL),
and xanthine (0.2 mL, 1 mM; dissolved in 0.1 N NaOH). Each mixture was shaken for 15min and a
stop buffer (0.2 mL, 1 M HCl) was added at 290 nm. Allopurinol was used as a positive control [22].

3.8. Preparation of Hyperuricemia Model and Drug Administration

The mice were divided into five groups; NOR: normal, HU: hyperuricemic mouse, ALP:
allopurinol (10 mg/kg) treatment group, DM30: DM (ethanol extract of D. morbifera leaf) 30 mg/kg
treatment group, DM300: DM 300 mg/kg treatment group (n = 5 for each group). Hyperuricemia was
induced via an intraperitoneal injection of potassium oxonate [23]. Briefly, the DM (30, 300 mg/kg)
or allopurinol (10 mg/kg) were dissolved in 0.3% carboxymethylcellulose sodium solution.
The allopurinol and DMs were orally administered once per day for seven days. Food (but not water)
was withdrawn from the mice at 1.5 h prior to the drug administration, and mice were intraperitoneally
injected with potassium oxonate (300 mg/kg) at 1 h before the last drug treatment on the seventh day
in order to make hyperuricemic mice. Blood samples were collected at 1 h after the last drug treatment
on the seventh day. The blood samples were allowed to clot for approximately 1 h at room temperature,
then centrifuged at 10,000 x g for 15 min in order to obtain serum. The serum samples were stored at
—80 °C until use. Serum uric acid concentration was measured using standard diagnostic kits (Abcam,
Cambridge, UK). Each assay was performed in triplicate.

3.9. Determination of In Vivo Xanthine Oxidase (XO) Inhibitory Activity

The residual activity of XO in the mouse liver and plasma were determined as reported
previously [8]. Mice livers (0.5 g) were homogenized in a 1 mL aliquot of 50 mM sodium phosphate
buffer (pH 7.4). The homogenates were centrifuged at 3000 x g for 10 min at 4 °C. The supernatant was
centrifuged at 10,000 x g for 60 min at 4 °C, and was used for determining XO residual activity and
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total protein. An aliquot of xanthine solution (0.12 mL, 250 mM) was added to a test tube containing
liver homogenate (10 pL) and potassium oxonate solution (0.54 mL, 1 mM) in sodium phosphate
buffer (50 mM, pH 7.4) that had been previously incubated at 35 °C for 15 min. The reaction was
stopped by adding a 0.1 mL of 0.6 M HCI. Thereafter, the mixture was centrifuged at 3000 x g for
5 min and finally measured at 295 nm. The total protein concentration was determined through the
Bradford method [24]. XO activity was expressed as micromoles of uric acid formed per minute (U)
per milligram protein.

3.10. Statistical Analysis

A p-value less than 0.05 was considered to be statistically significant using a t-test between the
two means for the unpaired data or an ANOVA (post hoc test: Tukey’s multiple range test) among the
three or more means for the unpaired data. All data were expressed as mean + standard deviation
and rounded to two decimal places.

4. Conclusions

In the present study, various solvent extracts of D. morbifera leaf were prepared. We selected
hexane and ethanol extracts as XO inhibiting candidates, and their biological activities, such as
antioxidant effects, XO inhibition, and contents of maker compounds were evaluated. The ethanol
extract exhibited the most potent DPPH radical scavenging activity, reducing power, phenolic content,
and XO inhibitory activity. Marker compounds such as chlorogenic acid and rutin were found in the
ethanol extract as well. We confirmed the inhibition of XO in animal models, and found significant
results on liver and plasma. Further investigation is warranted to confirm the in vivo mechanism
study of D. morbifera extract, identify another XO, and assess the safe use of this plant.

Author Contributions: ].-H.S. and D.-H.P. conceived and designed the experiments. S.-S.C., S.-H.S., C.-Y.C. and
K.M.P. performed the experiments and analyzed the data. J.-H.S. and D.-H.P. statistically analyzed the data.

Funding: This research was funded by National Research Foundation of Korea (NRF-2017R1C1B5015187) and
Korea Forest Service (Project No. 2016014A00-1619-AB02) and Food and Rural Affairs (No. 116032-3).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kim, M,; Park, Y.J.; Lim, H.S.; Lee, H.-H.; Kim, T.H.; Lee, B. The clinical effects of Dendropanax morbifera on
postmenopausal symptoms: Review article. J. Menopausal. Med. 2017, 23, 146-155. [CrossRef] [PubMed]

2. Choi, HJ.; Park, D.H.; Song, S.H.; Yoon, 1.S.; Cho, S.S. Development and validation of a HPLC-UV method for
extraction optimization and biological evaluation of hot-water and ethanolic extracts of Dendropanax morbifera
leaves. Molecules 2018, 23, 650. [CrossRef] [PubMed]

3. Chung, LM.,; Song, HK,; Kim, S.J.; Moon, H.I. Anticomplement activity of polyacetylenes from leaves of
Dendropanax morbifera Leveille. Phytother. Res. 2011, 25, 784-786. [CrossRef] [PubMed]

4. Hyun, TK; Kim, M.O.; Lee, H.; Kim, Y.; Kim, E.; Kim, J.S. Evaluation of anti-oxidant and anti-cancer
properties of Dendropanax morbifera Leveille. Food Chem. 2013, 141, 1947-1955. [CrossRef] [PubMed]

5. Hyun, TK; Ko, Y.-J.; Kim, E-H.; Chung, 1.-M.; Kim, J.-S. Anti-inflammatory activity and phenolic
composition of Dendropanax morbifera leaf extracts. Ind. Crop. Prod. 2015, 74, 263-270. [CrossRef]

6.  Hossen, M.].; Kim, M.Y.; Kim, ].H.; Cho, ]J.Y. Codonopsis lanceolata: A review of its therapeutic potentials.
Phytother. Res. 2016, 30, 347-356. [CrossRef] [PubMed]

7. Zhao, M.; Zhu, D.; Sun-Waterhouse, D.; Su, G.; Lin, L.; Wang, X.; Dong, Y. In vitro and in vivo studies
on adlay-derived seed extracts: Phenolic profiles, antioxidant activities, serum uric acid suppression,
and xanthine oxidase inhibitory effects. J. Agric. Food Chem. 2014, 62, 7771-7778. [CrossRef]

8. Lemos Lima Rde, C.; Ferrari, F.C.; de Souza, M.R.; de Sa Pereira, B.M.; de Paula, C.A.; Saude-Guimaraes, D.A.
Effects of extracts of leaves from Sparattosperma leucanthum on hyperuricemia and gouty arthritis.
J. Ethnopharmacol. 2015, 161, 194-199. [CrossRef]

85



Molecules 2018, 23, 3313

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Sharaf El Din, U.A.A.; Salem, M.M.; Abdulazim, D.O. Uric acid in the pathogenesis of metabolic, renal,
and cardiovascular diseases: A review. J. Adv. Res. 2017, 8, 537-548. [CrossRef]

Seo, ].H.; Kim, J.E.; Shim, ].H.; Yoon, G.; Bang, M.A; Bae, C.S.; Lee, KJ; Park, D.H.; Cho, S.S. HPLC analysis,
optimization of extraction conditions and biological evaluation of Corylopsis coreana Uyeki Flos. Molecules
2016, 21, 94. [CrossRef]

Yoon, LS.; Park, D.H.; Bae, M.S.; Oh, D.S.; Kwon, N.H.; Kim, J.E.; Choi, C.Y.; Cho, S.S. In vitro and in vivo studies
on Quercus acuta Thunb. (Fagaceae) extract: Active constituents, serum uric acid suppression, and xanthine
oxidase inhibitory activity. Evid. Based Complement. Alternat. Med. 2017, 2017. [CrossRef] [PubMed]

Yoon, 1.S.; Park, D.H.; Kim, J.E.; Yoo, J.C.; Bae, M.S.; Oh, D.S.; Shim, ].H.; Choi, C.Y.; An, KW.; Kim, E.L; et al.
Identification of the biologically active constituents of Camellia japonica leaf and anti-hyperuricemic effect
in vitro and in vivo. Int. . Mol. Med. 2017, 39, 1613-1620. [CrossRef] [PubMed]

Song, S.H.; Ki, S.H.; Park, D.H.; Moon, H.S.; Lee, C.D.; Yoon, L.S.; Cho, S.S. Quantitative analysis, extraction
optimization, and biological evaluation of Cudrania tricuspidata leaf and fruit extracts. Molecules 2017, 22, 1489.
[CrossRef] [PubMed]

Chansiw, N.; Chotinuntakool, K.; Srichairatanakool, S. Anti-inflammatory and antioxidant activities of the
extracts from leaves and stems of Polygonum odoratum Lour. Anti-Inflamm. Anti-Allergy Agents Med. Chem.
2018. [CrossRef] [PubMed]

Mohammad, M.K.; Almasri, LM.; Tawaha, K.; Issa, A.; Al-Nadaf, A.; Hudaib, M.; Alkhatib, H.S.;
Abu-Gharbieh, E.; Bustanji, Y. Antioxidant, antihyperuricemic and xanthine oxidase inhibitory activities of
Hyoscyamus reticulatus. Pharm. Biol. 2010, 48, 1376-1383. [CrossRef] [PubMed]

Shi, H.; Shi, A.; Dong, L.; Lu, X.; Wang, Y.; Zhao, J.; Dai, F.; Guo, X. Chlorogenic acid protects against liver fibrosis
in vivo and in vitro through inhibition of oxidative stress. Clin. Nutr. 2016, 35, 1366-1373. [CrossRef] [PubMed]
Zatorski, H.; Salaga, M.; Zielinska, M.; Piechota-Polanczyk, A.; Owczarek, K.; Kordek, R.; Lewandowska, U.;
Chen, C.; Fichna, ]. Experimental colitis in mice is attenuated by topical administration of chlorogenic acid.
Naunyn-Schmiedebergs Arch. Pharmacol. 2015, 388, 643—651. [CrossRef]

Meng, Z.-Q.; Tang, Z.-H.; Yan, Y.-X.; Guo, C.-R; Cao, L.; Ding, G.; Huang, W.-Z.; Wang, Z.-Z.; Wang, K.D.G.;
Xiao, W.; et al. Study on the anti-gout activity of chlorogenic acid: Improvement on hyperuricemia and
gouty inflammation. Am. J. Chin. Med. 2014, 42, 1471-1483. [CrossRef]

Hwang, S.J.; Kim, Y.W,; Park, Y.; Lee, H.]J.; Kim, K.W. Anti-inflammatory effects of chlorogenic acid in
lipopolysaccharide-stimulated RAW 264.7 cells. Inflamm. Res. 2014, 63, 81-90. [CrossRef]

Zhu, ].X.; Wang, Y.; Kong, L.D.; Yang, C.; Zhang, X. Effects of Biota orientalis extract and its flavonoid
constituents, quercetin and rutin on serum uric acid levels in oxonate-induced mice and xanthine
dehydrogenase and xanthine oxidase activities in mouse liver. ]. Ethnopharmacol. 2004, 93, 133-140. [CrossRef]
Kim, H.R; Lee, D.M.; Lee, S.H.; Seong, A.R.; Gin, D.W.; Hwang, J.A.; Park, ].H. Chlorogenic acid suppresses
pulmonary eosinophilia, IgE production, and Th2-type cytokine production in an ovalbumin-induced
allergic asthma: Activation of STAT-6 and JNK is inhibited by chlorogenic acid. Int. Immunopharmacol. 2010,
10, 1242-1248. [CrossRef]

Arimboor, R;; Rangan, M.; Aravind, 5.G.; Arumughan, C. Tetrahydroamentoflavone (THA) from Semecarpus
anacardium as a potent inhibitor of xanthine oxidase. J. Ethnopharmacol. 2011, 133, 1117-1120. [CrossRef] [PubMed]
Huo, L.N.; Wang, W.; Zhang, C.Y.; Shi, H.B.; Liu, Y,; Liu, X.H.; Guo, B.H.; Zhao, D.M.; Gao, H.
Bioassay-guided isolation and identification of xanthine oxidase inhibitory constituents from the leaves of
Perilla frutescens. Molecules 2015, 20, 17848-17859. [CrossRef] [PubMed]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Sample Availability: Not available.

@ © 2018 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
[

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

86



molecules ﬁw\o\w

Article

Simultaneous Determination of N*-(carboxymethyl)
Lysine and N*®-(carboxyethyl) Lysine in Different
Sections of Antler Velvet after Various Processing
Methods by UPLC-MS/MS

Rui-ze Gong !, Yan-hua Wang 12, Yu-fang Wang !, Bao Chen "2, Kun Gao "2 and Yin-shi Sun "*

1 Institute of Special Animal and Plant Sciences, Chinese Academy of Agricultural Sciences,

Changchun 130112, China; 82101172456@caas.cn (R.-z.G.); yhwangsdlc@126.com (Y.-h.W.);
wangyufang_jl@163.com (Y.-f.W.); 15543598331@163.com (B.C.); 13356954028@163.com (K.G.)
College of Chinese Material Medicine, Jilin Agricultural University, Changchun 130112, China
*  Correspondence: sunyinshi2015@163.com; Tel.: +86-431-81919580; Fax: +86-431-81919580

2

Academic Editors: In-Soo Yoon and Hyun-Jong Cho
Received: 13 November 2018; Accepted: 12 December 2018; Published: 14 December 2018

Abstract: N¢-(Carboxymethyl) lysine (CML) and N¢-(carboxyethyl) advanced glycation end-products
(AGEs) and are frequently used as markers of AGE formation. AGEs, such as CML and CEL,
have harmful effects in the human body and have been closely linked to many diseases such as
diabetes and uremia. However, details on the contents of CML and CEL after applying different
antler velvet processing methods are lacking. In this research, a robust lysine (CEL) are two typical
UPLC-MS/MS method has been developed for the simultaneous determination of CML and CEL in
various sections of antler velvet processed with different methods. In addition, factors affecting the
CML and CEL contents are discussed. The CML contents of antler velvet after freeze-drying, boiling,
processing without blood, and processing with blood were 74.55-458.59, 119.44-570.69, 75.36-234.92,
and 117.11-456.01 pug/ g protein, respectively; the CEL contents were 0.74-12.66, 11.33-35.93, 0.00-6.75,
and 0.00-23.41 ug/g protein, respectively. The different contents of CML and CEL in the different
samples of antler velvet result from the different interactions of the protein and lysine at different
temperatures. These data can be used to estimate the potential consumer intake of CML and CEL
from antler velvet and for guiding producers on how to reduce the production of CML and CEL.

Keywords: advanced glycation end-products (AGEs); N¢-(carboxymethyl) lysine (CML);
N¢-(carboxyethyl) lysine (CEL); antler velvet processing; UPLC-MS/MS

1. Introduction

Antler velvet is a representative animal medicinal material and dietary supplement that has
been an important part of traditional Chinese medicine for thousands of years in China, Korea,
and Southeast Asian countries [1-3]. It has various pharmacological effects, such as anti-oxidation and
anti-osteoporosis properties [4—6]. Fresh antler velvet is rich in nutrients, such as proteins and amino
acids; these are highly susceptible to spoilage if the antler velvet is not processed promptly. Based on
the methods of processing and consumption, antler velvet can be classified as processed with blood
or without blood, as boiled or freeze-dried, and as wax slices, powder slices, gauze slices, or bone
slices. Different processing methods and sections of the antler velvet have different influences on the
bioactive components and pharmacological activities [4-6]; therefore, the processing conditions are
crucial for antler velvet’s dietary and medical functions.

During the processing and storage of antler velvet, amino compounds (e.g., proteins, amino acids)
react with carbonyl compounds (e.g., reducing sugars, lipid oxidation products) to randomly form
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advanced glycation end-products (AGEs) by the Maillard reaction [7]. AGEs have been shown to be
detrimental to human health, being closely linked to many conditions such as diabetes, Alzheimer’s
disease, atherosclerosis, renal diseases, and aging [8-12]; with the accumulation of AGEs in the human
body, the probability of people suffering the above-mentioned chronic degenerative diseases will
increase greatly. Food is the main source of AGEs, especially high-fat and high-sugar foods [8,11,13],
although human bodies can also produce some AGEs by themselves.

N¢-(Carboxymethyl) lysine (CML) and N¢-(carboxyethyl) lysine (CEL) are two typical AGEs and
are frequently used as markers of AGE formation in foods [14-16]. However, the determination of
CML and CEL in antler velvet has not been reported. The contents of CML and CEL in antler velvets
are affected by the matrix and processing conditions [17,18]. Antler velvet rich in amino compounds
and carbonyl compounds may contribute more CML and CEL than other foods [19,20]. Therefore,
information on the CML and CEL contents in processed antler velvets is essential to estimate the
potential consumer intake of AGEs from antler velvet.

Since CML and CEL have no UV absorption and fluorescence properties, enzyme-linked
immunosorbent assay (ELISA), high-performance liquid chromatography (HPLC),
gas chromatography-mass spectrometry (GC-MS), and high-performance liquid chromatography-mass
spectrometry (HPLC-MS) techniques have previously been used to determine their contents [21-28].
The ELISA method requires specific antibodies, and the sensitivity is greatly affected by the matrix
effect of the sample, which can cause large errors [21-23]. HPLC and GC-MS typically require
pre-column derivatization, which is cumbersome and reduces sensitivity [24-26]. HPLC-MS has the
advantages of simple operation, repeatability, and stability; therefore, HPLC-MS has usually been
used to determine CML and CEL contents [14,16,27].

In this research, we have developed a robust UPLC-MS/MS method to simultaneously determine
CML and CEL contents in various sections of antler velvet processed with different methods. The CML
and CEL contents in the various samples were determined by a validated method, which may
contribute to the assessment of AGEs in antler velvets. This study provides a foundation and valuable
reference for safe antler velvet processing and provides a basis for the development of recommended
antler velvet dosages.

2. Results and Discussion

2.1. Sample Pretreatment

Preparation of the antler velvet samples consisted of processing, segmenting, grinding, defatting,
reduction, hydrolysis, and SPE. According to the processing method and consumption, antler velvet
samples were classified as boiled or freeze-dried and processed with or without blood; samples were
then divided into wax, powder, gauze, and bone slices. Because CML and CEL can be generated
via peroxidation of the antler velvet lipid content, it was important to remove lipids from the antler
velvet samples to prevent overestimation in the results. Before hydrolysis, 0.1 N sodium borohydride
was applied for 12 h to reduce the amadori (e.g., fructose-lysine) and lipid oxidation products,
thus preventing the formation of CML and CEL during acid hydrolysis [28]. The samples were
subjected to SPE by using a C;g Sep-Pak cartridge (Sepax technology, Cork, Ireland; 500 mg, 6 mL),
to remove impurities from the sample.

2.2. Optimization of Chromatography Conditions

CML and CEL are highly polar compounds and are difficult to retain in most reversed-phase
columns. Researchers have usually analyzed these substances with a C18 column by using
nonafluoropentanoic acid (NFPA) as the eluent. However, NFPA can lead to a low-pH (~2) mobile
phase, which may result in deterioration of the reversed-phase column [29]. To avoid the use of
NFPA, we developed a UPLC-MS/MS method to separate CML and CEL with a WATERS CORTECS
HILIC UPLC column. HILIC uses the separation principle of affinity chromatography to maximize

88



Molecules 2018, 23, 3316

the retention and separation of highly polar compounds, relative to other columns. The elution
effects of methanol and acetonitrile were assessed: acetonitrile/water (30:70 v/v) and methanol /water
(30:70 v/v) mixtures were used as mobile phases, and the flow rate was 0.3 mL/min. In comparison
to chromatograms with the methanol mobile phase, UPLC-MS chromatograms using water and
acetonitrile as the eluent have better spectrum peak symmetries and fewer miscellaneous peaks.

The UPLC-MS chromatograms of standard solutions (a) and antler velvet samples (b) are shown
in Figure 1. The retention times of CML and CEL in the antler velvet samples were consistent with
those of the standard solutions, and no peak interference was observed. The column was very stable
and robust without obvious shifts in the retention times throughout the experimental procedure.
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Figure 1. Total ion chromatogram and selected ion of N¢-(Carboxymethyl) lysine (CML) and
N¢-(carboxyethyl) lysine (CEL) standard solutions (a) and antler velvet samples (b).
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2.3. Method Validation

The developed method was validated by assessing the CML and CEL contents in antler velvet
samples and considering the selectivity, linearity, precision, and accuracy. The fragmentation pattern
of CML and CEL indicated two major product ions at m/z 84 and 130, with the most intense peak at
m/z 130. The two sample ions were used for quantitation in MRM mode.

As shown in Table 1, the correlation coefficients (R?) were both greater than 0.99. The linear
range (20-3500 ng/mL) was sufficiently wide to assess the CML and CEL contents in the present
antler velvet samples. The limit of detection (LOD) and limit of quantitation (LOQ) were defined as
the concentrations (ng/g) at which the signal-to-noise ratios of the peaks of interest were 3 and 10,
respectively (Table 1).

Table 1. Calibration, sensitivity and recovery in UPLC-MS/MS.

Calibration Sensitivity Recovery
Compound
Range (ng/mL) R? LOD (ng/g) LOQ (ng/g) 30 (ng/mL) 300 (ng/mL) 3000 (ng/mL)
CML 20-3500 0.9997 1.3 4.1 9521 £1.22 93224113 9742 +£1.21
CEL 20-3500 0.9987 14 43 9543 +£1.09 93.22+124 91.84 +1.18

The antler velvet samples were extracted in triplicate and analyzed by using the developed
UPLC-MS/MS method. The relative standard deviations of intra-day precision for CML and
CEL were 3.32% and 3.08%, respectively, and those of inter-day precision were 3.14% and 3.53%,
respectively. The coefficients of variation obtained for the reproducibility tests described above
were less than 5%. The recoveries of exogenous CML and CEL added to antler velvet samples were
determined at three concentrations (low, intermediate, and high): 30, 300, and 3000 ng/mL, respectively.
Recovery experiments were conducted five times for each concentration, affording values for CML
and CEL of 93.22-97.42% and 91.84-95.43%, respectively.

2.4. CML and CEL Contents in Processed Antler Velvet

2.4.1. CML Contents in Different Sections of Antler Velvet with Different Processing Methods

The CML contents in different sections of antler velvet processed with different methods are
shown in Table 2. The CML contents in freeze-dried and boiled antler velvet were 74.55-458.59 and
119.44-570.69 ug/g protein, respectively. The CML contents in antler velvet processed without blood
and with blood were 75.36-234.92 and 117.11-456.01 ug/g protein, respectively. These results indicate
that antler velvet protein is glycosylated, to a considerable extent, relative to other processed foods
such as fried chicken breast (12.34-90.52 nug/g protein) and processed meat and fish (44.53-167.60 ug/g
protein) [15,16,30].

The CML contents of freeze-dried antler velvet were significantly lower than those of the
corresponding sections of boiled antler velvet (P < 0.01). This suggests that temperature can affect the
formation of CML; specifically, high-temperature processing can produce more CML. The high content
of CML in freeze-dried antler velvet is endogenous. The CML contents of antler velvet processed
without blood were significantly lower than those of the corresponding sections of antler velvet
processed with blood (P < 0.01). The reason may be that the antler velvet processed without blood
was subjected to physical centrifugal discharge of the blood. Blood contains many reducing sugars,
amino acids, and proteins that can react to generate CML during processing.
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Table 2. CML contents in different sections of antler velvet with different processing methods expressed
per ug/g protein, ug/g, and umol/mmol lysine.

P;/([)ecteﬁ‘s)glsg Sections pg CML/g Protein®  umol CML/mmol Lysine P ug CML/g
wax slices 45859 -+ 22.04 400 +1.23 328.15 + 20.13
powder slices 159.70 + 11.67 171+ 0.92 94.70 + 8.72
freeze-dried gauze slices 97.59 4 9.22 0.98 4 0.45 51.47 +5.33
bone slices 74.55 -+ 8.94 0.79 + 0.33 37.51 4+ 4.25
entire 120.93 + 10.28 114+ 0.72 64.21 + 6.56
wax slices 570.69 + 34.74 6.07 +2.82 480.87 + 31.22
powder slices 198.64 + 13.56 2234142 12221 +9.96
boiled gauze slices 130.24 + 10.25 1.38 + 0.72 71.01 + 8.23
bone slices 119.44 + 10.12 1.18 + 0.69 51.87 + 6.09
entire 141.41 +15.23 1.40 + 0.71 80.09 + 7.89
wax slices 234.92 + 23.03 2.58 + 1.44 200.25 + 18.27
processed  powder slices 101.14 + 12.31 1.59 + 0.89 89.07 + 8.93
without gauze slices 99.26 -+ 9.18 111 + 0.74 58.46 + 6.04
blood bone slices 75.36 -+ 8.56 0.78 + 0.41 39.13 + 4.02
entire 103.14 + 9.88 1.29 + 0.82 54.26 + 5.78
wax slices 456.01 + 24.32 5.16 + 2.56 407.88 + 30.42
powder slices 167.70 + 11.82 1.96 + 0.98 86.79 + 9.51
processed gauze slices 129.02 +9.23 1.44 +0.74 62.94 + 7.89
withblood 516 lices 11711 + 1123 1.19 + 0.70 57.64 + 6.33
entire 124.73 + 12,51 1.30 + 0.83 73.30 + 7.88

2 Data were calculated using the protein contents quantified by combustion method. ® Data were calculated using
the amino acid concentration in the acid hydrolysates, quantified by amino acid analyze.

Wax pieces had the highest CML content, and bone pieces had the lowest. The differentiation
capacity was faster closer to the top of the antler velvet; therefore, higher contents of reducing sugars,
proteins, and amino acids may exist in the antler velvet to produce CML. Closer to the bottom of the
antler velvet, the degree of ossification is higher; therefore, the reducing sugar, protein, and amino acid
contents are lower and produce less CML.

In summary, by comparing the CML contents from different sections of antler velvet after different
processing methods, the CML contents of freeze-dried antler velvet and antler velvet processed without
blood were found to be lower than those of the corresponding areas of boiled antler velvet and antler
velvet processed with blood; wax pieces were more likely to produce CML than other sections.

2.4.2. CEL Contents in Different Sections of Antler Velvet with Different Processing Methods

The CEL contents in different sections of antler velvet processed with different methods are
shown in Table 3. The CEL contents in freeze-dried and boiled antler velvet were 0.74-12.66 and
11.33-35.93 ug/g protein, respectively. The CEL contents in antler velvet processed without blood
and with blood were 0-6.75 and 0-23.41 ug/g protein, respectively. The results indicate that the CEL
contents in antler velvet are similar to those in other processed foods such as bread [27].
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Table 3. CEL contents in different sections of antler velvet with different processing methods,
expressed per ug/g protein, ug/g, and umol/mmol lysine.

P;/‘I):;lednsg Sections ug CEL/g Protein ? pmol CEL/mmol Lysine ® ug CEL/g
wax slices 12.66 + 1.33 0.11 +£0.21 9.06 +1.12
powder slices 10.99 4 0.98 0.10 £0.14 6.28 £0.74
freeze-dried gauze slices 1.83 4 0.32 0.02 +0.07 0.96 +0.23
bone slices 0.74 £0.12 0.01 £0.09 0.36 £0.11
entire 10.84 £ 0.99 0.10 £ 0.11 6.17 £ 0.72
wax slices 3593 £+ 4.22 0.34 +£0.23 29.19 +4.21
powder slices 15.43 £2.01 0.15+0.11 8.97 +1.05
boiled gauze slices 11.33 £1.23 0.13 £ 0.12 6.12 +0.72
bone slices 1270 £1.41 0.11 £ 0.09 6.49 £ 0.78
entire 14.54 £1.47 0.14 £ 0.14 8.87 £1.22
wax slices 6.57 + 0.74 0.06 £ 0.10 524 4+ 0.56
powder slices — — _
processed lices o o o
without blood giauze o
one slices — — —
entire 2.57 +£0.33 0.03 £ 0.06 1.45£0.21
wax slices 23.41 +3.01 0.23 +£0.18 19.22 £+ 2.53
. powder slices 2.24 +0.22 0.02 & 0.06 1.37 £ 0.16
processed with o, /e slices 0.03 £ 0.11 0.01 + 0.04 0.02 + 0.09
blood bone slices — — —
entire 7.97 £ 0.92 0.08 £ 0.15 4.72 +0.52

2 Data were calculated using the protein contents quantified by combustion method. ® Data were calculated using
the amino acid concentration in the acid hydrolysates, quantified by amino acid analyzer. — Indicates not detected.

In general, the variation tendency for CEL in different sections of antler velvet after different
processing methods was similar to that for CML, despite the CEL contents of antler velvet being lower
than the CML contents or undetected. The CEL contents in freeze-dried antler velvet were significantly
lower than those in the corresponding sections of boiled antler velvet (P < 0.01); the CEL contents
of antler velvet processed without blood were significantly lower than those of the corresponding
sections of antler velvet processed with blood (P < 0.01). Wax pieces had the highest content of CEL,
and bone pieces had the lowest. As described above for CML, the differences in temperature and
contents of proteins, amino acids, and reducing sugars are the main reasons for the different CEL
contents after different processing methods.

2.5. Protein and Lysine Contents in Processed Antler Velvet

The CML and CEL in antler velvet exist in the combined state and the free form, among which
the combined state is the most common. The CML and CEL contents and protein contents of samples
are closely related in the combined state [23]. Therefore, the CML and CEL contents can be expressed
in units of protein. The Dumas combustion method was used to determine the protein contents in
different sections of antler velvet after different types of processing; the results are shown in Table 4.
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Table 4. Protein contents in different sections of antler velvet with different processing methods which
were determined by combustion method.

P ) Protein Contents P ) Protein Contents
rocessing Sections - rocessing Sections -
Mehods Comentty Gosilount” ethods
wax slices 81.56 £ 0.04 0.27 wax slices 79.81 £ 0.09 0.32
powder slices 57.12 4+ 0.03 0.25 powder slices 56.69 + 0.11 0.28
freeze-dried ~ gauze slices 52.74 + 0.10 0.78 processed gauze slices 58.88 + 0.31 0.41
boneslices  49.03 + 0.25 022 withoutblood o0 glices 5411+ 0.24 033
entire 56.93 4 0.34 0.41 entire 56.43 4+ 0.28 0.21
wax slices 81.25 +0.12 0.17 wax slices 82.09 + 0.74 0.56
powder slices 5811 +£0.18 0.14 powder slices 61.49 +0.33 0.42
boiled gauzeslices  53.99 + 0.33 021 processed gauzeslices 6145 + 0.41 038
boneslices 5113 + 0.25 025 withblood “foneslices 4965+ 056 052
entire 60.99 £ 0.44 0.33 entire 59.25 +0.35 0.41

It was found that there was no significant difference (P > 0.05) in protein content between the
same sections of freeze-dried and boiled antler velvet. Additionally, sections of antler velvet processed
with blood had significantly higher protein contents than those processed without blood (P < 0.05),
because the blood, which contains protein, had been retained during the processing.

The protein contents were different among the different sections. Wax pieces had significantly
higher contents of protein than the other sections (P < 0.01). The reason may be that wax pieces from
the antler tip had more meristem tissue, which promotes the expression of protein [20]. Protein is
the Maillard reaction substrate, and its distribution in different sections of antler velvet subjected to
different processing methods is a leading factor for the differences in the CML and CEL contents,
consistent with the results in Section 2.4.

An automatic amino acid analyzer was used to determine the lysine contents in different sections
of antler velvet processed differently; the results are shown in Table 5.

Table 5. Lysine contents in different sections of antler velvet with different processing methods which
were determined by amino acid automatic analyzer.

Sample . Sample .
- Lysine Contents - Lysine Contents
P]i/(l)ecte;ziinsg Sections g/100 g P;:::;zg;g Sections g/100 g
wax slices 5.87 £0.20 wax slices 5.56 £0.11
powder slices 3.96 £0.11 processed powder slices 4.01 £ 0.09
freeze-dried gauze slices 3.76 £ 0.03 without gauze slices 3.76 £0.11
bone slices 3.41 £0.09 blood bone slices 3.58 £0.08
entire 4.024+0.12 entire 3.01 £0.15
wax slices 5.67 £0.22 wax slices 5.66 £0.12
powder slices 3.92+0.14 powder slices 4.86 £0.07
boiled gauze slices 3.69 +0.10 p,rOCESSEd gauze slices 4.21 £0.02
bone slices 315+ 0.13 withblood —p e glices 348 +0.11
entire 4.09 +£0.17 entire 4.03+0.14

No significant differences were observed in the lysine contents between the same sections of
antler velvet processed with different methods (P > 0.05). The lysine contents in different sections of
antler velvet were different. Wax slices had significantly higher lysine contents than the other sections
(P <0.01), and there was no significant difference among powder, gauze, and bone slices (P > 0.05).
CML and CEL are two lysine derivatives; the contents of lysine can reflect the degree of reaction
of different samples. The results are roughly consistent with the results for CML and CEL contents
discussed in Section 2.4.
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2.6. Factors Influencing CML and CEL Contents in Differently Processed Antler Velvets

The differences in CML and CEL contents in different sections of antler velvet with different
processing methods are caused by different degrees of the Maillard reaction. Factors that affect the
Maillard reaction include the processing temperature and the contents of reducing sugars, unsaturated
fatty acids, amino acids, and protein [17,18,31]. In addition, vitamins and inorganic ions in food can
inhibit or promote the Maillard reaction [32].

The study determined the contents of CML and CEL in different sections of antler velvet with
different processing methods and found that antler velvet boiled at high temperature produced more
CML and CEL than that freeze-dried at low temperature: high temperatures exacerbate the Maillard
reaction and cause boiled antler velvet to produce more CML and CEL. The lysine and protein contents
were different in different sections of antler velvet after different processing methods. Lysine and
proteins are substrates for the Maillard reaction; therefore, their concentration determines the extent of
the Maillard reaction. Relative to antler velvet processed without blood, antler velvet processed with
blood, which is rich in lysine and protein, may produce more CML and CEL. Similarly, wax pieces rich
in lysine and protein are more likely to produce CML and CEL than other sections.

According to the literature [32], the contents of vitamins and inorganic ions in food, such as
vitamin B, vitamin C, and calcium, magnesium, and ferric ions, can affect the Maillard reaction and
inhibit or promote the production of AGEs. Among these factors, vitamin B, vitamin C, calcium ions,
and magnesium ions can inhibit the Maillard reaction, especially magnesium ions; ferric ions can
promote the occurrence of this reaction. Therefore, the contents of vitamins and inorganic ions in
different sections of antler velvet after different processing methods can also affect the CML and
CEL contents.

To summarize, the differences in CML and CEL contents in different sections of antler velvet
after different processing methods are the result of the combined action of lysine, proteins, vitamins,
and inorganic ions at different temperatures.

3. Materials and Methods

3.1. Materials

CML, CEL, and trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich (San Francisco, CA,
USA). The purities of these standards were above 99%. Lysine, ninhydrin (NIN), and a citric acid buffer
solution were purchased from Hitachi Inc. (Hitachi Co., Osaka, Japan). Acetonitrile, HPLC-grade,
was purchased from Fisher-Scientific (Waltham, MA, USA). Cyg Sep-Pak® SPE tubes were purchased
from Sepax (Sepax technology, Cork, Ireland). Ultrapure water was obtained by using a super-pure
water system (Water Purifier Co. Ltd., Chengdu, China). All other reagents were of analytical grade
and were purchased from Sinopharm Chemical Reagent Co. Ltd (Beijing, China).

3.2. Sources and Preparation of Antler Velvet

Antler velvet (Cervi Cornu Pantotrichum) was collected in Shuangyang, Jilin Province, China,
and identified by Dr. C.Y. Li from the Chinese Academy of Agricultural Sciences Institute of Special
Animal and Plant Sciences.

3.3. Preparation of Processed Antler Velvet

In accord with the classification of commercially available antler velvet, boiling, freeze-drying,
processing with blood, and processing without blood were chosen for this study. Six pairs of antler
velvet samples were randomly selected and processed with blood or without blood for comparison,
and another six pairs were randomly selected and processed by boiling or freeze-drying for comparison.
Antler velvet was boiled for 1 min in boiled water, followed by high-temperature (75 °C) baking for
multiple 2 h cycles until dry. During the freeze-drying process, the antler velvet was directly frozen to
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dryness. For the boiling process without blood, the antler velvet was prepared by removing the blood
by centrifugation, whereas no blood removal was performed for the samples processed with blood.

3.4. Preparation of Antler Velvet Slices

Three pairs of antler velvet samples with blood and without blood were randomly selected for
analysis, and three pairs of boiled and freeze-dried antler velvet were crushed whole. The remaining
six pairs of antler velvet were divided into wax slices, powder slices, gauze slices, and bone slices
based on morphological and microscopic characteristics (Figure 2) [20]; these samples were segmented,
sliced, crushed, sieved, bagged, and labeled.

Bone slices

Figure 2. Schematic diagram of fresh antler velvet (A) and different sections of processed antler velvet
(B). The processed antler velvet has a significant Maillard reaction browning compared to the fresh
antler velvet. The processed antler velvet was divided into wax slices, powder slices, gauze slices,
and bone slices based on morphological and microscopic characteristics.

3.5. Protein Content Analysis

The protein contents in antler velvet samples prepared by different processing methods and from
different sections were determined on a Dumas nitrogen analyzer (Velp NDA 701-Monza, Brianza,
Italy), according to a previous method with minor modifications [33]. The total nitrogen content was
converted into the protein content by using a conversion factor of 6.25. The operating conditions of the
NDA instrument were: O, gas at 400 mL/min, He gas at 195 mL/min, combustion reactor at 1030 °C,
reduction reactor at 650 °C, and pressure at 88.1 kPa.

3.6. Lysine Content Analysis

An amino acid analyzer (L-8900 System; Hitachi Co., Osaka, Japan) equipped with a visible
detector was used for amino acid analysis. Analytical 2622# (4.6 mm x 60 mm) and guard
2650# (4.6 mm x 40 mm) columns were used for amino acid determination. Immediately after
sample injection into the columns, an auto-sampler was used for inline derivatization by NIN
post-column derivatization. The NIN-derivatized lysine were detected at 570 nm. Lysine standards
(Hitachi Co., Osaka, Japan) were used for identification and quantification (external standard method).
Lysine content was expressed as g/100 g of antler velvet for the different processing methods and
different sections of the antler velvet.

3.7. Preparation of Samples

The method of reference was slightly modified in this work [16,27]. Samples of 30 mg of antler
velvet (equivalent to 20 mg of protein) were defatted twice by using n-hexane (5 mL) before being
reduced for 12 h at 4 °C in 0.5 M sodium borate buffer (pH 9.2, 1 mL) and 2 M sodium borohydride
(0.1 M sodium hydroxide, 0.5 mL). The proteins were isolated by using a chloroform:methanol mixture
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(2:1v/v, 1 mL), and the precipitates were mixed with 15 mL of 6 M hydrochloric acid and incubated
at 110 °C for 24 h. The diluted acid hydrolysate (equivalent to approximately 600 ug of protein)
was dried with a gas-blowing concentrator (Hengao, Tianjin, China) at 70 °C. The dried hydrolysate
was dissolved in 1 mL ultra-pure water and then solid-phase extracted by using a Cyg Sep-Pak®
(Sepax Technology, Cork, Ireland) cartridge (500 mg, 6 mL). The solid-phase extraction (SPE) column
was pretreated with 3 mL of methanol and 3 mL of 0.1 M TFA at a flow rate of 1 mL/min. The sample
was loaded into the pretreated SPE column at a flow rate of 0.5 mL/min and washed with 6 mL
of 0.1 M TFA. Finally, the sample was eluted with 3 mL of methanol at a flow rate of 0.5 mL/min.
The eluate was dried by freezing, re-dissolved in 1 mL of ultra-pure water, filtered through a 0.22-pum
membrane, and stored at —20 °C prior to UPLC-MS/MS analysis.

3.8. UPLC-MS/MS Analysis

CML and CEL concentrations in the hydrolysates were determined by UPLC-MS/MS.
Protein hydrolysates (2 pg protein, 3 pL) were injected into a WATERS CORTECS HILIC UPLC
column (2.1 mm x 50 mm, 1.6 um; Waters, Cork, Ireland) housed in a column oven at 40 °C and
operated in gradient-elution mode. Solvent A was water and solvent B was acetonitrile. Gradient
elution was started at 100% solvent B for 1 min; this was followed by a linear gradient from 100% to
60% solvent B in 1.5 min, holding at 60% solvent B for 1.5 min, and then returning to 100% solvent B in
2 min. The analysis was performed by using a Waters Acquity UPLC instrument (Waters, Manchester,
UK) coupled to a triple quadrupole MS operating in multiple reaction monitoring (MRM) mode.
The flow rate was 0.3 mL/min. The MS instrument was operated in electrospray ionization positive
mode. The optimized MRM conditions are shown in Table 6. CML and CEL were quantified by
using standards and by reference to an external standard calibration curve. Data are reported as
means + standard deviation of triplicate experiments. CML and CEL contents in the samples are
expressed as pmol/mmol lysine, ug/g protein, and ug/g sample.

Table 6. UPLC-MS settings for multiple reaction monitoring (MRM).

C d Precursor Ion ProductIon  Cone Voltage Collision Energy = Dwell Time
ompotn (/=) (/) V) (e0) (ms)
205 130 25 15 36
CML 205 84 25 2 36
219 130 25 15 36
CEL 219 84 25 25 36

4. Conclusions

The CML and CEL contents in different sections of antler velvet subjected to different processing
methods have been simultaneously determined for the first time. The CML contents of antler velvet
after freeze-drying, boiling, processing without blood, and processing with blood were 74.55-458.59,
119.44-570.69, 75.36-234.92, and 117.11-456.01 ug/g protein, respectively; the corresponding CEL
contents were 0.74-12.66, 11.33-35.93, 0.00-6.75, and 0.00-23.41 ng/g protein. The CML and CEL
contents in the same sections of boiled antler velvet were significantly higher than those in freeze-dried
antler velvet; high temperatures exacerbate the Maillard reaction, leading to boiled antler velvet
producing more CML and CEL. Antler velvet processed with blood had obviously higher CML and
CEL contents than antler velvet processed without blood; the antler velvet processed without blood
was subjected to physical centrifugal discharge of the blood and therefore contains fewer substrates
that can react to generate CML and CEL.

With the same processing methods, the CML and CEL contents were different in different sections
of the antler velvet. Wax pieces had significantly higher CML and CEL contents than the types of
antler velvet. Closer to the top of the antler velvet, there is a more rapid differentiation capacity and
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more substrates exist in the antler velvet to produce CML and CEL. Closer to the bottom of the antler
velvet, there is a higher degree of ossification and fewer substrates so less CML and CEL is produced.

Through the detection and comparison of CML, CEL, lysine, and protein contents in antler velvet
after different processing methods and from various sections, it was found that the different contents
of CML and CEL in antler velvet samples are the result of the interaction of protein and lysine at
different temperatures.
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Abstract: Cinnamomum yabunikkei H.Ohba leaf is known as a traditional medicinal material in Korea.
However, no scientific identification of the components or efficacy of C.yabunikkei H.Ohba leaf has
been reported. In the present study, we prepared various solvent extracts of C.yabunikkei H.Ohba leaf
to understand its basic properties and evaluated the antioxidant, xanthine oxidase inhibitory, and
elastase inhibitory activities of hexane, ethyl acetate, acetone, methanol, ethanol, and water extracts
for the first time. The antioxidant properties were evaluated based on 1,1-diphenyl-2-picrylhydrazyl
(DPPH) free radical scavenging activity, reducing power, and total phenolic contents. The hot water
extract showed the highest DPPH radical scavenging activity and total phenolic contents, and the
reducing power was the highest in the water extract. The hexane extract showed an excellent elastase
inhibitory effect compared to control (phosphoramidone) and the highest xanthine oxidase inhibitory
activity. These results present basic information for the possible uses of the hot water and hexane
extracts from C. yabunikkei leaf for the treatment of diseases caused by oxidative imbalance. In the
present study, individual extracts exhibited different effects. Therefore, it is hypothesized that the
applicability of C. yabunikkei will depend on the extraction method and nature of the extract. The hot
water and hexane extracts could be used as antioxidants, and as anti-gout and anti-wrinkle materials
respectively. Several biologically active substances present in hexane extract of C. yabunikkei have
been analyzed by GCMS and demonstrated to possess antioxidant and xanthine oxidase inhibitory
activity. To the best of our knowledge, this is the first study that reports the chemical profiling and
biological effects of various C. yabunikkei leaf extracts, suggesting their potential use in food therapy,
cosmetics or alternative medicine.

Keywords: Cinnamomum yabunikkei leaf; antioxidant; xanthine oxidase; elastase

1. Introduction

Cinnamomum yabunikkei H.Ohba is a species of camphor tree native to the southern coast and Jeju
Island in South Korea and can be seen in southern China and Taiwan. Leaves have been used as a bath
material or tea and berries as a source of oil. In addition, the bark has traditionally been used for the
treatment of various diseases related to pain and blood circulation.

Due to the acceleration in global warming, the southern part of South Korea has experienced the
cultivation of C.yabunikkei H.Ohba, hence studies dealing with the possibilities of using C.yabunikkei
H.Ohba for various purposes are necessitated.
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Until now, the components of the leaves of C.yabunikkei have not been identified and biological
activity studies have not been conducted. To the best of our knowledge, this is the first report to
understand the composition and biological activity of the C.yabunikkei leaf.

In the present study, various extracts of the C.yabunikkei leaf using hexane, ethyl acetate, acetone,
ethanol, methanol, and hot water were prepared to determine the optimal extraction solvent with
respect to biological activity and phytochemical profiles. Gas chromatography-mass spectrometry
(GC-MS) was used for the chemical profiling of hexane extracts. Subsequently, antioxidant, xanthine
oxidase inhibitory, and elastase inhibitory activity of the leaf extracts were examined. The antioxidant
activity was confirmed by measuring 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity,
reducing power, and reducing total phenolic contents.

2. Results and Discussion

2.1. Antioxidant Activity and Total Phenolic Contents of C.yabunikkei Extracts

The antioxidant potential of various extracts of the C.yabunikkei leaf was determined by measuring
2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity, reducing power assay and reducing total
phenolics. The DPPH scavenging assay is a fast and easy method for evaluating the free radical
scavenging capacity of given samples. The antioxidant effects of extracts are generally related to the
phenolic contents, and phenolic-rich sources of phytochemicals with antioxidant activity have curative
benefits against conditions such as inflammation, oxidative stress, and other metabolic diseases [1].
The antioxidative properties of the test plant extracts were closely correlated with the composition of
active compounds such as phenolics.

Therefore, we compared the phenolic contents (mg/g as gallic acid) of various C.yabunikkei leaf
extracts. The DPPH radicalscavenging activity is shown in Figure 1. The hot water, methanol, and
ethanol extracts showed the highest DPPH radical scavenging activity (81.4 £ 0.8%, 80.6 £ 2.1%,
82.89 £ 3.1%) at the concentration of 0.5 mg/mL. Ascorbic acid (Vit C, 20 pg/mL) was used as
positive control.
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Figure 1. DPPH scavenging activity of solvent extracts of C.yabunikkei leaf (extract cont: 0.5 mg/mL,
Ascorbic acid: 20 ug/mL). The asterisk represents a value significantly different from the other groups
(p < 0.05). Values were the mean =+ standard deviation (1 = 3) Vt C; ascorbic acid, He; hexane ex, EA;
ethylacetate ez, Ac; acetone ex, Me; methanol ex, Et; ethanol ex, HW; hot water ex.

The reducing power assay is useful for evaluating the antioxidant activity. In the present study,
the reductive capability of extract samples was tested by measuring the reduction of Fe*. The hot
water extract exhibited the highest activity compared to the other extracts (Table 1). The reductive
activity expressed as vitamin C equivalents was 3.27 4= 0.052 ug/100 pg as the extract.

The total phenolic content was determined by Folin-Ciocalteu method [1], and the data was
reported as gallic acid equivalents by referencing the standard curve (r? > 0.999), as shown in
Table 1. The phenolic content of the hot water extract was higher than that of the other extracts
(16.39 £ 0.28 mg/g as gallic acid equivalents). Taken together, the results indicate that the DPPH
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radical scavenging activity, power reduction, and phenolic contents reduction were significantly higher
in the hot water extract as compared to other extracts.

Table 1. Reducing power and total phenolic contents of C.yabunikkei leaf extracts.

Reducing Power (Ascorbic Acid eq.

Extract 1g/100 g Extract) Total Phenolic Content (Gallic Acid eq. mg/g)
He 0.25 + 0.002 0.06 + 0.00
EA 0.55 + 0.003 0.98 +0.00
Ace 1.28 £0.018 6.18 £0.19
Me 2.73 £ 0.068 9.24 £0.17
Et 2.05 £ 0.034 13.89 + 0.45
HW 3.27 £ 0.052 16.39 +0.28

2.2. Xanthine Oxidase Inhibitory Activity of C.yabunikkei Leaf Extracts

The effect of various solvent extracts on the xanthine oxidase inhibitory activity of the C.yabunikkei
leaf is shown in Figure 2. Allopurinol (ALP, positive control) at a concentration of 50 pg/mL
significantly inhibited xanthine oxidase activity (94.54%). The xanthine oxidase inhibitory activity
of the hexane extract was significantly higher than other extracts at the concentration of 1 mg/mL
(19.93%). Previously, we reported four different botanical extracts as potential xanthine oxidase
inhibitors [2]. Yoon et al. [3,4] reported that the optimized extracts of Corylopsis coreana and Camellia
japonica inhibited xanthine oxidase activity by approximately 50% at a concentration of 2 mg/mL.
Additionally, Yoon et al. [2] demonstrated that Quercus acuta extract showed approximately 50%
xanthine oxidase inhibitory activity at a concentration of 1 mg/mL. Cudrania tricuspidata extract
inhibited xanthine oxidase by approximately 75% at a concentration of 2 mg/mL [5]. Previously, we
have screened four kinds of xanthine oxidase inhibiting sources in five hundred Korean plant extracts
(data not shown). The activities of hexane extract were similar to the extracts of Corylopsis coreana
and Camellia japonica, but about 2.5 times lower than Quercus acuta extract and about 1.8 times lower
than Cudrania tricuspidata extract. The plant extracts with XO inhibitory activity at 1 and 2 mg/mL
demonstrated consistent effects in the in vivo animal disease model. Thus, it is plausible that the
hexane extract of C.yabunikkei leaves could be developed as a candidate anti-hyperuricemic agent.
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Xanthine oxidase actlvity (%)

Con ALP He EA Ac Me Et HwW

Figure 2. Xanthine oxidase inhibitory activities in various solvent extracts of C.yabunikkei leaves
(1 mg/mL) and allopurinol (ALP, 50 pug/mL). ALP; allopurinol, He; hexane, EA; ethylacetate, Ac;
acetone, Me; methanol, Et; ethanol, HW; hot water extract. Values were the mean + standard deviation
(n=3).

2.3. Elastase Inhibitory Activity of C.yabunikkei Leaf Extracts

The effect of various solvent extracts on the elastase inhibitory activity of C.yabunikkei leaf is shown
in Figure 3. Phosphoramidon (PPRM, positive control) at a concentration of 0.5 mg/mL significantly
inhibited elastase activity (56.12 £ 1.53%). The elastase inhibitory activity of the hexane extract was
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significantly higher than other extracts and positive control at the concentration of 0.5 mg/mL (75.65
+ 3.5%).

90.00 -
80.00 -
70.00 -
60.00 -
50.00 -
40.00 -
30.00 -
20.00 -
10.00 -

0.00 -
_10.00 - Con PPRM He EA Ac Me Et HW

Figure 3. Elastase inhibitory activities in various solvent extracts of C.yabunikkei leaves (0.5 mg/mL)
and Phospharamidon (PPRM, 0.5 mg/mL), He; hexane, EA; ethylacetate, Ac; acetone, Me; methanol,
Et; ethanol, HW; hot water extract. Values were the mean + standard deviation (n = 3).

2.4. Identification of Some Active Constituents

In the present study, several candidates of extracts of C.yabunikkei were analyzed and it was
confirmed that several compounds’ were present as common constituents inthe C.yabunikkei leaves.
This finding is of significance in the use of the plant for industrial purposes.

None of the studies reported so far state the diverse activities and constituents of extracts of
C.yabunikkei leaves. Thus, to the best of our knowledge, our present study is the first to report
the optimization of the extraction process of pharmaceutically active indicators from C.yabunikkei
leaves and the comparison of the antioxidant, xanthine oxidase inhibitory and elastase activities of
various extracts.

GC-MS analyses were performed to identify the active constituents from C.yabunikkei leaf
with antioxidant, xanthine oxidase inhibitory and elastase inhibitory activities. Typical GC-MS
chromatograms of phytochemical contents and their retention times are shown in Table 2. Eight
compounds [i.e., -Linolenic acid (16.1%), Hexadecanoic acid (11.48%), Neophytadiene (2.05%),
D-(—)-Fructofuranose (2.03%), a-Tocopherol (1.65%), Phytol (1.36%), 3-Eudesmol (0.94%), Guaiol
(0.86%), and D-(—)-Fructofuranose (0.68%)] were mainly identified by GC-MS analysis (Figure 4).
As shown in Table 2, several components associated with antioxidant efficacy and xanthine oxidase
inhibition were referenced. «-Linolenic acid and a-Tocopherol were typical substances with both
antioxidant effect and xanthine oxidase inhibition. In Table 2, it is considered that the activity of hexane
extract is due to the synergistic effect of various substances since a number of active substances are
involved in the process of antioxidant and xanthine oxidase inhibition.
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Table 2. Identified substances from the hexane extracts of C.yabunikkei.

Antioxidant  Xanthine Oxidase

RT (min) Hit Name Quality M.W. C"'“{",;’f‘“““ Activity Inhibition
° [reference] [reference]
19.681 Methyleugenol 95 178 0.34%
22.885 Dodecanoic acid 99 272 0.27%
23.251 Guaiol 91 294 0.86% [6]
24.001 -Eudesmol 91 294 0.94% [7]
2451 D-(—)-Fructofuranose (isomer 2) 91 540 2.03% [8]
24.59 D-(—)-Fructofuranose (isomer 1) 93 540 0.68% [8]
24.653 D-(—)-Fructopyranose (isomer 1) 93 540 0.65%
24.956 Neophytadiene 97 278 2.05% [9]
25.048 Myristic acid 97 300 0.48%
25.443 a-D-Mannopyranose 94 540 1.21%
26.272 B-D-Glucopyranose 95 540 2.59%
27.039 Hexadecanoic acid 9 328 11.48% [10]
27.811 Oleyl alcohol 99 340 0.22%
27.937 Heptadecanoic acid 96 342 0.49%
28.109 9(E),11(E)-Conjugated linoleic acid 99 308 0.59%
28.189 Phytol 96 368 1.36% [11]
28.63 «-Linolenic acid 99 350 16.10% [12] [13]
28.819 Octadecanoic acid 99 356 1.07% [14]
31.605 1-Monopalmitin 93 474 0.26%
33.03 Glycerol monostearate 95 502 0.70%
35.982 a-Tocopherol 99 502 1.65% [15] [15]
37.298 Campesterol 99 472 0.67%
38.449 [3-Sitosterol 9 486 6.78%
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Figure 4. Representative GC-MS chromatogram of extracts of C.yabunikkei leaf.

3. Experimental Section

3.1. Plant Material and Extract Preparation

C.yabunikkei leaves were supplied by Wando Arboretum (Wando, Korea). A voucher specimen
(MNUCSS-CY-01) was deposited at the Mokpo National University (Muan, Korea). Air-dried and
powdered C.yabunikkei leaves (20 g) were subjected to extraction twice with hexane, ethyl acetate,
acetone, ethanol, and methanol (100 mL) at room temperature for 48 h or subjected to extraction with
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hot water (100 °C) for 4 h. The resultant solution was evaporated, dried, and stored at —20 °C for
further experiments.

3.2. DPPH Free Radical Assay

Antioxidant activity of the sample was determined following a 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging assay. Briefly, sample solution (1 mL) containing 1 to 20 mg of sample was
added to 0.4 mM DPPH sample solution (1 mL) and mixed. The mixture was allowed to react at room
temperature in the dark for 10 min. Absorbance value at 517 nm was measured using a microplate
reader (Perkin Elmer, Waltham, MA, USA). The DPPH free radical scavenging activities of samples
were compared in terms of their ICsy (ug/mL) values [5].

3.3. Reducing Power

The reducing power of the sample was determined following a modified reducing power assay
method. The sample (0.1 mL) was added to 0.2 M sodium phosphate buffer (0.5 mL) and 1% potassium
ferricyanide (0.5 mL) followed by incubation at 50 °C for 20 min. Subsequently, 10% trichloroacetic
acid solution (0.5 mL) was added to the reaction mixture followed by centrifugation at 12,000 rpm for
10 min. The supernatant was mixed with distilled water (0.5 mL) and 0.1% iron (III) chloride solution
(0.1 mL). The absorbance value of the resulting solution was measured at 700 nm. Reducing powers of
samples were expressed as vitamin C equivalents [5].

3.4. Determination of Total Phenolic Content

The total phenolic content was determined using Folin-Ciocalteu assay [5]. Sample (1 mL)
containing 5 mg of sample or standard was mixed with 1 mL of 2% sodium carbonate solution and
1 mL of 10% Folin-Ciocalteu’s phenol reagent. After incubating the mixture at room temperature for
10 min, the absorbance was measured at 750 nm using a microplate reader (Perkin Elmer, Waltham,
MA, USA) and compared with the calibration curve of gallic acid. Results were expressed as milligrams
of gallic acid equivalents per gram of sample [5].

3.5. Determination of Xanthine Oxidase Inhibitory Activity

Xanthine oxidase inhibitory activity was measured by monitoring uric acid formation in the
xanthine oxidase system as described previously [5]. The assay system consisted of 0.6 mL phosphate
buffer (100 mM; pH 7.4), 0.1 mL sample, 0.1 mL xanthine oxidase (0.2 U/mL), and 0.2 mL xanthine
(1 mM; dissolved in 0.1 N NaOH). The reaction was initiated by adding the enzyme with or without
inhibitors. A 0.2 mL aliquot of 1 N HCI was used to stop the enzymatic reaction. Allopurinol was
used as a positive control. The absorbance of the reaction mixture was measured at 290 nm using a
microplate reader (Perkin Elmer, Waltham, MA, USA).

3.6. Determination of Elastase Inhibitory Activity

The assay was modified and performed according to the method of Chiocchio et al. [16]. Briefly,
10 uL elastase from porcine pancreas (10 pg/mL) was mixed with 90 of 0.2M Tris-HCl, 100 uL of
STANA (2.5 mM, N-Succinyl-Ala-Ala-Ala-p-nitroanilide), and 50 uL of sample at 37 °C for 30 min.
After completion of the reaction, the supernatant was centrifuged at 15,000 rpm for 10 min. The
absorbance of the reaction mixture was measured at 405 nm using a microplate reader (Perkin Elmer,
Waltham, MA, USA). Phosphoramidon was used as a positive control.

3.7. Chemical Profiling by GC-MS Analysis

The molecular mass fragmental scanning of active constituents from C.yabunikkei leaf using
GC-MS was performed based on a previously reported method with moderate modifications [14].
Briefly, Agilent 7890 gas chromatography (GC) and Agilent 5975 quadrupole mass spectrometry (MS)
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system (Agilent Technologies, Palo Alto, CA, USA) was utilized to analyze molecular mass fragments
(50-550 amu) of C.yabunikkei leaf. The mass fragments were ionized under electron ionization (EI)
conditions after an Agilent HP-5MS fused silica capillary column (30 mm [. x 0.25 mm i.d., 0.25-um
film thickness). GC oven was thermally programmed as isothermal at 65 °C for 10 min and 10 min—!
to 300 with helium (He) as a carrier gas. All the scanned mass spectra were compared with the data
system library (NIST 2017).

4. Conclusions

The present study reveals that hot water extract of C.yabunikkei leaf possesses antioxidant activity
and hexane extract possesses xanthine oxidase and elastase inhibitory activities. In addition, it
is hypothesized that the photochemicals present in the C.yabunikkei leaf might be responsible for
the biological activities. The results of this study provide an excellent foundation for the future
development of C.yabunikkei leaf-based dietary or medicinal preparations.
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Abstract: Citrus junos Seib ex TANAKA possesses various biological effects. It has been used
in oriental remedies for blood circulation and the common cold. Recently, biological effects of
C. junos peel have been reported. However, optimization of the biological properties of C. junos peel
preparations has yet to be reported on. We developed a high-performance liquid chromatography
(HPLC) method for quantification of the active constituents in C. junos peel. Hot water and ethanolic
extracts of C. junos peel were prepared and their chemical profiles and biological activities were
evaluated. The 80% ethanolic extract demonstrated the greatest antioxidant activity and phenolic
content, while the 100% ethanolic extract had the greatest xanthine oxidase inhibitory activity. Elastase
inhibition activity was superior in aqueous and 20% ethanolic extracts. The contents of two flavonoids
were highest in the 100% ethanolic extract. We postulated that the antioxidant and anti-aging effects
of C. junos peel extract could be attributed to phenolics such as flavonoids. Our results suggest that
the flavonoid-rich extract of C. junos may be utilized for the treatment and prevention of metabolic
disease and hyperuricemia while the water-soluble extract of C. jurnos could be used as a source for its
anti-aging properties.

Keywords: Citrus junos Seib ex TANAKA; antioxidant; xanthine oxidase; elastase

1. Introduction

Citrus junos Seib ex TANAKA, a species of the family Rutaceae, is native to the southern coast
and Jeju Island in Korea and China [1]. C. junos has been used in traditional medicine, cosmetics, and
edible foods [2-4]. C. junos fruit has been traditionally used to improve blood circulation and treat
the common cold [5]. It has been reported that C. junos contains many bioactive compounds such as
vitamins, flavonoids, and limonoids that show anti-inflammatory and/or antioxidant activities [6].
The extract of C. junos can inhibit platelet aggregation, prevent ventricular dysfunction, and exert an
antidiabetic effect [1,5,6]. Its fruits have been used as tea and its peels have been used as a source of
essential oil. The C. junos peel has been dried and used as a raw material for tea. Recently, the biological
effects of C. junos peel have been reported. Nakajima et al. have reported that Citrus junos peel can
attenuate dextran sulfate sodium-induced murine experimental colitis and that its anti-inflammatory
effect is related to its bioactive components such as hesperidin and naringin [7]. Shin et al. have found
that 70% ethanolic extract of C. junos peel can reduce oleic acid-induced hepatic lipid accumulation
in HepG2 cells with hypocholesterolemic effect in high-cholesterol diet mice models [8]. However,
Shin et al. did not give reasons for or show active markers about why 70% ethanol extract was used
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in their experiment. Kim et al. have also reported the anti-diabetic effect of C. junos extract and its
biomarkers such as rutin, hesperidin, quercetin [5].

On the other hand, there are no reports about optimization or the biological properties of C. junos
peel extracts. Thus, the objective of this study was to investigate the active compounds and the
biological activities of C. junos peel extracts for the development of natural medicine and as a source
for cosmetics. Extraction optimization and standard analytical methods for quality control in plant
sources utilization were important steps. Isolation and separation techniques were used to aid the
identification of plant sources [9].

However, there is no standard profile for C. junos peel. Thus, in the present study, we established
the quality control method using HPLC to separate and quantify hesperidin and naringin. We also
investigated the optimum extraction of C. junos peel and the biological activities of these extracts.
The optimized extract from C. junos peel was prepared and evaluated for its antioxidant, xanthine
inhibitory, and elastase inhibitory activities in vitro.

2. Results and Discussion

2.1. Antioxidant Activity of C. junos Peel Extracts

Antioxidant potentials of hot water and ethanolic extracts of C. junos peels were determined
by measuring 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity, reducing power, and total
phenolics. DPPH scavenging assay is a simple method for evaluating the free radical scavenging
capacity of C. junos peel extracts. The antioxidant activities of natural sources are closely related to
their phenolic components. Phenolic-rich sources from plant materials with antioxidant activity have
diverse benefits against conditions such as oxidative imbalance and other metabolic diseases [9]. Thus,
the antioxidant capacity of C. junos peel will provide important basic data for the development of
medicinal and cosmetic materials.

Measured DPPH radical scavenging activity is shown in Table 1. The 80% ethanol extract showed
the highest DPPH radical scavenging activity (ICsp: 1042.37 pug/mL). A low ICsj value indicates strong
antioxidant activity of a sample. The scavenging effects based on ICsy data of DPPH radicals were
in the following order: 80% EtOH extract (1042.37 pg/mL) > 60% ethanol extract (1226.76 pg/mL)
> 40% ethanol extract (1329.41 ug/mL) > 100% ethanol extract (1754.14 ug/mL) > hot water extract
(2160.89 ng/mL) > 20% ethanol extract (2560.64 pg/mL).

Table 1. DPPH radical scavenging effect of extracts from C. junos peel (IC5, value).

DPPH Scavenging Activity ICsp (ug/mL)

Vitamin C 8.09

Hot water 2160.89
20% EtOH ex 2560.64
40% EtOH ex 1329.41
60% EtOH ex 1226.76
80% EtOH ex 1042.37
100% EtOH ex 1754.14

We tested the reducing power of various extracts. The reducing power assay is a method of
measuring the reducing power of an extract using ferrous ions. The 80% ethanolic extract exhibited
the highest activity among all extracts (Table 2). The reductive activity expressed as vitamin C
equivalents was 24.99 £ 0.35 ug/100 pg ex as extract. Reducing ability expressed as vitamin C
equivalents was in the order: 80% ethanol extract (24.99 4 0.35 ng/100 pug ex) > 60% ethanol extract
(23.32 £ 0.27 pg /100 pg ex) > 40% ethanol extract (22.90 £ 0.28 ug/100 ug ex) > 20% ethanol extract
(22.21 £ 0.46 ng/100 pg ex) > 100% ethanol extract (21.75 4 0.38 pg/100 pug ex) > hot water extract
(18.22 + 0.20 g/ 100 pg ex).

Total phenol content is tested using the reaction of Folin—Ciocalteu solution and phenolic
compound [10]. Results are reported as gallic acid equivalents by referencing to a standard curve
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(> > 0.999) as shown in Table 2. Phenolic content in 80% ethanolic extract was higher than that in
other extracts (25.44 £ 0.46 mg/g as gallic acid equivalents). Taken together, these results indicate that
DPPH radical scavenging activity, reducing power, and phenolic contents were significantly higher in
the 80% ethanolic extract than in other extracts.

Table 2. Reducing power and total phenolic contents of C. junos peel extracts.

Extract Reducing Power Total Phenolic Content

(Ascorbic Acid eq. ug/100 pg Extract) (Gallic Acid eq. mg/g)
Hot water 18.22 4+ 0.20 17.22 +0.27
20% EtOH ex 2221 £046 20.43 +£0.23
40% EtOH ex 22,90 £0.28 21.67 + 0.4
60% EtOH ex 2332 £0.27 22.81 +0.58
80% EtOH ex 2499 £0.35 25.44 + 0.46
100% EtOH ex 21.75£0.38 2477 £0.21

In our previous report, we found that 80% ethanol was a more efficient solvent in the extraction
of phenolic compounds from C. coreana. However, the contents of four main markers such as bergenin,
quercetin, quercitrin, and isosalipurposide were increased when they were extracted with ethanol [9].
Thus, we concluded that phenolic extraction might be affected by solvent combinations. In the present
study, 80% ethanolic extract showed the most excellent antioxidant activities.

2.2. Xanthine Oxidase Inhibitory Activity of C. junos Peel Extracts

Xanthine oxidase inhibitory activities of various solvent extracts of C. junos peel are shown
in Figure 1. Allopurinol (Allo) at a concentration of 50 ug/mL significantly inhibited xanthine
oxidase activity (99.75%). The xanthine oxidase inhibitory activity of the 100% ethanolic extract was
significantly higher than that of other extracts at a concentration of 1 mg/mL (55.74%). Previously,
we have reported that various botanical extracts are potential xanthine oxidase inhibitors [11].
Yoon et al. [12,13] have found that extracts of Corylopsis coreana and Camellia japonica inhibit xanthine
oxidase activity (by 50%) at a concentration of 2 mg/mL. Yoon et al. [11] have reported that Quercus
acuta extract shows approximately 50% xanthine oxidase inhibition at a concentration of 1 mg/mL.
Optimized extract Cudrania tricuspidata showed xanthine oxidase inhibition by approximately 75% at
a concentration of 2 mg/mL [9]. Activities of 100% ethanolic extract were two times stronger than
extracts of Corylopsis coreana and Camellia japonica, but similar to Quercus acuta extract. Plant extracts
with xanthine oxidase inhibitory activity at 1 and 2 mg/mL demonstrated consistent effects in a
hyperuricemic mouse model. Thus, it is plausible that the 100% ethanolic extract of C. junos peel could
be developed as a candidate anti-gout (anti-hyperuricemic) agent.

120.00 -
100.00 -
80.00 -
60.00 -
40.00 -

20.00 -

Xanthine oxidase Inhibition (%)

0.00 - T ——— —
confrol Alle HWT 20T 40T 60T 30T 100T

Figure 1. Xanthine oxidase inhibitory activities in extracts of C. junos peel (1 mg/mL) and allopurinol
(Allo, 50 ug/mL). Allo; allopurinol, HWT; hot water, 20T; 20% EtOH ex, 40T; 40% EtOH ex, 60T; 60%
EtOH ex, 80T; 80% EtOH ex, 100T; 100% EtOH ex, Values were the mean =+ standard deviation (1 = 3).
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2.3. Elastase Inhibitory Activity of C. junos Peel Extracts

Elastase is a protease enzyme that degrades elastin. Inhibition of elastase can prevent skin
aging [14]. An anti-elastase assay was performed to determine the ability of phytochemicals to inhibit
elastase activity. Elastase inhibitory activities of various solvent extracts of C. junos peels are shown
in Figure 2. Phosphoramidon (PPRM, positive control) at a concentration of 0.5 mg/mL significantly
inhibited elastase activity (57.6 %+ 8.33%). Elastase inhibitory activities of 20% ethanolic extract and
hot water extract were significantly higher than those of other extracts at concentration of 1.0 mg/mL
(61.4 £ 0.26% and 56.3 & 0.6%, respectively).
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Figure 2. Elastase inhibitory activities in various solvent extracts of C. junos peel (1.0 mg/mL) and
Phospharamidon (PPRM, 0.5 mg/mL), HWT; hot water, 20T; 20% EtOH ex, 40T; 40% EtOH ex, 60T; 60%
EtOH ex, 80T; 80% EtOH ex, 100T; 100% EtOH ex, Values were the mean =+ standard deviation (1 = 3).

Elastase inhibition of C. junos peel extract showed an opposite trend of antioxidant ability.
Antioxidant activity was higher for ethanol extracts whereas elastase inhibition activity was higher
for aqueous extracts. Elastase inhibitors are associated with anti-wrinkle and anti-aging properties.
They can be developed into cosmetic materials [14]. An assessment of the anti-elastase activity of a
plant extract can be a useful indicator of its potential application in cosmetic agents. Hot water and
20% ethanolic extract of C. junos peel exhibited more anti-elastase activity compared to other extracts
(56.3 and 61%). However, this anti-elastase activity of the hot water extract could not be attributed to
the presence of phenolics as reported in previous studies showing that phenolics such as flavonoids
and tannins exhibited significant elastase inhibitory properties [15,16]. Therefore, studies on elastase
inhibitory compounds of C. junos peel need to be conducted in the future.

2.4. Optimization of the Chromatographic Conditions and Contents of Marker Compounds from C. junos
Extracts

In the present study, we investigated the analysis condition to separate two flavonoids such as
naringin and hesperidin. A gradient program was used to separate the naringin and hesperidin in
a single run within a practical period of time (Table 3). Chromatograms of standards and sample
solutions are shown in Figure 3.

Information on retention time (RT) and quantification range, limit of detection (LOD) and
limitation of quantification (LOQ) are summarized in Table 4. Limitation of detection of an individual
analytical procedure is the lowest amount of an analyte in a sample that can be detected but not
necessarily quantified. The limitation of quantification of an individual analytical procedure is the
lowest amount of analyte in a sample that can be determined with suitable precision and accuracy.
LOD:s for naringin and hesperidin were found to be 0.78 and 6.09 ug/mL, respectively. LOQ values for
naringin and hesperidin were found to be 2.57 and 20.11 ug/mL, respectively (Table 4).
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Table 3. Analytical conditions of HPLC system for analyzing markers.

Parameters Conditions
Col Zorbax extended-C18
olumn (C18, 4.6 mm x 150 mm, 5 pm)
Flow rate 0.8 mL/min
Injection volume 10 puL
UV detection 280 nm
Run time 55 min
Time (min) A (%) B (%)
0 15 85
Gradient 45 15 85
50 100 0
51 15 85
55 15 85
0.06 Naringin
0.05° v
0.04
=)
< 0.03]
0.02] o
Hesperidin
0.01 4
oo N S
IS 16 15 iﬂ 25 36 35 4‘0 45 56 55
Time(min)
0.12 |
0.10
0.08 |
Naringin
2 006 l
- .~ Hesperidin
I
5 10 15 20 25 30 35 40 45 50 55

Time(min)
Figure 3. Bioactive constituent profiles of C. junos peel using HPLC.

Table 4. HPLC data for the calibration graphs and limit of quantification of naringin and hesperidin.

Analyte Retention Time (min) 2 Linear Range (ug/mL) LOQ (ug/mL) LOD (ug/mL)
Naringin 15.3 0.9999 6.25-100 2.57 0.78
Hesperidin 17.7 0.9999 6.25-100 20.11 6.09

In previous reports, several extracts of C. junos peel were analyzed and several compounds were
confirmed to be present in C. junos peel as marker compounds [4]. This finding is of significance in the
use of this plant for industrial purposes. Two main peaks were identified as hesperidin and naringin in
chromatographic profiles of extracts of C. junos peel. Kim et al. have previously reported that C. junos
peel contains hesperidin and naringin, in agreement with our results [5]. We compared contents of
these two active compounds in extracts of C. junos peel. Contents of these two compounds were found
to be the highest in the 100% ethanolic extract (Table 5). The contents of hesperidin and naringin in the
100% ethanolic extract were 7.48 + 0.04% and 0.63 £ 0.002%, respectively.
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Table 5. Contents of naringin and hesperidin from C. junos peel extracts.

Naringin (%) Hesperidin (%)

Water 0.35 £ 0.006 4.67 +£0.01
20% EtOH 0.44 £0.02 5.15 £ 0.09
40% EtOG 0.47 £ 0.003 592 +0.01
60% EtOH 0.44 £0.01 5.64 £ 0.01
80% EtOH 0.55 £ 0.01 7.07 £0.04
100% EtOH 0.63 £ 0.002 7.48 +0.04

Hesperidin is a well-known flavonoid with anti-oxidant [17], anti-inflammatory [18], and immune
modulatory activities [19]. Recently, Lee et al. have reported that hesperidin can inhibit UVB-induced
increase of skin thickness, wrinkle formation, and collagen fiber loss in male hairless mice. Hesperidin
significantly inhibited the increase of epidermal thickness and epidermal hypertrophy and suppressed
expression levels of MMP-9 and pro-inflammatory cytokines. These results indicate that hesperidin has
anti-photoaging activity in UVB-irradiated hairless mice [20]. Contents of hesperidin in C. junos peel
extract was 4.67 to 7.48%. Kim et al. have reported that hesperidin and naringin concentrations in 70%
extract of C. junos peel are 0.03% and 0.01% (w/w), respectively [5]. In the present study, flavonoid-rich
extracts containing hesperidin and naringin (7.48% and 0.63%, w/w respectively) were obtained.

Naringin (flavanone-7-O-glycoside) is known to have antioxidative, neuroprotective, and
anti-inflammatory activities [21-23]. Naringin is also thought to contribute to anti-aging effects
of the skin. Ren et al. have found that naringin can effectively protect skin against UVB-induced
keratinocyte apoptosis and damage via inhibition of ROS (reactive oxygen species) production and
COX-2 overexpression [24]. Additionally, Candhare et al. have reported that naringin ointment exerts
wound healing potential via down-regulating expression levels of inflammatory factors, factors, and
up-regulating expression of growth factors [25].

In previous reports on naringin and hesperidin, the DPPH radical scavenging activity of naringin
was reported to be over 100 pg/mL [26]. Monica et al. described that naringin reduced Fe in a
concentration dependent manner from 5 mM to 0.5 mM/mL to 15 mM at 0.1 mg/mL [27].

Srimathi et al. reported the antioxidant effects of hesperidin. ICsy of DPPH radical scavenging
activity of hesperidin was 41.55 ug/mL. The reducing power of hesperidin was found to be
4746 pg/mL while the standard antioxidant ascorbic acid was of 35.35 pg/mL [28]. The amount of
hesperidin in the 80% extract was calculated to be 33.54 ug/100 pug extract eq based on the reducing
power prescribed by Srimathi et al. However, the hesperidin content of the 80% extract was calculated
to be 7.48% (7.48 nug/100 ug extract w/w), and actually, hesperidin contributes to the reducing power of
the 20% portion. Therefore, naringin and hesperidin were not considered to be the major influencing
factors for the antioxidant ability of C. junos peel extract. Thus, naringin and hesperidin are markers of
C. junos peel, but various other antioxidants should be identified as marker/active compounds.

Both hesperidin and naringin are thought to be suitable as anti-oxidant and anti-inflammatory
markers, as well as anti-aging markers of C. junos peel extract. C. junos peel is considered suitable
as anti-aging material because all extract samples show elastase inhibitory activity. As shown in
Figure 2, the elastase inhibitory activity was the highest in the hot water extract and 20% ethanolic
extract. Besides, hesperidin and naringin as good antioxidant and anti-inflammatory agents showed
the highest contents in 100% ethanol extract. Therefore, hesperidin and naringin are anti-aging markers
in C. junos peel extract. Other water-soluble elastase inhibitors might be present in the hot water extract
and 20% ethanolic extract. Thus, studies on elastase inhibitory compounds of water-soluble fraction
from C. junos peel need to be conducted in the future.

Taken together, these results suggest that 80% ethanolic extract is suitable as an antioxidant while
100% ethanolic extract is suitable as an xanthine oxidase inhibitor. Meanwhile, hot water extract and
20% ethanolic extract are suitable as cosmetic materials showing an anti-aging effect.
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None of previous studies reported so far have stated diverse activities and constituents of extracts
of C. junos peel. To the best of our knowledge, our present study is the first to report the optimization
of the extraction process of pharmaceutically and/or cosmetically active indicators from C. junos peel
and to compare the antioxidant, xanthine oxidase inhibitory, and elastase activities of various extracts
of C. junos peel.

3. Materials and Methods

3.1. Plant Material and Extract Preparation

C. junos peel was supplied from Korea Yuju Inc. (Gwangju, Korea). A voucher specimen
(MNUCSS-CJ-01) was deposited at the Mokpo National University (Muan, Korea). Peels were dried
and extracted for the present study. These air-dried and powdered C. junos peels (10 g) were extracted
with 20%, 40%, 60%, 80%, and 100% ethanol (100 mL) at room temperature for 3 days. The 0% extract
was prepared using hot water extraction (100 °C, 4 h). After filtration, the residual part was evaporated,
freeze-dried and then stored at —70 °C before analysis.

3.2. DPPH Free Radical Assay

Antioxidant activity of the sample was determined using 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assay. Briefly, sample solution (1 mL) containing extract was added to DPPH
sample solution (0.4 mM, 1 mL) and mixed at room temperature for 10 min. Absorbance was recorded
at 517 nm using a microplate reader (Perkin Elmer, Waltham, MA, USA). DPPH free radical scavenging
activities of samples were compared based on their ICs (1g/mL) values [10].

3.3. Reducing Power

The reducing power of extracts was determined following a modified reducing power assay
method. The sample (0.1 mL) was mixed with sodium phosphate buffer (0.2 M, 0.5 mL) and potassium
ferricyanide (1%, 0.5 mL) followed by incubation at 50 °C for 20 min. Subsequently, trichloroacetic
acid solution (10%, 0.5 mL) was added to the reaction mixture. Reaction mixture was centrifuged at
12,000 rpm for 10 min. The supernatant was mixed with distilled water (0.5 mL) and iron (III) chloride
solution (0.1%, 0.1 mL). The absorbance was recorded at 700 nm. Reducing powers of extracts were
expressed as vitamin C equivalents [10].

3.4. Determination of Total Phenolic Content

Folin—-Ciocalteu assay was used for the quantifcation of the total phenolic content [10]. Sample
or standard (1 mL) was mixed with sodium carbonate solution (2%, 1 mL) and Folin—Ciocalteu’s
phenol reagent (10%, 1 mL) followed by incubation at room temperature for 10 min. Absorbance was
measured at 750 nm using a microplate reader (Perkin Elmer, Waltham, MA, USA) and compared with
a calibration curve of gallic acid. Results were expressed as milligrams of gallic acid equivalents per
gram of sample [10].

3.5. Determination of Xanthine Oxidase Inhibitory Activity

Xanthine oxidase assay is a method to measure the amount of uric acid produced by xanthine
oxidase as described previously [10]. Phosphate buffer (100 mM; pH 7.4, 0.6 mL), sample (0.1 mL),
xanthine oxidase (0.2 U/mL, 0.1 mL), and xanthine (1 mM; dissolved in 0.1 N NaOH, 0.2 mL) was
mixed at 37 °C for 30 min and HCI (1 N, 0.2 mL) was added to finish the reaction. Allopurinol was
used as a positive control. The absorbance was measured at 290 nm using a microplate reader (Perkin
Elmer, Waltham, MA, USA).
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3.6. Determination of Elastase Inhibitory Activity

The elastase inhibitory assay was used with a slight modification of the method described by
Chiocchio et al. [29]. Briefly, elastase from porcine pancreas (10 ug/mL, 10 uL) was mixed with
Tris-HCI (0.2 M, 90 uL), STANA (2.5 mM, N-Succinyl-Ala-Ala-Ala-p-nitroanilide, 100 puL), and sample
(50 uL) at 37 °C for 30 min. After completion of the reaction, the supernatant was centrifuged at 15,000
rpm for 10 min. The absorbance was measured at 405 nm using a microplate reader (Perkin Elmer,
Waltham, MA, USA). Phosphoramidon was used as a positive control.

3.7. Chemical Profiling by HPLC Analysis

All analyses were performed using an Alliance 2695 HPLC system (Waters, Milford, MA, USA).
A reverse phase C18 column (5-um, 150 mm x 5 mm) was used with a mobile phase consisting of a
mixture of solvent A (acetonitrile) and B (0.2% phosphoric acid). The gradient was programmed as
follows: 0—45 min: 15% A; 45-50 min: a linear gradient from 15 to 100% A; 50-51 min: a linear gradient
from 100 to 15%; 51-55 min: 15% A. The flow rate was 0.8 mL/min. The UV detector was set at 280 nm.

4. Conclusions

The present study reveals both that the 80% ethanolic extract of C. junos peel possesses antioxidant
activity and that the 100% ethanolic extract possesses a xanthine oxidase inhibitory effect. Hot water
extract and 20% ethanolic extract possess elastase inhibitory activities. In addition, it is hypothesized
that the photochemicals present in the C. junos peel might be responsible for biological activities of
its extracts. Results of this study provide an excellent foundation for future development of C. junos
peel-based medicinal and/or cosmetic preparations.
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Abstract: The therapeutic recombinant human keratinocyte growth factor 1 (rhKGF-1) was approved
by the FDA for oral mucositis resulting from hematopoietic stem cell transplantation for hematological
malignancies in 2004. However, no recommended bioassay for rhKGF-1 bioactivity has been
recorded in the U.S. Pharmacopoeia. In this study, we developed an thKGF-1-dependent bioassay
for determining rhKGF-1 bioactivity based on HEK293 and HaCat cell lines that stably expressed
the luciferase reporter driven by the serum response element (SRE) and human fibroblast growth
factor receptor (FGFR2) IIIb. A good responsiveness to rhKGF-1 and rhKGF-2 shared by target
HEK293/HaCat cell lines was demonstrated. Our stringent validation was completely focused on
specificity, linearity, accuracy, precision, and robustness according to the International Council for
Harmonization (ICH) Q2 (R1) guidelines, AAPS/FDA Bioanalytical Workshop and the Chinese
Pharmacopoeia. We confirmed the reliability of the method in determining rhKGF bioactivity.
The validated method is highly timesaving, sensitive, and simple, and is especially valuable for
providing information for quality control during the manufacture, research, and development of
therapeutic thKGF.

Keywords: rhKGF-1; thKGF-2; bioactivity; cell-based bioassay; method validation

1. Introduction

Keratinocyte growth factor (KGF) was originally isolated from human embryonic lung
fibroblast-conditioned medium, and it is a member of the fibroblast growth factor (FGF) family [1,2].
The FGF family is composed of 23 members and classified into six subfamilies in mammals [3]. Among
these, FGF7 (also called KGF-1) [1] and FGF10 (also called KGF-2) [4] belong to the FGF7 subfamily.
The human Ffg7 gene was mapped to chromosome 15q21.2, and its 582 bp open reading frame (ORF),
which consisted of four exons, could encode a native 194 amino acid monomeric polypeptide with
approximately 25-30 kDa [1,5,6]. The chromosomal localization of human Fgf10 gene was in p12-p13
region of chromosome 5. The complete ORF sequence with three exons encoded a protein of 208
amino acids. The observed molecular mass of the recombinant human FGF10 expressed in E.coli was
approximately 19 kDa [7,8]. The conserved region of human KGF-2, i.e., amino acid 60-205, had the
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highest homology with that of KGF-1, sharing 54% amino acid identity. Based on the evolutionary
relationship, KGF-2 is closest to KGF-1. Additionally, the specificity of mitogenic activity of KGF-2 is
similar to that of KGF-1 [2,7,8].

Given the biological functions, KGF-1 and KGF-2 are considered paracrine factors, and regulate
embryonic development by binding to their specific FGF receptor 1 (FGFR1) and FGFR2. FGFR2,
which is expressed exclusively on epithelial cells, is a high affinity receptor for KGF-1 and KGF-2 [9-13].
It must be emphasized that KGF-1 and KGF-2 preferentially activate the IIIb splice variant of FGFR2
(FGFR2 IlIb), and KGF-2 also activates the IIIb splice variant of FGFR1 (FGFR1 IlIb) [14,15]. Upon
binding to their receptors, the activated FGFR1 and FGFR2 (especially FGFR?2 Illb), autophosphorylate
tyrosine residues, phosphorylate the intracellular domains of other kinases, and subsequently induce
mitogen-activated protein kinases (MAPKs), the phosphoinositide 3-kinase (PI3K)/AKT/mammalian
target of rapamycin (mTOR) pathway, and the phospholipase Cy (PLCy) intracellular signaling
pathway [3,16-18].

Through its intracellular signal transduction, KGF induces its biological activity in keratinocytes
and in the development and morphogenesis of multiple epithelial cell lineages within the skin, lung,
and reproductive tract [19,20]. Therefore, KGF may have potential therapeutic benefits in the growth
and development of related tissues and in wound healing [21]. In 2004, palifermin, a recombinant
human KGF-1 (thKGF-1, developed by Amgen, Thousand Oaks, CA, USA), was approved by the FDA
for the treatment of severe oral mucositis in adult patients receiving myeloablative radiochemotherapy
for hematological malignancies and requiring autologous hematopoietic stem cell transplants [22,23].
Palifermin has further been investigated as concomitant chemotherapy for the treatment of colorectal
cancers and head /neck cancers in recent years [24]. In comparison to endogenous KGF-1, palifermin is
more stable due to its removal of 23 amino acids from the N-terminal end [2,25,26]. Palifermin binds to
FGFR2 IIlb, thereby inducing the proliferation, differentiation, and migration of epithelial cells. It also
inhibits apoptosis of epithelial cells and repairs damaged epithelium [23,27]. Nowadays, repifermin
(recombinant human KGF-2) demonstrated mixed results in a clinical trial of topical treatment for
healing of chronic venous leg ulcers [9].

Understanding the biological activity of therapeutic rhKGF-1 is critical for clinical safety and
efficacy, especially prior to its use in humans. However, bioassays of rhKGF-1 have not been recorded
in the U.S. Pharmacopoeia, although palifermin was approved for the therapeutical use. Previous
studies had shown that KGF-1 promoted mitogenic activity by a [*H] thymidine incorporation assay
in human FGFR2b-expressing BaF3 cells and type Il alveolar cells [15,18,28]. Recently, the MTT assay
showed that rhKGF-1 had a significant proliferative effect on the NIH3T3, A549b, and MCEF?7 cell
lines [26]. However, the aforementioned bioassay is time-consuming and tedious (88 h-160 h per
experimental procedure) and high variability with low signal-noise-ratio (SNR). Reporter gene assays
(RGAs) are Mechanism of Action (MOA)-related, less variable, higher sensitive and labor-saving. They
have been increasingly adopted as quality control of biopharmaceuticals [29,30].

Herein, an RGA for determining the bioactivity of therapeutic rhKGF was developed based on
HEK293 and HaCat cell lines stably transfected with luciferase reporter gene controlled by the serum
response element (SRE) promoter and human FGFR2 IIIb. Upon rhKGF binding to FGFR2 IIIb and
subsequent intracellular signaling cascades, the interaction between the transcription factor and SRE
drives downstream luciferase gene expression. The bioactivity of thKGF was determined by measuring
relative luciferase units (RLU) driven by SRE. The new method was then optimized and fully validated
with respect to specificity, linearity, accuracy, and precision based on the regular requirements as stated
in the (ICH) Q2 (R1) guidelines, AAPS/FDA Bioanalytical Workshop and the Chinese Pharmacopoeia.
The desired results of this validation were obtained and provide invaluable information for quality
control during the manufacture, research, and development of therapeutic thKGF-1 and rhKGF-2.

120



Molecules 2019, 24, 699

2. Results

2.1. Identification of Cells Responsive to rhKGF-1

To develop responsive cell lines for rhKGF-1bioactivity, transformed HEK293 and HaCat cells
bearing an SRE-luciferase reporter and human FGFR2 IIIb were constructed. By limiting dilutions, we
produced nine HEK293 clonal cell lines and six HaCat clonal cell lines from single cells. All of these
clones were responsive to rhKGF-1 stimulation and were hygromycin B/puromycin resistant. Of the
nine HEK293-Luc clonal cell lines, a representative cell line, 1C1, was chosen and characterized in terms
of its rhKGF-1-dependence. This cell line had the highest SNR, and it was more sensitive to rhKGF-1
stimulation than the other cell lines; that is, it had a lower ECsy value (Figure 1). Clonal cell line
1A6 from the HaCat-Luc cells was demonstrated to produce a typical sigmoidal curve much like the
HEK293-Luc cell line did (Figure S1). Clones 1C1 and 1A6 were selected for further method validation.
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15,000 -~ 1B5
-+ 1D4
210,000- -+ 3C3
- 1B2
5000- -+ 3A5
~ 1D5

-~
ol 1C6

4 3 -2 41 0 1 2 3 4 5
Log[rhKGF-1 Con],ng/mL

Figure 1. The establishment of HEK293-Luc cell lines responsive to rhKGF-1. The nine clones of
single-cell dilutions of HEK293-Luc cells bearing luciferase and human KGFR2 IIIb were evaluated
by their luciferase activity with thKGF-1 stimulation (initial concentration of 10,000 ng/mL, dilution
ratio of 1:10). The curves were calculated in a four-parameter model. RLU = Relative Luciferase Units.
The mean =+ SD is shown on each curve.

2.2. Optimization Procedure

To obtain optimal sensitivity and stable results with HEK293-Luc cells, the optimal initial
concentration of rhKGF-1, heparin concentration in the assay media, number of cells per well, and
incubation time were investigated. Additionally, the cells were routinely cultured in DMEM-10%
FBS media, which caused increased background luciferase values (Figure S2A). The SNR of 9.30
seen in this media was significantly lower than that seen in DMEM-0.5% FBS, which had an SNR of
38.07. In the experiment we designed, we optimized one parameter by changing it while keeping the
others constant.

2.2.1. Optimal initial rhKGF-1 concentration

As shown in Figure S3, luciferase activity dose-dependently increased with increasing rhKGF-1,
and the sigmoidal curve drew close to its bottom asymptote and top asymptote between 0.02 ng/mL
and 137 ng/mL of thKGF-1. Thus, an optimized assay was subsequently designed, with different
initial concentrations with three dilution factors. Figure 2A illustrated dose-dependent curves of
luciferase activity at all of the initial concentrations. The points of the top and bottom asymptotes of
100 ng/mL and 120 ng/mL as initial concentrations met the experimental demand, although all of the
curves were similar. Here, the recommended concentration in the bioassay was 120 ng/mL.
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Figure 2. Optimization of parameters using responsive HEK293-Luc cells for determination of rhKGF-1
bioactivity. (A) The initial concentration of thKGF-1. HEK293-Luc cells were stimulated at initial
concentrations of 75, 100, 120 and 150 ng/mL with three dilution factors. (B) Heparin concentration
in the assay medium. (C) Different numbers of HEK293-Luc cells per well added to a 96-well plate.
(D) Incubation time after the rhKGF-1 was added to the HEK293-Luc cells. The curves were calculated
in a four-parameter model. In each experiment, every dilution point was tested in three wells of cells.
RLU = Relative Luciferase Units. The mean = SD is shown on each curve.

2.2.2. Optimization of Heparin Concentration in Assay Media

To achieve a possibly higher sensitivity, we thought it might be necessary to supplement the assay
media with heparin. We determined the suitable concentration of heparin by investigating the ECsg
value and the SNR. As shown in Figure 2B, we found that the three curves overlapped and probably
were equivalent at 0, 1 and 2 pug/mL of heparin in assay media. The RLUs at the top asymptote
resulting from all but the above three concentrations were decreased gradually with increasing heparin
concentrations, and the sigmoidal curves were not significant at 20 and 40 pug/mL of heparin. Based
on the EC5) values (3.96, 3.57 and 3.58 ng/mL at 0, 1 and 2 ug/mL of heparin, respectively) and
SNR'’s (25.2, 35.1, and 52.7, respectively), we concluded that 2 ug/mL of heparin was superior to other
heparin concentrations.

2.2.3. Optimization of Cell Numbers and Incubation Time

For optimizing the number of cells per well, freshly trypsinized HEK293-Luc cells were added
in various numbers to a 96-well plate. Although the RLU of the top asymptote was increased with
increasing cell numbers, no significant differences in the SNR were observed. Due to the lower ECsg
value, 4 x 10* cells per well were used in the subsequent assay (Figure 2C). Finally, the highest
magnitude of RLU was found between 3 h and 5 h. The curves and ECs( values were nearly identical
for 3 h to 5 h, indicating that 3 h to 5 h was a good incubation period under the given conditions
(Figure 2D). The decline in RLU between 6 h and 8 h was probably associated with a lack of thKGF-1.
Considering the ease of operation and sensitivity of the bioassay, we therefore chose a 4 h incubation
as the optimal time.
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2.3. Validation of Bioactivity Procedures

In this study, the HEK293-Luc cells responsive to thKGE-1 were further validated according to
the ICH Q2 (R1) guidelines, AAPS/FDA Bioanalytical Workshop and the Chinese Pharmacopoeia.
In particular, the following typical validation parameters were considered.

2.3.1. Specificity

As mentioned in the ICH Q2 (R1), degradants are one of the typically investigation of specificity.
Here, forced degradation of rhKGF-1 was induced through thermal stress. An rhKGF-1 sample was
subjected to 37 °C for different days to induce specific forced degradation. Figure 3A,B summarized the
results of specificity with the forced degradation study. Compared to an in-house rhKGEF-1 reference
and the untreated sample (0 day), the RLU of degraded thKGEF-1 (37 °C for 1d, 3 d and 5 d) did not
reach the top asymptote (Figure 3A). A gradual decrease in relative bioactivity was observed, from
0.98 of the untreated sample to 0.03 of the degraded rhKGF-1 for 5 days (Figure 3B).

Furthermore, the specificity of the new bioassay was elaborated in another assay. Four other
therapeutic cytokines, i.e., thEGE, rhEPO, thbFGF, and NGF were treated with the rhKGF-1 bioactivity
procedure, and we then determined the luciferase activity by adding to HEK293-Luc cells. The results
demonstrated that HEK293-Luc cells responded to thKGF-1 in a dose-dependent activity, but did
not respond to rhEPO, rhbFGF, and NGF. For rhEGE, a slight curve appeared, but the RLU of the top
asymptote was significantly lower than that for thKGF-1 (Figure 3C). It is also worth highlighting that
the HEK293-Luc cells responded to thKGF-2 in a dose-dependent manner. This response to rhKGF-2
occurred at a higher initial concentration (300 ng/mL) and lower sensitivity (with an ECs value of
6.28 ng/mL) than the response to thKGF-1 (Figure 3D).
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Figure 3. The specificity of thKGF-1 bioassay. (A) The sigmoidal curves of untreated and forced
degradation of thKGEF-1. The forced degradation was induced by 37 °C incubation for 1d, 3d and 5 d.
(B) The relative bioactivity of forcibly degraded rhKGF-1. The relative bioactivities were decreased
gradually with time of degradation. (C) The responsiveness of cells to rhKGEF-1 and to the therapeutic
cytokines thEGE, rhEPO, NGF, and rhbFGF. (D). The responsiveness of cells to rhKGF-1 and rhKGF-2.
RLU = Relative Luciferase Units. The mean + SD is shown in each curve.
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2.3.2. Linearity

The linearity of an analytical method is its ability to give test results which are directly proportional
to the concentration of analyte in the sample. For linearity validation, the percentage of relative
bioactivity from five concentrations in the range of 50% to 150% of optimized initial concentration, i.e.,
120 ng/mL, were determined by the EC5( value of an in-house reference at five different concentrations.
The data were obtained three times per experiment in four independent experiments executed on four
different days and were analyzed using a linear regression model. The CV of measured bioactivity
for five different concentrations was calculated to be 0.44% to 4.96%, which was < 5% (Table S1).
The measured bioactivity versus expected bioactivity indicated a good linearity (R? > 0.9954 in each
experiment), suggesting excellent linearity of the established method (Figure 4A).
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Figure 4. The results of the linearity and intermediate precision tests. (A) Linearity plot for the
expected bioactivity against the measured bioactivity. Each point indicates the mean of three replicates.
(B) Intermediate precision. Tests of six batches of rhKGF-1 were performed by two persons on different
days. The mean & SD and representative linear regression of four independent experiments is shown.

2.3.3. Accuracy

According to the ICH Q2 (R1) PART II, the accuracy of a method should be reported as the rate
of recovery of a known added amount of analyte in a sample. So, we verified the percentage of an
rhKGF-1 in-house reference recovered from our thKGEF-1 samples by analysis of three repeated assays
each day on four different days. As shown in Table 1, satisfactory results for intra-day CV values for
the final thKGF-1 were obtained. These values ranged from 3.92% to 7.51%, and the inter-day CV
was 6.91%. The average recovery rate was 92.75%, and the 95% confidence intervals (CI) of reference
recovery were 88.68% to 96.82%. Thus, the acceptance recovery rate was satisfactory, and the method
demonstrated sufficient accuracy.

Table 1. The recovery rate in the final rhKGF-1 sample.

Recovery Rate (%) Intra-day CV (%) Mean SD

1 2 3

1 97.13 91.17 100.70 5.00 96.33  4.82

2 94.80 95.90 101.90 3.92 9753  3.82

3 82.40 88.27 95.70 7.51 88.79  6.67

4 92.82 90.86 81.35 6.94 8834 613
Inter-day CV (%) 6.91
Mean 92.75
SD 6.41
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2.3.4. Precision

The precision of an analytical method may be investigated by the method’s repeatability (also
termed intra-day precision) and intermediate precision, given as the CV. The repeatability was
estimated from the results of relative bioactivity on four different days and in triplicate on each
day for each sample. A batch of the final product and a bulk batch of thKGF-1 were used for this
purpose. As shown in Table 2, the maximum intra-day and inter-day CV values were lower than 5.00%.
To assess the intra-plate precision, five repeated final product tests were performed in the same plate,
and the resulting CV was 4.85% (data not shown).

Table 2. The repeatability of final and bulk rhKGEF-1 samples.

Intra-day CV (%)

Sample Inter-day CV (%)  95% CI of Relative Bioactivity

1 2 3
rhKGF-1 1.49 3.09 1.73 3.75 2.82 1.05-1.10
rhKGF-1 bulk 4.62 0.90 3.62 0.52 4.75 1.01-1.08

To validate the variations within laboratories, intermediate precision was determined on different
days by two operators [31]. Six different batches of rhKGF-1 (final products and bulk batches) were
involved in this test. The mean relative bioactivities were 1.003 for person A and 1.009 for person B.
Overall, the statistical indifference of the results suggested that the new bioassay was characterized by
consistent performance and a good intermediate precision (Figure 4B).

2.3.5. Stability of the HEK293-Luc Cell Line

The stability of the HEK293-Luc cell line and the response to rhKGF-1 are crucial for the cells
to be used in the bioassay. Stability was evaluated by comparing EC5p value and SNR in response
to thKGF-1 at three different passages. We obtained parallel dose-response curves, indicating the
consistency of the cell line between passage 5 and passage 42 (Figure 5A). The SNR showed a moderate
tendency to increase with increasing cell passage number, from 39.35 at passage 5 to 45.39 at passage
42, but no significant difference was observed between three different passages (Figure 5B). However,
the EC5( values associated with the sensitivities of passage 16 and passage 42 were significantly higher
than that of passage 5, having changed from 1.24 to 1.61. Even so, the ECs( of passage 16 and passage
42 were the same as each other, 1.61 (Figure 5C). Therefore, the responsiveness of the HEK293-Luc cell
line to rhKGF-1 was proven to be highly stable, especially between passage 16 and passage 42.
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Figure 5. Stability of HEK293-Luc cell lines. (A) The responsiveness of HEK293-Luc cells to rhKGF-1 at
different passages. (B) SNR of HEK293-Luc cells at three passages. (C) ECsy of HEK293-Luc cells at
three passages. RLU = Relative Luciferase Units. SNR = Signal-Noise-Ratio. The mean == SD is shown
on each curve. ** p <0.001.

2.3.6. Comparison of Responsiveness to thKGF-1 between HEK293-Luc and HaCat-Luc Cell Lines

As shown in Figure 6 and Table S2, the CV values of method validation, recovery rates, and
relative bioactivity were compared between HEK293-Luc and HaCat-Luc cell lines responding to
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rhKGF-1. Concordance between HEK293-Luc and HaCat-Luc cell lines was demonstrated with the
CV values of the linearity (Figure 6A), accuracy (Figure 6C), and precision (Figure 6D). In comparing
the recovery rates, the HaCat-Luc cell line showed a significantly higher rate (107.70%) than did the
HEK293-Luc cell line (92.75%) (Figure 6B). Additionally, equivalent relative bioactivity with final
rhKGF-1 and bulk rhKGF-1 was observed between the two cell lines (Figure 6E,F). In summary, when
considering the concordance levels, only the recovery rate had a difference, whereas the CV and relative
bioactivity supported a conclusion of greater agreement between the HEK293-Luc and HaCat-Luc
cell lines.
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Figure 6. Comparison of validation between the HEK293-Luc and HaCat-Luc cell lines responding to
rhKGF-1. Validation of bioactivity procedures is depicted in detail in the Results section. (A) CV of
linearity validation (n = 20). (B) Recovery rate (n = 12 for the HEK293-Luc cell line and n = 9 for the
HaCat-Luc cell line), p = 0.0057. (C) CV of accuracy validation (n = 5 for the HEK293-Luc cell line and
n = 4 for the HaCat-Luc cell line). (D) CV of precision validation (n = 10). (E) Relative bioactivity of the
final rhKGEF-1 product (n = 12). (F) Relative bioactivity of bulk rhKGF-1 (n = 12). The mean 4 SD is
shown. ** p < 0.01.

3. Discussion

KGF is a member of the FGF family and is an epithelial-specific growth factor. Studies have
indicated that KGF can induce cell proliferation and mitogenic responses in various cell types by
binding to the KGF receptor (KGFR) [3]. The KGFR is cell surface FGFR2 IIIb, a splice variant of the
FGFR2 gene that belongs to the receptor tyrosine kinase (RTK) family [11]. KGFR mRNA has been
detected in almost all of the examined tissues, yet KGFR is expressed exclusively in epithelial cells.
It confers the characteristics of proliferation and differentiation with KGF stimulation [2,13]. A previous
study indicated that Fgfr2 gene expression in embryonic kidney tissue was one of the most relevant
aspects of renal development [32]. Therefore, we proposed HEK293 and HaCat cell lines as candidates
in the subsequent study, as the former was derived from human embryonic kidney, and the HaCat
cell line was derived from a human keratinocyte cell line spontaneously immortalized from a primary
culture of keratinocytes, and widely used as a model to study keratinocyte differentiation [33,34].
Furthermore, the HEK293 and HaCat cell lines are robust enough to be handled and cultured.

FGFR2 IIIb plays a critical role in the MAPK, PI3K/AKT/mTOR, and PLCy intracellular signaling
pathways, and it contributes to the biological activity of KGF involved in proliferation, differentiation,
and migration [3,35]. In the MAPK pathway, the KGF-KGFR complex induces autophosphorylation
of KGFR'’s tyrosine kinase domains and phosphorylation of its intracellular domain. These changes
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assemblages opportunities for FGFR substrate 2 (frs2o) docking protein, which then sequentially
activates Raf, MEK, and ERK. Finally, the activated ERK translocates to the nucleus, where it activates
transcription factors and induces cell proliferation [14,36]. In this study, we suggest that SRE response
element can drive expression of the luciferase reporter gene in response to activation of the MAPK/ERK
signaling pathway. Furthermore, we describe a new bioassay to determine the bioactivity of thKGF-1
based on the luciferase reporter gene driven by SRE in HEK293 and HaCat cells bearing FGFR2 IlIb.
The two target cell lines were labeled with HEK293-Luc and HaCat-Luc.

It is well known that heparan sulfate (HS) in the extracellular matrix and proteoglycans on the
surfaces of cells act as obligatory co-receptors, facilitating the binding of FGF to FGFR. This confers FGF
dimerization, increases receptor binding affinity, and stabilizes the FGF-FGFR complex [21,25,36,37].
Moreover, KGF-1 and KGF-2 have been shown to bind to HS. In the optimized procedure, heparin,
a proxy HS, was investigated in assay media. We found that the RLU value of top asymptote of
0-2 nug/mL of heparin was higher than that of 5-40 ug/mL of heparin, and a better SNR was appeared
in 2 ug/mL of heparin in assay media.

The method validation was in line accordance with the regular requirements as stated in the
ICH Q2 (R1) guidelines, AAPS/FDA Bioanalytical Workshop and the Chinese Pharmacopoeia.
Typical validation which should be considered are specificity, linearity, accuracy, precision, and
robustness [38,39]. The new bioassay described was based on double-transfected cells harboring the
full-length FGFR2 IlIb and luciferase-SRE, which were obtained from Promega with an improved
synthetically derived luciferase reporter gene (luc2P). First we found that the validated method
produced a better SNR and sensitivity than cells without the FGFR2 ITIb but having the luciferase-SRE
vector (data not shown). Second, the specificity was assessed using other therapeutic cytokines
(Figure 3C). We found that thKGF-1 appeared to exhibit absolute specificity for FGFR2 IlIb, whereas
rhKGF-2 exhibits similar ability to bind to FGFR2 IIIb but also binds FGFR1 IIIb [2]. We think that a
slight responsiveness to rhEGF is probably due to the same signaling pathway as seen in KGF, and
HEK293 cells expressing EGF receptor. Therefore, to improve responsiveness to KGF, specific FGFR2
IIIb was stably transfected into cells. Non-responsiveness to thbFGF (thFGF2) was seen, which was the
expected result, because its specific receptors, i.e., FGFR1c, FGFR3c, FGFR2c, FGFR1b, and FGFR4, are
different from FGFR2 IIIb [9]. This also showed that there is high sensitivity in detecting the bioactivity
of degraded rhKGF-1.

As for the acceptance criteria of CV values in analytical method validation, we followed
the AAPS/FDA Bioanalytical Workshop acceptance criteria for precision and accuracy, i.e.,
the acknowledged CV values of 15% to 20% [40]. Actually, in our study, all of the CV values had an
advantage over the acceptance criteria. Thereinto, the CV values of repeatability and linearity were
less than 5%; the CV values of accuracy were lower than 8.00%. Additionally, a clear recovery rates and
stability for desired HEK293-Luc cells were demonstrated, as the recovery rates ranged from 81.35% to
101.90%, and there was stability of the sensitivity and SNR between passage 16 and passage 42.

We have optimized and characterized two cell lines to measure the bioactivity of thKGF-1.
Although concordance between HEK293-Luc and HaCat-Luc cells (except in the recovery rate) was
shown, the HEK293-Luc cell line was preferentially chosen compared to HaCat-Luc cell line because of
its increased sensitivity and a higher SNR to rhKGF-1 treatment. Regarding the recovery rate, it is not
essential to have 100% recovery, but it is important that the recovery be reproducible [41]. Moreover,
the parallelism of the dose-response curves and the similarity of SNR and EC5 between RPMI 1640
media and cell culture plate obtained from Thermo Fisher indicated the consistency and robustness of
the HEK293-Luc cell line in determining the bioactivity of rhKGF-1 (Figure S2B).

127



Molecules 2019, 24, 699

4. Materials and Methods

4.1. Cells and Materials

The HEK293 cell line (CRL-1573™) was obtained from the American Type Culture Collection
(Manassas, VA, USA). The HaCat cell line (3111C0001CCC00037) was purchased from National
Infrastructure of Cell Line Resource (Beijing, China). All of the cells were maintained in DMEM
containing 10% fetal bovine serum (FBS) at 37 °C in a humidified 5% CO, incubator. DMEM,
RPMI1640, FBS, puromycin, and hygromycin B were purchased from Gibco (Grand Island, NY,
USA). pGL4.33[luc2p/SRE/Hygro] firefly luciferase reporter plasmid and ViaFect™ transfection
reagent were obtained from Promega (Madison, WI, USA). Lentivirus production for the human
FGFR2 IIIb gene (GenBank No: NM_022970) was completed by the Genechem Company (Shanghai,
China). The Britelite Plus Reporter Gene Assay System was obtained from PerkinElmer (Waltham,
MA, USA). An in-house rhKGF reference, rhKGF1, rhKGF2, recombinant human epidermal growth
factor (rhEGF), recombinant human basic fibroblast growth factor (rhbFGF), recombinant human
erythropoietin (thEPO), and nerve growth factor (NGF) were archived therapeutic drugs that had been
preserved at 4 °C or —80 °C in our laboratory.

4.2. Preparation of Desired Responsive Cells to rhKGF-1

The serum response element (SRE)-luciferase reporter plasmid was transfected into exponentially
dividing HEK293 and HaCat cells using ViaFect™ transfection reagent according to the manufacturer’s
instructions. The transfected cells received regular changes of DMEM-10% FBS with hygromycin B
(300 ug/mL), and were continuously cultured for 3—4 weeks. For FGFR2 IIIb, hygromycin B-resistant
HEK293 and HaCat cells were then infected with lentivirus containing the human FGFR2 IIIb gene
as per the manufacturer’s recommendations. Following a change of media with hygromycin B and
puromycin (3 ug/mL), the two cell lines were incubated for an additional 72-120 h. Then, a clonal
cell line derived from a single cell was produced by limiting dilution in a 96-well plate, using 0.8 cells
per well from the stably transfected cells. After isolating the clones, clone scale-up and screening
assessments (responsive to rhKGF-1 stimulation) were performed. We desired cells that would be
highly responsive to thKGF-1, and obtained such cells and named them HEK293-Luc and HaCat-Luc.
The target cell lines were maintained in DMEM-10% FBS with 200 pug/mL of hygromycin B and
1.5 pg/mL puromycin. Hereafter this media is referred to as growth media.

4.3. Bioactivity Assay

A cell-based bioassay was performed as described previously with moderate modifications [29,30].
In brief, 4 x 10* cells in 60 pL assay media (DMEM with 0.5% FBS and 2 pg/mL heparin) were added
to each well of a 96-well cell plate (3903, Costar, New York, NY, USA) and were incubated for 16-18 h
in a humidified 5% CO, incubator at 37 °C.

An in-house thKGF-1 reference and rhKGFE-1 were diluted by serial 3-fold dilutions with assay
media, starting from initial concentrations of 240 ng/mL on the HEK293-Luc cells and 600 ng/mL
on the HaCat-Luc cells. Then, 60 uL of serially diluted thKGF-1 was added to each well. It should
be noted that the final concentrations of rhKGF-1 were 120 ng/mL for HEK293-Luc and 300 ng/mL
for HaCat-Luc. After incubation for 4-5 h at 37 °C, with 5% CO,, the supernatant was removed from
each well, followed by addition of 60 uL Britelite Plus Reporter Gene Assay reagent. After 5 min of
incubation at room temperature in the dark, the luciferase activity was determined by a Luminoscan
Ascent plate reader (SpectraMax M5, Molecular Devices, San Jose, CA, USA).

4.4. Preparation of Forced Degradation from rhKGF-1

The specificity of the bioassay was assessed by the presence of degraded components of
rhKGF-1. It is known that with increasing temperature, proteins may undergo conformational changes,
subsequently leading to other degradation reactions [42]. Therefore, forced degradation of rhKGF-1
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was induced through thermal stress. That is, the reconstitution of freeze-dried rhKGF-1 was incubated
at37 °C for 1d, 3 d, and 5 d. The relative bioactivity for the stressed samples was compared with the
bioactivity of samples that had not undergone degradation treatment. We performed this bioactivity
assay using HEK293-Luc cells under the same conditions as described above.

4.5. Data Analysis and Statistics

All of the statistical analyses were performed using SoftMaxPro (Molecular Devices) and
GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA). The sigmoidal curve and
the concentration for 50% maximal effect (ECsg) were calculated through a four-parameter model
(dose-response-stimulation). The relative bioactivity of rhKGF-1 is shown as the ratio of the ECsg
values of an in-house reference to the ECs values of the samples. The SNR is indicated by the ratio of
the top asymptote to the bottom asymptote. Comparisons between two groups were performed using
a two-tailed Mann-Whitney test, and multiple comparisons were performed using a Kruskal-Wallis
test with Dunn’s multiple comparisons. p-values < 0.05 were deemed to be statistically significant.

5. Conclusions

In summary, we describe a highly timesaving, sensitive, and simple bioassay. This is the first use
of an SRE-dependent reporter gene assay to determine rhKGF bioactivity. This bioassay has a superior
specificity, linearity, accuracy, precision, and robustness, and could provide invaluable information for
quality control during the manufacture, research, and development of therapeutic rhKGE.

Supplementary Materials: The following are available online, Figure S1: The establishment of responsive
HaCat-Luc cells for thKGF-1 bioactivity, Figure S2: The robustness of assays on rhKGF-1 bioactivity, Figure S3:
Determination of the quantitation range of rhKGF-1, Table S1: Statistical evaluation of linearity studies, Table S2:
Statistical data of linearity, recovery and precision studies between HEK293-Luc and HaCat-Luc cell lines.
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Abstract: Galangin is a marker compound of honey and Alpinia officinarum Hance that exhibits
great potential for anti-microbial, anti-diabetic, anti-obesity, anti-tumour and anti-inflammatory
applications. Galangin is frequently consumed in combination with common clinical drugs.
Here, we evaluated the effects of galangin on cytochrome P450 (CYP)-mediated metabolism,
using two different approaches, to predict drug—drug interactions. Male Sprague Dawley rats
were administered galangin daily for 8 weeks. A “cocktail-probes” approach was employed
to evaluate the activities of different CYP450 enzymes. Blood samples of seven probe drugs
were analysed using liquid chromatography-tandem mass spectrometry in positive and negative
electrospray-ionisation modes. Pharmacokinetic parameters were calculated to identify statistical
differences. CYP mRNA-expression levels were investigated in real-time quantitative polymerase
chain reaction experiments. The galangin-treated group showed significantly decreased AUCy_o, and
Chax values for CYP1A2, and CYP2B3. The galangin-treated group showed significantly increased
AUC)_ and Cpax values for CYP2C13 and CYP3A1. No significant influences were observed in the
pharmacokinetic profiles of CYP2C11, CYP2D4 and CYP2E1. The mRNA-expression results were
consistent with the pharmacokinetic results. Thus, CYP450 enzyme activities may be altered by
long-term galangin administration, suggesting galangin to be a promising candidate molecule for
enhancing oral drug bioavailability and chemoprevention and reversing multidrug resistance.

Keywords: CYP450 enzyme; cocktail probe drug; RT-PCR; LC-MS/MS; galangin

1. Introduction

Cytochrome P450 (CYP450) is a phase I metabolic enzyme that is expressed in multiple biological
organs. It is mainly responsible for transforming endogenous and exogenous substances, including
drugs, in vivo. When the activity of cytochrome P450 is disturbed, it can affect the metabolic links
of corresponding substrates and cause various biological effects [1]. By evaluating the activity of
CYP450, we can predict possible drug-drug interactions, drug-food interactions and the compatibility
mechanisms of Chinese herbs in vivo, and provide valuable clinical information for drug combinations
and compatibility with the daily diet.

Galangin, a natural flavonoid, is a marker compound of honey and Alpinia officina rum
Hance (Zingiberaceae family) [2], which exhibits great potential in terms of its anti-microbial [3],
anti-diabetic [4], anti-obesity [5], anti-tumour [6], anti-inflammatory properties [7], anti-oxidant [8],
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anti-osteoporosis [9] and lipid regulating effects [10]. Based on the wide application of galangin in food,
medicine and health care products, and the lack of research on the biological interactions of galangin,
this study was designed to investigate the effects of galangin on the CYP1A2, CYP2B3, CYP2Cl11,
CYP2C13, CYP2D4, CYP2E1 and CYP3A1 enzymes in rats. First, liquid chromatography/tandem
mass spectrometry (LC-MS/MS) was used to establish a method for simultaneously probing the
levels of seven drugs in rat plasma samples: phenacetin, bupropion, diclofenac acid, omeprazole,
dextromethorphan, chlorzoxazone and midazolam. Then, probes were used to study the effects of
galangin on the activities of seven metabolic enzymes. Finally, real-time fluorescence quantitative
polymerase chain reaction (PCR)was used to evaluate galangin mRNA expression. The effects of
galangin on the expression of seven metabolic enzymes in rats were comprehensively analysed,
and potential interactions between galangin and drug combinations were predicted.

2. Results and Discussion

2.1. High-Performance Liquid Chromatography—Tandem Mass Spectrometry (HPLC-MS/MS) Method Development

Different HPLC-MS/MS methods for simultaneous quantitative determination of probe drugs
have been published [11,12]. However, only four methods employed simultaneous quantitative
assays with multiple probes [11-14]. Lu et al. [11] established an HPLC-MS/MS method for
evaluating the activity of seven CYP isoenzymes (CYP1A2, 2B6, 2C9, 2C19, 2D6, 2E1 and 3A4) in rats,
but negative-ionization mode is not sensitive enough for probing drugs such as phenacetin, bupropion
and omeprazole. Kim et al. [12] used a gradient elution method to detect most metabolites in positive
electrospray ionisation (ESI) mode. Li et al. [13] adopted two methods combining different HPLC
systems, namely, one method that coupled a high-pressure chemical-ionization interface with MS,
with the other method being negative ESI mode. Nevertheless, previous investigators [12,13] concluded
that matrix effects were absent. The matrix effect is an important issue in LC-MS method development.
The method by De Bock et al. [14] adopted the approach of monitoring and detecting CYP activity
in either positive or negative ESI mode, which has a certain practical value. Nevertheless, two runs,
one in positive-ionisation mode and one in negative-ionisation mode, were necessary in order to detect
all metabolites.

Recently, we used an LC-MS method to quantify seven probe drugs. A more intense and stable
signal for the seven probe drugs and the internal standard (IS) was observed by ESI, in positive
and negative ion-switching mode. The precursor and daughter ions were selected and the MS/MS
parameters were optimized to give the highest response in multiple-reaction monitoring (MRM)
mode (Figure 1 and Table 1). A Wonda Cract ODS-2 C18 Column was employed to provide better
performance for the peaks of the seven analytes in this study. A mobile phase consisting of water
fortified with 0.1% formic acid enhanced the response and improved the peak shape. Considering
the chemical diversity in the structures of the metabolites, a mobile phase with a gradient elution
was employed to obtain better peak shapes and a shorter run time for the seven analytes and the IS,
using water containing 0.1% formic acid as eluent B. Eluent A (methanol + 0.1% formic acid) was
increased gradually from 45% to 90% during the course of 17.5 min, using a flow rate of 1.0 mL/min.
A column temperature of 25 °C was selected to obtain a symmetric peak shape. A chromatogram in
both ionization modes is shown in Figure 2. All peaks were baseline-separated.
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Figure 1. The MS/MS spectra of seven analytes and IS in positive and negative ion mode.

Table 1. MRM parameters for probe drugs and internal standards.

Retention  C (Probe MRM Condition
Enzyme Isoform Probe Drug Tn.ne Drug Precursor-Ion Daughter-Ion  Fragment Collision
(min) umol/L) (mlz) (m/z) Energy (V) Energy (eV)

CYP1A2 Phenacetin 9.01 5 180.1 110.1 57.56 27.71
CYP2B3 Bupropion 6.29 10 240.2 184.1 64.64 17.15
CYP2C11 Diclofenac 16.68 5 296.0 2519 —24.50 —16.50
CYP2C13 Omeprazole 11.31 10 346.2 198.1 31.38 15.29
CYP2D4 Dextromethor-phan  10.87 5 2734 172.1 77.95 50.72
CYP2E1 Chloroxazone 14.79 10 168.0 131.9 —65.05 —27.00
CYP3A1 Midazolam 8.63 5 326.2 291.2 71.86 36.50

Internal standard ~ Sulfamethalaz-ole 3.99 - 252.0 155.9 —30.00 —20.00
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Figure 2. Chromatograms of the analytes and IS in positive ion mode. Note: (A) blank plasma;
(B) sample plasma 1 h after administration of cocktail solution; (1) bupropion; (2) omeprazole; (3)
phenacetin; (4) midazolam; (5) dextromethorphan; (6) chloroxazone; (7) diclofenac and IS.

2.2. Method Validation

A sensitive, rapid, simple and economical HPLC-MS/MS method was developed and validated
for the simultaneous quantification of seven probe drugs. The method-validation procedure was based
on the Guidance for Industry Bioanalytical Method Validation of the European Medicines Agency
and the U.S. Food and Drug Administration (FDA) [15]. The probe drugs for phenacetin (CYP1A2),
bupropion (CYP2B3), diclofenac (CYP2C11), omeprazole (CYP2C13), dextromethorphan (CYP2D4),
chlorzoxazone (CYP2E1) and midazolam (CYP3A1) together with the IS sulfamethoxazole (STZ),
were separated at 25 °C on a Wonda Cract ODS-2 C18 column (4.6 mm x 150 mm, inside diameter
[i.d.], 5.0 um). A gradient elution (total run time of 17.5 min) was performed, using methanol containing
0.1% (v/v) formic acid (A) and water containing 0.1% (v/v) formic acid (B) at a flow rate of 1.0 mL/min.

Calibration curves showed good linearity over the range of 1.006-2414.4 ng/mL for phenacetin
(r =0.9933), 0.801-403.2 ng/mL for bupropion (r = 0.9902), 1.01-808ng/mL for diclofenac (r = 0.9892),
1.1015-812 ng/mL for omeprazole (r = 0.9918), 0.99-247.5 ng/mL for dextromethorphan (r = 0.9952),
1.287-514.8 ng/mL for chlorzoxazone (r = 0.9904), and 2.005-6416 ng/mL for midazolam (r = 0.9967).
The lower limits of detection of phenacetin, bupropion, diclofenac, omeprazole, dextromethorphan,
chlorzoxazone, and midazolam were 1.006, 0.801, 1.01, 1.015, 0.99, 1.287 and 2.005 ng/mL,
respectively. The concentrations of phenacetin, bupropion, diclofenac, omeprazole, dextromethorphan,
chlorzoxazone, and midazolam in rat plasma were simultaneously determined using an HPLC-MS/MS
method (Figure 2). As shown in Table 2, the intra-day and inter-day precision of the method were
within 9.7%, and the accuracy ranged from 91.9% to 113.2%. The extraction recoveries for the analytes
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were greater than 81.4% (Table 3). All variations in the matrix effect were within the range of 84.3%
to 111.1% (Table 3). The lower limit of quantification (LLOQ) was consistent with the intended
application, and no relative matrix effects were observed. In addition, the sample extracts were
stable under various storage conditions (Table 4). The feasibility of this method was demonstrated by
calculating the pharmacokinetic parameters of the probe and CYP450 activities.

Table 2. Intra- and inter-day precision and accuracy values for probe drugs in rat plasma at LLOQ, low,
medium and high concentrations (1 = 6).

Concentration Precision RSD (%) Accuracy (%)
Compounds (ng/mL)

8 Intra-Day Inter-Day Intra-Day Inter-Day

1.006 8.21 7.06 412 6.23

h ) 2,012 5.96 451 —234 —4.04

enacetin 201.20 7.35 6.30 8.41 11.79

1609.6 479 4.66 3.23 5.34

0.801 291 6.43 3.52 9.23

Bupronion 2,034 7.34 5.25 6.14 9.35

prop 20.34 6.16 271 5.65 711

203.4 244 3.55 247 ~3.76

1.01 2.80 8.34 498 5.92

Diclof 2,02 121 5.26 6.90 9.45

iclofenac 20.20 437 491 7.04 8.61

202.00 3.55 427 493 5.85

1.015 2.89 3.55 11.71 1213

Omeprazole 2.03 410 2.78 7.26 6.41

P 20.30 3.62 440 5.85 828

406 1.23 6.05 2,92 8.66

0.99 6.41 7.03 —4.16 —6.84

1.98 5.12 6.31 6.97 12.02

Dextromethorphan g g 475 2.26 8.77 9.52

99 3.69 1.85 8.55 10.61

1.287 5.81 453 6.83 713

Hl 2,574 233 3.75 6.32 9.06

Chloroxazone 12.87 2.69 5.97 291 475

257.4 5.13 432 5.45 8.27

2,005 2,01 7.08 5.86 7.85

Midazol 401 1.89 493 —3.7.83 833

1dazolam 401 1.13 6.12 3.39 427

4010 0.71 0.63 411 8.31

Table 3. The mean extraction recoveries and matrix effect of the seven analytes and IS in rats plasma at
low and high concentration (1 = 6).

Spiked Conc. Extraction Recovery (%) Matrix Effect (%)
Compounds (ng/mL)
8 Mean + SD RSD (%) Intra-Day Inter-Day

h . 2.01 81.48 + 5.97 7.33 102.33 + 7.45 7.22
enacetin 1609.60 90.01 +3.26 3.62 92.25 + 4.27 4.64
Bupropion 2.03 88.95 + 6.84 7.61 93.51 + 6.30 6.56
Prop 203.40 94.92 + 3.40 322 11113 £ 4.16 3.77
Didlof 2.02 92.74 + 425 3.67 85.63 + 4.65 484
iclolenac 404 90.20 + 4.58 8.98 89.02 + 8.03 3.99
Omenprazole 2.03 91.66 + 5.25 451 85.64 + 10.13 6.89
P 406 9349 + 575 8.76 91.21 + 4.63 456
Dextromethorhan 1.98 93.54 + 3.68 12.58 95.23 4 54.0 5.34
P 99 94.61 + 4.33 10.31 97.04 + 6.21 6.30
Chl 2,574 93.52 + 5.46 3.82 88.01 = 7.82 5.46
oroxazone 2574 101.24 + 5.17 9.82 86.84 + 6.74 6.47
Midagol 4.01 93.33 £ 5.06 463 84.34 + 4.96 2.66
idazolam 4010.00 92.43 +2.36 6.36 89.16 + 4.03 4.40
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2.3. Selection of CYP450 Isozymes

The liver is the most important scavenging organ for drugs and exogenous substances. Drugs are
mainly metabolized by CYP enzymes in the liver. In the human body, the main CYP enzymes
involved in drug metabolism include CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP3A4 and
CYP2E1, among which CYP2C9, CYP2D6 and CYP3A4 account for approximately 50% of the total
liver CYP enzyme levels and can metabolize nearly 80% of all clinical drugs [16]. Human CYP1A2,
CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP3A4 and CYP2E1 share high homology with rat CYP1A2,
CYP2B3, CYP2C11, CYP2C13, CYP2D4, CYP3A1 and CYP2EL, respectively [17]. CYP1A2 is mainly
distributed in the liver, accounting for 13% of the total CYP450. CYP1A2 is the main metabolic
enzyme of warfarin, theophylline, clozapine, haloperidol and other drugs with a narrow therapeutic
window [18]. The activity of CYP1A2 may change the exposure level of the above drugs in vivo and
cause serious adverse drug reactions. CYP2B3 participates in the metabolism of approximately
7% of clinical drugs in vivo, including the anti-cancer drugs cyclophosphamide and tamoxifen,
the anti-HIV drug Faviron, the anti-depressant imipramine, the intravenous anaesthetics propofol
and ketamine, and the analgesic pethidine. CYP2B3 is also involved in the metabolism of carcinogens
and environmental toxicants [19], making it an important exogenous metabolic enzyme. CYP3A4
is one of the most abundant CYP450 isoenzymes in the human body. Macrolactone antibiotics,
antifungal agents, 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) inhibitors, benzodiazepines,
proton pump inhibitors, calcium channel blockers and other common clinical drugs are metabolized
through CYP3A4 [20]. The CYP2E1 isoenzyme is a potent source for oxidative stress. Oxidative
stress is critical for the pathogenesis of diseases and CYP2E1 is a major contributor to oxidative stress.
When taking the above-mentioned medications, it is possible to take Chinese herbal medicine or
dietary supplements containing galangin or related ingredients at the same time to induce or inhibit
metabolic enzymes, which may lead to fluctuations of the therapeutic effect or an increase in metabolite
concentrations and subsequent adverse reactions. In this study, seven rat-related isoenzymes were
selected: CYP1A2, CYP2B3, CYP2C11, CYP2C13, CYP2D4, CYP3A1, and CYP2E1L. The activities of the
seven main CYP450 enzymes were determined using a sensitive, accurate, and reliable probe method.

2.4. Effect of Galangin on the Activities of Rat Liver CYPs

The plasma samples were collected and determined using the established method. The plasma
concentration at each time point was calculated based on the standard curve. Average drug—time curves
of the blank group and the drug-delivery group for the seven probe drugs were drawn using GraphPad
prism 7.0.0 software (Figure 3). Pharmacokinetic parameters were calculated and analysed using
DAS 3.2.4 and SPSS 21.0 software, respectively (Table 5). Compared with the control group, the CYP
isoenzymes of the galangin group showed significant changes after 8 weeks of galangin administration.
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Figure 3. Mean plasma concentration—time curves of seven analytes in rats (mean =+ SD, 1 = 6).
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Table 5. Pharmacokinetic parameters of seven analytes in rat plasma after a single oral administration
of a probe drugs solution in rats (1 = 6).

Analytes Group ﬁl[;(;(/‘)it; ‘?::gck(:]/—]j) Cmax(ug/L)  Tmax(h) Ty ()
Phenacetin Blank 1194.97 1276.56 1442.54 0.14 246
+£620.95 +617.86 +£250.87 +£0.04 +£0.94
Treat 327.63 ** 353.22 % 43342 % 0.16 138 *
+278.18 422412 +147.95 £0.06 +145
Bupropion Blank 165.25 201.94 1015 0.22 3.25
+2.94 12420 +14.49 40.04 +1.18
Treat 51.13 ** 64.91 +* 57.97 +* 0.19 405
11468 +17.01 +18.09 40.05 1142
Diclofenac Blank 386.52 400.40 42578 0.12 1.38
+132.62 +127.67 +124.74 40.04 +0.46
Treat 397.96 43027 35453 0.15 201
11843 +238.07 18472 40.03 +0.630
Omeprazole Blank 7530 129.70 95.76 0.083 10.86
11222 £23.10 43593 +0.01 +4.08
Treat 126.86 * 165.33 * 159.49 * 0.081 3.76 *
429.32 429,54 +£58.26 +0.01 +1.72
298.32 463.11 3276 0.14 257
Dextrometho-rphan - Blank +8.06 188.17 +19.27 40.04 +8.07
Treat 399 758.12 6147 0.32 23.39
14639 +£599.98 16232 4038 +791
Chloroxazone Blank 218 306.99 380.06 0.50 238
+27451 £399.66 +£499.13, +£052 4078
Treat 302 496.20 232.33 0.23 2.84
+12451 +192.58 +100.08 4021 +3.19
Midasolam Blank 6454.1 11194.82 5250.44 0.11 3.61
+1345.7 16581.06 +654.62 +0.04 11.62
Treat 1558.15 * 471250*  903.98 ** 0.15 1774+
+730.44 1174806 +255.58 40.03 1622

Values are expressed as mean + SD, 11 = 6. AUCg_.)—area under concentration-time curve extrapolated to infinity,
T, j,—elimination half-time, Tmax—time to maximum concentration, Cyax—maximum concentration. * p < 0.05
vs. control. * p < 0.05 = significant difference in comparison to the control group (t-test). ** p < 0.01 = significant
difference in comparison to the control group (t-test).

2.4.1. Effect of Galangin on Rat Hepatic CYP1A2

The pharmacokinetic profiles of phenacetin after long-term galangin treatments were used
to describe the activity of CYP1A2. The pharmacokinetic parameters of phenacetin in the
galangin-treatment groups in rats are shown in Table 5. The mean plasma concentration-time curves
of phenacetin in two groups are presented in Figure 3. Compared with the control group, the AUCy_¢
of phenacetin decreased significantly in the experimental group after 8 weeks of continuous gavage
with galangin. Compared with the control group, the AUC(_, Cimax, and Ty, values decreased
by 72.33% (p < 0.01), 70% (p < 0.01) and 0.56-fold (p < 0.05), and CLy,/F increased by 5.27-fold
(p <0.01). Thus, galangin significantly induced the activity of CYP1A2. Therefore, when taking
warfarin, theophylline, clozapine or haloperidol, attention should be paid to the combination with
galangal or its components.

2.4.2. Effect of Galangin on Rat Hepatic CYP2B3

Compared with the control group, the AUC_ of amphetazone decreased significantly in the
experimental group after 8 weeks of continuous gavage of galangin. Compared with the control
group, the AUCq o, and Cpax values decreased by 67.86% (p < 0.01) and 42.89% (p < 0.01), respectively.
The CLz/F increased by 3.2-fold (p < 0.01). These results suggest that continuous administration of
galangin can induce the CYP2B3 enzyme in the rat liver and accelerate drug metabolism.
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2.4.3. Effect of Galangin on Rat Hepatic CYP2C13

Compared with the control group, the AUC(_«, value of omeprazole in the experimental group
decreased significantly. Compared with the control group, the AUC(_, value increased 1.27-fold
(p < 0.05), the Cpax increased 1.66-fold (p < 0.05), and the T/, value decreased to 34.6% of the control
group (p < 0.05) (Table 5). These results suggest that continuous administration of galangin can inhibit
CYP2C13 enzyme activity in the rat liver, thereby slowing down drug metabolism.

2.4.4. Effect of Galangin on Rat Hepatic CYP3A1

Compared with the control group, the AUC_; value of the drug-time curve of midazolam in the
experimental group was significantly lower than that in the control group after 8 weeks of continuous
gavage with galangin. Compared with the control group, the AUC(_o, and Cpax values decreased by
0.42-fold (p < 0.05) and 17.21% (p < 0.01), respectively, while the Ty /; and CLz/F increased by 4.91-fold
(p < 0.05) and 2-fold (p < 0.05), respectively. These results suggest that continuous administration of
galangin can induce CYP3A1 enzyme activity in the rat liver and accelerate drug metabolism.

When taking drugs, such as macrolide antibiotics, antifungal agents, HMG-CoA reductase
inhibitors, benzodiazepines, proton pump inhibitors or calcium channel blockers, it is possible
to accelerate the metabolism of the corresponding medicines by consuming galangin or dietary
supplements containing galangin or Chinese herbal medicines at the same time, which may lead
to fluctuations in the therapeutic effect or increasing metabolite concentrations (causing adverse
reactions), which should be paid close attention to.

2.4.5. Effect of Galangin on Rat Hepatic CYP2C11, CYP2D4, and CYP2E1

Compared with the control group, the drug-time curves of diclofenac, dextromethorphan and
chlorzoxazone in the experimental group were similar to those in the control group after 8 weeks of
continuous gavage with galangin. Compared with the control group, the AUC_, Cmax, Tmax, CLz/F
and T/, values were not significantly different (p > 0.05), indicating that galangin had no significant
effect on the activities of CYP2C11, CYP2D4 and CYP2E1.

2.5. Effects of Galangin on Rat Liver CYP mRNA-Expression Levels

Flavonoids can activate the aromatic hydrocarbon receptor (AhR) [21], pregnane X receptor
(PXR) [22] and constitutive androstane receptor (CAR) [23], thereby inducing CYP1A, CYP2B and
CYP3A, and the corresponding CYP450 gene-expression level and protein-synthesis level are
up-regulated accordingly, thus showing an inductive effect. Some flavonoids [24] showed strong
cytotoxicity and inhibition, while some [24] had almost no effect on CYP gene-expression levels
and enzyme activities. Therefore, it is speculated that galangin also induces expression of the
CYP1A2, CYP2B1 and CYP3A1 genes by activating nuclear receptors. There are two main induction
mechanisms of metabolic enzymes: the first is related to nuclear receptor-mediated transcription,
and the second is related to mRNA or enzyme stability of mRNA after gene transcription. The mRNA
expression of tumor necrosis factor-« (TNF-a)and transforming growth factor-p1(TGF-B1)were
significantly increased in the fructose diet-fed rats, and galangin supplementation to fructose diet-fed
rats downregulated the expression of these genes [8]. Apart from its antioxidant action, galangin
has anti-inflammatory effects by affecting gene expression. This could be attributed to the fact that
flavones and hydroxyflavones can inhibit the phosphorylation of proteins involved in the signal
transduction [25].

Quantitative PCR was used to detect the effects of galangin on expression of the rat liver genes
CYP1A2, CYP2B3, CYP2C11, CYP2C13, CYP2D4, CYP2E1 and CYP3A1 (Figure 4). Compared with
the control group, the experimental group showed significantly increased expression of CYP1A2
and CYP2B3 gene (p < 0.01), which were up-regulated 2.54-fold and 1.68-fold in the experimental
group, respectively. However, continuous administration of galangin did not significantly affect the
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expression of CYP2D4, CYP2C11 or CYP2EL1 in rat livers (p > 0.05). Compared with the control group,
the expression levels of CYP2C13 and CYP3A1 in the experimental group were down-regulated by
0.59-fold (p < 0.05) and 0.46-fold (p < 0.05), respectively.

g

* %

[ Control Group
Galangin Group

Normalized Expression
n
-

Figure 4. Effect of galangin on mRNA expression of CYP450 in rats (n = 4). * p < 0.05 versus control,
** p < 0.01 versus control.

These quantitative PCR results were consistent with those of the cocktail method.
3. Materials and Methods

3.1. Chemicals and Reagents

Galangin (98.3% purity) was obtained from Nanjing Plant Origin Biological Technology
(Nanjing, China). Omeprazole (94.7% purity), chlorzoxazone (99.9% purity), and the IS
sulfamethoxazole (99.6% purity) were purchased from National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China). Dextromethorphan (98.4% purity) and
bupropion (98.3% purity) were supplied by Dalian Meilun Biotechnology (Dalian, China). Phenacetin
(98.5% purity) and diclofenac (98.5% purity) were purchased from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). Midazolam (98.5% purity), and methanol and formic acid (LC-MS grade) were
purchased from Sigma (St. Louis, MO, USA). Ultra-pure water was acquired from Wahaha Group Co.,
Ltd. (Hangzhou, China). Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) and used for reverse transcription. Quantitative reverse transcription-polymerase chain
reaction (PCR) analysis was performed with the ABI 7500 real-time PCR system (Applied Biosystems,
Foster City, CA, USA). A Total RNA Kit was purchased from Tiangen Biotech Co., Ltd. (Beijing, China).
PrimeScriptTM RT Master Mix was obtained from Takara Bio, Inc. (Kusatsu, Japan).

3.2. Animals and Experimental Design

Male Sprague Dawley rats (220-230 g, 8 weeks of age) were acquired from the Experimental
Animals Center of Hebei Medical University (Shijiazhuang, China, animal certificate number: SCXK
(Ji) 2018-003). The animal study was conducted based on the Guide for Care and Use of Laboratory
Animals published by the National Institutes of Health (NIH publication no. 85-23, revised in 1985).
Animals were maintained with ad libitum access to standard laboratory food (Diet composition: corn
starch 60.0 g/100 g, casein (fat free) 20.0 g/100 g, methionine 0.7 g/100 g, groundnut 0il 5.0 g/100 g,
wheat bran 10.6 g/100 g, salt mixture 3.5 g/100 g, vitamin mixture 0.2 g/100 g) [8] and water in a
breeding room with an ambient temperature 24 °C, a relative humidity of 60% and 12-h dark/light
cycle (lights on from 08:00 to 20:00).
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An 8 mg-kg~!-day~! dose of galangin [26] was selected as an optimum dose to improve the
antioxidant status and reduce hyperglycaemia in streptozotocin-induced diabetic rats. Twelve rats
were assigned randomly to two groups of 6 animals each, namely the blank control group (CON) and
the galangin-treated group (TRE). The CON group was treated with only 0.5% sodium carboxymethyl
cellulose (CMC-Na) for 8 weeks. The TRE group was intragastrically treated 8 mg-kg™!-day~! of
galangin by using a ball-tipped incubation steel needle placed on a graded disposable syringe for 8
weeks in succession.

3.3. Pharmacokinetic Study

Twenty-four hours after the last administration of galangin, a cocktail solution, which contained
phenacetin, diclofenac, dextromethorphan, midazolam (5 mg/kg), bupropion, omeprazole, and
chlorzoxazone (10 mg/kg) in 0.5% CMC-Na solution, were administered orally to all rats in each
group. Blood samples of each rat were collected from the posterior orbital veins at pre-dose (0 h), 0.08,
0.17,0.25,0.5,0.75,1, 2, 4, 6, 8, 12 and 24 h after oral administration. The blood samples (0.3 mL) were
immediately transferred to heparinized tubes. Then 100 uL plasma were prepared from blood samples
by centrifuging (4200 rpm, 15 min) and stored at —80°C until LC-MS/MS analysis.

3.4. Sample Preparation

Each 100 pL plasma sample was mixed with 20 uL of the IS working solution via vortexing for
1 min in a 1.5-mL centrifuge tube, after which 300 uL of methanol was added. Then, the resulting
solution was extracted via vortexing for 3 min.

After centrifuging at 15,000 rpm at 4 °C for 10 min, the organic phase was transferred to another
tube and evaporated to dryness under a gentle stream of N stream at 30 °C. The dried residue was
reconstituted in 100 uL of methanol and vortexed for 1 min before being transferred to an autosampler
vial for analysis. Drug and Statistics (DAS) software (version 3.2.4, Chinese Pharmacology Society,
Shanghai, China) was employed to analyse the pharmacokinetics parameters.

3.5. Preparation of Calibration Curves and Quality Control (QC) Samples

Stock solutions of phenacetin, bupropion, diclofenac, omeprazole, dextromethorphan,
chlorzoxazone, midazolam and the IS (each 100 p1g/mL) were individually prepared in methanol.

The calibration standards solutions were serially diluted with methanol by blank plasma to
concentrations of 1.006, 2.012, 10.06, 40.24, 402.4, 804.8, 1609.6 and 2414.4 ng/mL for phenacetin; 0.801,
2.034,20.34, 101.7, 203.4 and 406.8 ng/mL for bupropion; 1.01, 2.02, 20.2, 202, 404 and 808 ng/mL for
diclofenac; 1.015, 2.03, 10.15, 20.30, 203, 406 and 812 ng/mL for dextromethorphan; 1.287, 2.574, 12.87,
128.7,257.4 and 514.8 ng/mL for chlorzoxazone; and 2.005, 4.01, 40.1, 401, 1604, 4010 and 6416 ng/mL
for midazolam. The final concentration of the IS was 20 ng/mL.

QC samples were prepared by individually spiking blank rat plasma at three concentrations:
low, medium or high (2.012, 201.2 or 1609.6 ng/mL for phenacetin; 2.304, 20.34 or 203.4 ng/mL for
bupropion; 2.02, 20.2 or 202 ng/mL for diclofenac; 2.03, 20.3 or 406 ng/mL for omeprazole; 1.98,
9.9 or 99 ng/mL for dextromethorphan; 2.574, 12.87 or 257.4 ng/mL for chlorzoxazone; 4.01, 401 or
4010 ng/mL for midazolam). All solutions were prepared during the day prior to beginning the animal
study and stored at 4 °C until analysis.

3.6. LC-MS Analytical Conditions

Samples were analysed on an Agilent 1200 series HPLC system (Agilent Technologies, Foster City,
CA, USA), consisting of an autosampler, a degasser, a column compartment and a quaternary
solvent delivery system. HPLC separations were carried out on a Wonda Cract ODS-2 C18 column
(4.6 mm x 150 mm, i.d., 5.0 pm; SHIMADZU-GL, Kyoto City, Japan) at 25 °C. Linear gradient elution
was performed using methanol containing 0.1% (v/v) (A) and water containing 0.1% (v/v) formic
acid (B) as mobile phases, processed at a flow rate of 1.0 mL/min as follows: 0-11 min, 45% A;
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11-12 min, 45%-90% A (linear); 12-17.5 min, 90% A; and then back to the initial A:B ratio of 45:55 (v/v).
The injected volume for all samples was 10 uL.

For detection and quantification, MS detection was performed using an API 3200 Qtrap™ system
(AB SCIEX, Foster City, CA, USA) equipped with Turbo V sources and a turbo ion spray interface.
The ion spray voltages were set to 5500 V or —4500 V, the source temperature was maintained at
650 °C, the ion source gas (gas 1) pressure was 60 psi, the ion source gas (gas 2) pressure was 65 psi,
the curtain gas (nitrogen) pressure was 30 psi, the collision cell-exit potentials were 5.0/ —5.0 V, and the
entrance potentials were 10.0/—10.0 V. The MS instrument was operated in MRM mode. Two ions
were monitored for each molecule. The dwell time of each ion pair was held constant at 50 ms.
The declustering potential and collision energy of the quantitative-optimization mode for the probe
drugs and the IS sulfamethoxazole are described in Table 1. Analyst™ software (version 1.6.2 AB
SCIEX, Foster City, CA, USA) was used for data acquisition and processing.

3.7. Method Validation

The method-validation procedure was based on the Guidance for Industry Bioanalytical Method
Validation of the European Medicines Agency and the U.S. FDA [12]. Selectivity was determined
by analysing twelve blank plasma samples in MRM to check for signals that might interfere with
detection of the probe drug or the IS. In addition, two zero samples (blank samples including the IS)
were analysed.

Twelve analyte-free plasma samples from different sources were analysed and checked for peaks
interfering with the detection of the probe drug or the IS. The plasma samples did not contain any of
the analytes.

Calibration curves were constructed at the different concentration ranges with a weighted (1/x?)
least-squares linear regression, using the peak-area ratio (y) of each probe drug to that of the IS versus
the concentrations (x). The percent deviation of the relative error (RE) from the nominal concentration
(a measure of accuracy) and the relative standard deviation (RSD, a measure of precision) of the
concentration defined as the LLOQ (considered as the lowest calibration standard) had to be <20%.

The intra- and inter-day precision and accuracy of the method were evaluated with QC samples
and LLOQ samples at three different concentrations (six replicates each) on three consecutive days.
The criteria for acceptable data included an accuracy within +15% RE from the nominal values
and a precision of within £15% of the RSD. The RSD was acceptable if it was less than 20% of the
LLOQ concentration.

The extraction recovery was investigated by comparing the mean peak areas of six samples spiked
with low- and high-concentration QC samples for each probe drug before the extraction process with
those obtained from samples spiked after the extraction.

The matrix effect was calculated by comparing analytes spiked into blank plasma extracts with
the peak areas of the analytes in the mobile phase at an equivalent concentration.

The stability in plasma was evaluated by processing QC samples at three different concentrations
in different conditions; long-term stability was evaluated after storage at —80°C for 15 days; short-term
stability was evaluated after storage at room temperature for 2 h; freeze-thaw stability was evaluated
after three freeze-thaw cycles from —80 °C to room temperature; post-preparative stability was
evaluated by comparing QC samples analysed immediately after preparation and after 24 h at 4 °C or
at room temperature for 4 h.

3.8. Effects of Galangin on mRNA Expression of CYP Enzymes in Rats

Galangin-treated and control animals were euthanised via decapitation at 48 h after the last
administration (without fasting), after which livers were excised quickly, perfused with ice-cold
0.9% (w/v) sodium chloride to remove blood residue, weighted and stored at —80°C. Total RNA
was extracted from rat liver samples with the Trizol Reagent (Invitrogen) in accordance with the
manufacturer’s protocol. The RNA concentration was determined, and the quality of the isolated
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RNA was assessed based on the 260/280 nm absorbance ratio (1.8-2.0 indicates a highly pure sample).
Subsequently, 5 pg of RNA for each sample was reverse transcribed to cDNA using a PrimeScript™
RT Reagent Kit with gDNA Eraser (Kusatsu, Japan). The total RNA concentration of each reaction
was 45 pg/mL. The reverse transcription conditions were as follows: gDNA was removed from the
samples at 42 °C for 2 min, incubated at 4 °C for 10 min, reacted at 37 °C for 15 min, denatured at
85 °C for 5 s and held at 4 °C for 10 min. The obtained products were stored at —20°C. Reactions
were performed in a final volume of 10 uL, according to the protocol recommended for the Power
UpTM SYBR™ Green Master Mix Kit (Thermo Fisher Scientific, Vilnius, Lithuania). The amplification
conditions were as follows: UDG enzyme activation at 50 °C for 2 min, and initial denaturation at
95 °C for 2 min followed by denaturation at 95 °C for 15 s, annealing at 60 °C for 15 s, extension at
72 °C for 1 min. Forty cycles were carried out. The relative mRNA-expression levels in the control and
treated groups were calculated using the 2722CT method. In this study, GAPDH was selected as the
internal reference gene, and CYP1A2, CYP2B3, CYP2C11, CYP2C13, CYP2D4, CYP2E1, CYP3A1 and
GAPDH mRNA sequences were identified by searching National Center for Biotechnology Information
(NCBI) NCBI's Nucleotide database and some references. The sequences of the forward and reverse
primers are shown in Table 6.

Table 6. Sequences of primers for RT-PCR analyses.

CYPs Forward Primer Sequence Reverse Primer Sequence

1A2 GTCACCTCAGGGAATGCTGTG GTTGACAATCTTCTCCTGAGG
2B3 AGGACCCCGTCCCTTACC CCGGCCAGAGAAAGCCTC
2C11 CTGCTGCTGCTGAAACACG TTTCATGCAGGGGCTCCG
2C13 TGGTCCACGAGGTTCAGAGATACA  GGTTGGGAAACTCCTTGCTGTCAT
2D4 TGCGAGAGGCACTGGTGA CGTGGTCCAAAGCCCGAC

2E1 GACCTTTCCCTCTTCCCATCCTTG GTAGCACCTCCTTGACAGCCTTG
3A1 GGCAAACCTGTCCCTGTGAAAGA CTGGCGTGAGGAATGGAAAGAGT

GAPDH TGCTGAGTATGTCGTGGAG GTCTTCTGAGTGGCAGTGAT

3.9. Statistical Processing Method

The data were analysed using SPSS software, version 21.0 (SPSS InC., Chicago, IL, USA).
The pharmacokinetic parameters were calculated using DAS software, version 3.2.4 (version 3.2.4,
Chinese Pharmacology Society, Shanghai, China). The average drug-time curves were drawn
using GraphPad prism 7.0.0 software for Windows (GraphPad Software Inc., La Jolla, CA, USA).
The parameters of the drug-treated groups were compared with those of the blank-control group using
a t test and the non-parametric rank-sum test. A p-value < 0.05 was considered to reflect a statistically
significant difference.

4. Conclusions

Enzyme induction and inhibition have significant effects on the drug treatment of galangin,
especially the combination of drugs. When galangin is combined with drugs mainly metabolised
by the CYP1A2 and CYP2B3 enzymes, the blood concentrations of these drugs may be reduced.
When galangin is combined with drugs mainly metabolised by the CYP2C13 and CYP3A1 enzymes,
the metabolism of these drugs will be slowed down, the active time will be prolonged, and the
pharmacological activity or toxic side effects will be enhanced. The results of this study may provide
more reliable experimental data and scientific explanations for the rational clinical application of
related herbal (dietary supplement)-drug interactions.
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Abstract: Furosine (N®-(2-furoylmethyl)-L-lysine) is formed during the early stages of the Maillard
reaction from a lysine Amadori compound and is frequently used as a marker of reaction progress.
Furosine is toxic, with significant effects on animal livers, kidneys, and other organs. However, reports
on the formation of furosine in processed velvet antler are scarce. In this study, we have quantified
the furosine content in processed velvet antler by using UPLC-MS/MS. The furosine contents of
velvet antler after freeze-drying, boiling, and processing without and with blood were 148.51-193.93,
168.10-241.22, 60.29-80.33, and 115.18-138.99 mg/kg protein, respectively. The factors affecting
furosine formation in processed velvet antler, including reducing sugars, proteins, amino acids, and
process temperature, are discussed herein. Proteins, amino acids, and reducing sugars are substrates
for the Maillard reaction and most significantly influence the furosine content in the processed velvet
antler. High temperatures induce the production of furosine in boiled velvet antler but not in the
freeze-dried samples, whereas more furosine is produced in velvet antler processed with blood,
which is rich in proteins, amino acids, and reducing sugars, than in the samples processed without
blood. Finally, wax slices rich in proteins, amino acids, and reducing sugars produced more furosine
than the other parts of the velvet antler. These data provide a reference for guiding the production of
low-furosine velvet antler and can be used to estimate the consumer intake of furosine from processed
velvet antler.

Keywords: affecting factors; amadori compound; furosine; Maillard reaction; velvet antler processing

1. Introduction

Velvet antler is an important ingredient in traditional Chinese medicine that has been used
for thousands of years in China, Korea, and Southeast Asian countries [1-3]. Velvet antler
contains anti-oxidants and other compounds associated with immunity, anti-osteoporosis, and other
pharmacological effects [4—6]. Fresh velvet antler is rich in blood, amino acids, and proteins, and is
highly susceptible to spoilage if it is not processed promptly. Based on current processing methods and
consumption patterns, velvet antler is mainly boiled or freeze-dried. It can be processed with or without
blood and separated into wax, powder, gauze, and bone slices by segmentation. The various velvet
antler processing techniques have different impacts on the bioactive components and pharmacological
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activities [4-6]. Therefore, the processing conditions are crucial for the resulting composition of the
velvet antler.

Velvet antler is rich in amino- and carbonyl-containing compounds, which can produce advanced
glycation end products (AGEs) via the Maillard reaction during processing [7]. Some AGEs have
been associated with a variety of diseases, including diabetes, Alzheimer’s disease, atherosclerosis,
renal dysfunction, and aging [8-17]. Our group has reported the content of N¢-(carboxymethyl) lysine
(CML) and N¢-(carboxyethyl) lysine (CEL) in different parts of velvet antler, processed by using
different methods [18]. The contents of CML and CEL in boiled velvet antler and samples processed
with blood were significantly higher than those in freeze-dried velvet antler and samples processed
without blood, indicating that different processing methods can significantly affect the degree to which
the Maillard reaction occurs. However, pre-treatment methods for CML and CEL in processed velvet
antler are cumbersome and the compounds have no UV absorption or fluorescence characteristics,
thereby necessitating LC-MS analysis [19-21].

Furosine (N®-(2-furoylmethyl)-L-lysine or N6-[2-(2-furanyl)-2-oxoethyl]-L-lysine, C1,H;gN,Oy,
Mw 254.12, FML) is a product of lysine Amadori compounds, its formation pathway, which is a part of
the early stages of the Maillard reaction, as shown in Figure 1 [22]. Furosine can further react to form
AGEs and can be used as a marker of Maillard reaction progress [23]. Li et al. [24] showed that furosine
has strong toxic effects on animal livers, kidneys, and other organs. High doses of furosine cause
adverse effects on health by inducing cell apoptosis and activation of inflammatory necrosis. Furosine
has maximum UV absorption at 280 nm and is easily detected. However, furosine is a trace substance
in foods and drugs. As LC-MS has better sensitivity and selectivity than UV measurements, LC-MS is
now usually used to detect furosine in foods and drugs [19]. Furosine has been used to evaluate the
shelf life and freshness of foods, including milk and honey [25,26]. However, data regarding furosine in
processed velvet antler have not been reported to date. The furosine content in processed velvet antler
is significantly influenced by the matrix and processing conditions [27,28]. Therefore, information
regarding the furosine content in processed velvet antler is required to evaluate the quality of processed
velvet antler.
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Figure 1. Reaction pathway for conversion of glucose and lysine into furosine via the Maillard reaction.

This study was performed to determine the furosine content in processed velvet antler by
UPLC-MS/MS and to explore the factors affecting the content by measuring the contents of furosine,
amino compounds (proteins and amino acids), and carbonyl compounds (reducing sugars) in different
parts of the velvet antler, processed using various methods. In addition, the conditions affecting the
production of furosine in the Maillard reaction during processing were analyzed. This study provides
a solid theoretical basis for improving the processing technology of velvet antler and for controlling the
degree of processing and production of furosine. This study also provides a reference for consumers to
control their furosine intake from processed velvet antler.
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2. Results and Discussion

2.1. Sample Pre-Treatment and Chromatography Conditions

Preparation of the velvet antler samples consisted of processing, segmenting, grinding, hydrolysis,
and solid-phase extraction (SPE). Unlike the sample pre-treatment for CML and CEL, the pre-treatment
method for detecting furosine does not involve defatting or reduction and is relatively simple.
The samples were subjected to SPE by using a C18 Sep-Pak® cartridge (Sepax technology, Cork,
Ireland; 500 mg, 6 mL) to remove impurities.

Furosine is a highly polar compound and is not well retained by most reversed-phase columns.
Researchers have usually analyzed furosine by using a C18 column with nonafluoropentanoic
acid (NFPA) and trifluoroacetic acid (TFA) as eluents to improve peak patterns and reduce tailing.
However, NFPA and TFA can result in poor mass spectra and reduce the service life of the
instrument [29]. To avoid using NFPA and TFA, we developed a UPLC-MS/MS method to separate
furosine with an Acquity HSS T3 UPLC column. The HSS T3 column is a reverse-reverse column with
excellent retention of highly polar compounds, relative to other commonly used columns. It relies
on ion exchange and hydrophobic interactions between the stationary phase and furosine to achieve
separation. In comparison with the HILIC column, the HSS T3 column stationary phase is compatible
with 100% water and has a wider elution range. The elution effects of methanol and acetonitrile were
assessed by using acetonitrile/water (80:20 v/v) and methanol/water (80:20 v/v) mixtures as mobile
phases, with a flow rate of 0.3 mL/min. In comparison with the chromatograms obtained by using a
methanol mobile phase, UPLC-MS chromatograms obtained by using water and acetonitrile as eluents
yielded better spectrum peak symmetries and fewer miscellaneous peaks.

The UPLC-MS chromatograms of the furosine standard and a sample of powder slices of boiled
velvet antler are shown in Figure 2a,b. In the Supplementary Materials, we provide a UV determination
of furosine standards and powder slices of boiled velvet antler samples. The same retention time,
UV measurement, and total ion chromatograms for furosine in the processed velvet antler samples
were consistent with those of the furosine standard and no peak interference was observed.

2.2. Method Validation

The developed method was validated by assessing the furosine content in processed velvet antler
samples and considering the resulting selectivity, linearity, precision, and accuracy. Figure 2c shows
the fragmentation pattern of furosine, with three major product ions at m/z 84, 130, and 192, with the
most intense peak at 11/z 130. The three product ions were used for quantitation in multiple reaction
monitoring (MRM) mode. Figure 2e shows the assignment of the furosine fragmentation pattern.

The correlation coefficient (R?) of furosine was >0.9998 and the linear range (20-3500 ng/mL) was
sufficiently wide to assess the furosine content in the processed velvet antler samples. The reference
solution was diluted stepwise with ultrapure water. The limit of detection (LOD) and limit of
quantitation (LOQ) were defined as the concentrations at which the signal-to-noise ratios of the
furosine peak were 3 and 10, respectively. The LOD and LOQ values for furosine were 1.9 ng/g and
5.7 ng/g, respectively.

The processed velvet antler samples were extracted in triplicate and analyzed by using the
developed UPLC-MS/MS method. The relative standard deviations of the intra-day and inter-day
precision for furosine were 3.12 and 4.28%, respectively. The coefficients of variation obtained from
the reproducibility tests were <5%. The recoveries of exogenous furosine added to the velvet antler
samples were determined at three concentrations (low, intermediate, and high, corresponding to
30, 300, and 3000 ng/mL, respectively). Recovery experiments were performed five times for each
concentration, affording values ranging from 93.22 to 95.43%.
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Figure 2. Total ion chromatograms and selected ion intensities for the furosine standard (a) and a
sample of powder slices of boiled velvet antler (b). Mass spectrum fragmentation pattern of the furosine
standard (c) and a sample of powder slices of boiled velvet antler (d). Assignment of the fragmentation

pattern of the furosine standard (e).
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2.3. Furosine Content in the Processed Velvet Antler

The furosine contents in the different parts of the velvet antler processed by using various methods
are shown in Table 1. The furosine contents in the freeze-dried and boiled velvet antler samples were
148.51-193.94 and 168.10-241.22 mg/kg protein, respectively, whereas they were 60.29-80.33 and
115.18-139.88 mg/kg protein for the processed velvet antler without blood and with blood, respectively.
These results suggest that the processed velvet antler protein is glycosylated to a considerable extent
relative to that in processed foods, such as milk (150-300 mg/kg protein) [30] and processed meat
(120 mg/kg protein) [31]. Comparing the contents of furosine, CML, and CEL in different parts of
velvet antler processed by various methods [18], we found that the content of furosine in processed
velvet antler is between that of CML and CEL. In other words, the CML content is the highest,
the furosine content is second, and the CEL content is the lowest in the processed velvet antler.

Table 1. Furosine contents in the processed velvet antler, expressed per mg/kg protein, mg/kg,
and mmol/mol lysine (X & SD, n = 3).

Processing Methods Parts mﬁri?:if\ﬂ:g mm:}l]:ilr\:leLl{mol mg FML/kg
wax slices 193.94 +£1.21 0.53 £0.14 138.77 £ 1.78

powder slices 155.05 £ 1.43 0.50 £ 0.09 88.56 £ 1.84

freeze-dried gauze slices 154.69 £ 1.19 0.49 £0.21 81.58 £1.23
bone slices 153.68 & 1.98 0.50 £ 0.16 7535+ 1.42

entire 148.51 £ 1.85 0.47 4+ 0.20 84.54 + 1.53

wax slices 241.22 +£2.13 0.79 +0.23 155.35 + 1.68

powder slices 226.21 +1.98 0.67 £ 0.22 137.27 £1.72

boiled gauze slices 202.98 4 1.84 0.62 £0.19 109.59 £ 1.66

bone slices 155.02 £ 1.78 0.57 +0.24 79.26 £+ 2.03

entire 168.10 £ 1.22 0.56 + 0.26 102.54 +£1.22

wax slices 80.33 & 1.25 0.26 £0.12 64.11 £ 2.04

powder slices 61.65 +1.31 0.20 £0.14 3496 £ 1.75

processed without blood gauze slices 49.26 +1.43 017 +£0.21 29.01 £2.10
bone slices 50.35 +1.13 0.17 +0.19 27.24 +1.45

entire 60.29 £+ 1.46 0.25+0.17 34.02 +1.58

wax slices 139.88 +1.87 0.44 +0.22 106.62 £+ 1.95

powder slices 126.42 +1.54 0.42 £0.19 83.89 £ 1.63

processed with blood gauze slices 122.46 + 1.44 0.41£0.25 7525+ 1.39
bone slices 129.15 £ 1.32 0.35+0.17 64.13 £ 1.88

entire 11518 £2.13 0.38 +0.14 68.24 +£1.21

2 Data were calculated using the protein contents quantified by combustion method. ® Data were calculated using
the amino acid concentration in the acid hydrolysates, quantified by an amino acid analyzer.

The furosine contents of the freeze-dried velvet antler were significantly lower than those of the
corresponding parts of the boiled samples (p < 0.01). This suggests that the processing temperature
can significantly affect the formation of furosine. High-temperature processing increased furosine
production, whereas the high content in the freeze-dried velvet antler was endogenous. The furosine
contents of the velvet antler processed without blood were significantly lower than those of the
corresponding parts processed with blood (p < 0.01). This may be because the velvet antler processed
without blood underwent physical centrifugation to remove the blood. Blood contains many reducing
sugars, amino acids, and proteins that can generate furosine during processing. The wax slices
exhibited the highest furosine content, whereas the bone slices showed the lowest content. Closer to
the top of the antler, more protein, lysine, and reducing sugars were present; these are the precursors
of furosine [32,33].

In summary, by comparing the furosine contents in the various parts of velvet antler processed
with different methods, we discovered that the furosine contents of freeze-dried velvet antler processed
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without blood were lower than those of the corresponding parts of boiled velvet antler processed
with blood. Wax pieces were more likely to contain furosine than other parts of the velvet antler.
Comparing the furosine, CML, and CEL contents in processed velvet antler, we found that the effects
of the different processing methods and different parts on the furosine contents in processed velvet
antler are similar to those for the CML and CEL contents [18]. Therefore, furosine can be considered as
a marker for evaluating the degree of the Maillard reaction and AGE content in processed velvet antler.

2.4. Factors Influencing the Furosine Content in the Processed Velvet Antler

The differences in furosine contents between various parts of the velvet antler processed
with different methods arise from the occurrence of different degrees of the Maillard reaction.
Factors influencing the Maillard reaction include the carbonyl (reducing sugars) and amino
(amino acids, proteins) contents, as well as the processing temperature [27,28,34]. Therefore, further
investigation of the above-mentioned molecules was performed for different parts of the velvet antler
samples processed with the various methods.

2.4.1. Protein and Amino Acid Contents in the Processed Velvet Antler

The protein content of the processed velvet antler samples was determined by using the Dumas
combustion method and the related results are shown in Table 2. The protein contents of wax, powder,
gauze, and bone slices of the freeze-dried velvet antler were 49.03-81.56%. The protein contents of the
boiled velvet antler ranged from 51.13 to 81.25%. For the samples processed without and with blood,
the protein contents were 54.11-79.81% and 49.65-82.09%, respectively.

Table 2. Protein, total amino acids, and lysine contents in the processed velvet antler (x & SD, n = 3).

Total Amino

Processing Methods Parts Protein/% Acids/g/100 g Lysine/g/100 g
wax slices 81.56 + 0.04 88.64 +3.30 5.87 +£0.20
powder slices 57.12 +0.03 62.51 +1.84 3.96 £0.11
freeze-dried gauze slices 52.74 +0.10 61.75 £ 0.90 3.76 £ 0.03
bone slices 49.03 £+ 0.25 58.20 +1.17 3414021
entire 56.93 £+ 0.34 68.00 £ 1.23 4.02+0.13
wax slices 81.25 £ 0.12 87.48 £1.78 5.67 +0.22
powder slices 58.11+0.18 62.29 +0.82 3.92£0.14
boiled gauze slices 53.99 + 0.33 60.97 £+ 0.28 3.69 +0.10
bone slices 51.13 £0.25 55.62 & 1.74 3.15+0.12
entire 60.99 £ 0.44 67.59 £ 1.82 4.09 +£0.29
wax slices 79.81 £ 0.09 86.74 £ 0.18 5.56 + 0.11
powder slices 56.69 + 0.11 66.65 + 0.74 4.014+0.09
processed without blood gauze slices 58.88 + 0.31 62.3540.48 3.76 £0.11
bone slices 54.11 £0.24 52.34 £0.72 3.01 £ 0.12
entire 56.43 £ 0.28 63.55 £ 0.82 3.58 £+ 0.15
wax slices 82.09 £ 0.74 91.02 £ 0.46 5.66 £ 0.12
powder slices 61.49 £ 0.33 74.06 £ 0.34 4.81 +0.02
processed with blood gauze slices 6145+ 0.41 66.94 + 0.49 4.26 +0.07
bone slices 49.65 £ 0.56 61.06 £ 0.46 3.48 £ 0.15
entire 59.25 £ 0.35 64.31 £ 0.56 4.03 +£0.17

No significant differences (p > 0.05) in protein contents were observed between the same parts of
the freeze-dried and boiled velvet antler samples. In addition, the parts of the processed velvet antler
with blood showed a significantly higher protein content than those processed without blood (p < 0.05).
This is because the blood (which contains protein) was removed from those samples processed without
blood. Significant differences in protein contents between the different parts of the processed velvet
antler were observed. The wax slices exhibited significantly higher protein contents than the other
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parts (p < 0.01). This is probably because the wax slices from the antler tip contain an increased amount
of meristem tissue, which promotes protein expression [33].

The protein contents of the samples processed with blood are higher than those processed without
blood and the protein contents of the wax slices are higher than those of the other parts. Since protein
is a substrate for the Maillard reaction, the furosine contents in the samples processed with blood are
significantly higher than those in the same parts processed without blood and the furosine contents in
the wax slices were significantly higher than those of the other parts.

An automatic amino acid analyzer was used to determine the contents of seventeen amino acids
in the various parts of velvet antler processed using different methods. The results of the total amino
acid and lysine analyses are summarized in Table 2 and the specific content of all seventeen amino
acids is provided in the supplementary material.

The total amino acid and lysine contents in boiled velvet antler were slightly lower than
those observed in the same parts of the freeze-dried velvet antler. Heat treatment exacerbates the
consumption of amino acids by the Maillard reaction, resulting in significantly higher furosine contents
in the boiled velvet antler than those in the corresponding parts of freeze-dried velvet antler. The total
amino acid and lysine contents in the samples processed with blood are slightly higher than those
processed without blood. The blood in the samples is preserved during the processing and contains
a large amount of amino acids, providing a sufficient amount of substrate for the Maillard reaction.
Therefore, the furosine contents in the samples processed with blood are significantly higher than
those of the corresponding parts processed without blood.

The total amino acid and lysine contents in the various parts of the velvet antler differed
significantly. The total amino acid and lysine contents of the wax slices were significantly higher those
of the other parts (p < 0.01). No significant differences were observed between the powder, gauze,
and bone slices (p > 0.05). This is probably the result of the wax slices from the antler tip containing
more meristem tissue, which increases amino acid demand. Wax slices contain more Maillard reaction
substrate amino acids and, therefore, produce more furosine than the other parts.

2.4.2. Reducing Sugar Content in the Processed Velvet Antler

The reducing sugar content of the processed velvet antler was determined by using
pre-column-derivatization UPLC. The related chromatogram is shown in Figure 3 and the values are
listed in Table 3. Eight monosaccharides were detected in the various parts of velvet antler processed
with different methods, namely mannose, glucosamine, ribose, glucuronic acid, galacturonic acid,
aminogalactose, glucose, and galactose.

The reducing sugar contents of the freeze-dried velvet antler were significantly higher than those
of the corresponding parts of the boiled velvet antler (p < 0.05). High temperatures promote the
Maillard reaction, so the sugars were consumed to produce furosine. The reducing sugar contents
of the samples processed without blood were significantly lower than those of the corresponding
parts processed with blood, except for the glucosamine and amino galactose contents (p < 0.05).
Blood contains large amounts of carbohydrates and its removal by centrifugation decreases the
reducing sugar content. Therefore, the samples processed without blood contain less reducing sugar
and produce less furosine than the corresponding samples processed with blood.

The wax slices contained significantly higher amounts of reducing sugar than the other parts
(p < 0.01). The reducing sugar contents in the powder, gauze, and bone slices were gradually reduced
(p < 0.05). The reason for this is the different amounts of cartilage tissue in the various parts of the
velvet antler and the different requirements for sugars [33]. As a consequence of the differential
distribution of the Maillard reaction substrates, the furosine content varied in the different parts of the
processed velvet antler.

In summary, differences in the furosine content of various parts of velvet antler processed using
different methods are caused by the combined effects of reducing sugars, amino acids, proteins, and
processing temperature.
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Figure 3. Chromatograms of the eight monosaccharides in (a) the mixed standard and (b) gauze
slices of freeze-dried velvet antler. Peak numbers 1-9 represent 1-phenyl-3-methyl-5-pyrazolone,
mannose, glucosamine, ribose, glucuronic acid, galacturonic acid, aminogalactose, glucose,
and galactose, respectively.
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3. Materials and Methods

3.1. Materials

Furosine and TFA were purchased from Sigma—Aldrich (San Francisco, CA, USA). Mannose,
glucosamine, ribose, glucuronic acid, galacturonic acid, aminogalactose, glucose, and galactose were
purchased from Yuan-ye Biotechnology Co., Ltd. (Shanghai, China). The purity of these reagents was
>99%. A total of 17 amino acid standards, ninhydrin (NIN), and a citric acid buffer solution were
purchased from Hitachi Inc. (Hitachi Co., Osaka, Japan). HPLC-grade acetonitrile was purchased
from Fisher Scientific (Waltham, MA, USA), and C18 Sep-Pak® SPE tubes were purchased from Sepax
(Sepax technology, Cork, Ireland). Ultrapure water was obtained by using a super-pure water system
(Sichuan, China). All other reagents used in this study were of analytical grade and were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Beijing, China).

3.2. Sources and Preparation of the Velvet Antler

Velvet antler (Cervi cornu pantotrichum) was collected in Shuangyang, Jilin Province (China) and
was identified by Dr. C.Y. Li from the Chinese Academy of Agricultural Sciences Institute of Special
Animal and Plant Sciences.

3.3. Preparation of the Different Processed Velvet Antler Slices

According to the classification of commercially available velvet antler, samples that were boiled,
freeze-dried, processed with blood, and processed without blood were chosen for this study. A total
of six pairs of velvet antler samples were randomly selected to be processed with blood and without
blood, for comparison, and another six pairs were randomly selected and processed by boiling and
freeze-drying. The boiled velvet antler was boiled for 1 min in boiling water and then baked at a high
temperature (75 °C) for 2 h. This operation was repeated several times until dryness was achieved.
The freeze-dried velvet antler was directly frozen to dryness. The velvet antler processed without
blood was prepared by removing the blood by physical centrifugation, whereas no blood removal was
performed for the samples processed with blood. The blood content in velvet antler processed with
blood is about 8% by measurement.

Three pairs of boiled and freeze-dried velvet antler samples and three pairs of velvet antler
processed with and without blood were randomly selected and crushed whole for subsequent analysis.
The remaining six pairs of velvet antler were divided into wax, powder, gauze, and bone slices,
on the basis of their morphological and microscopic characteristics (Figure 4) [34]. These parts were
segmented, sliced, crushed, sieved, bagged, and labelled for analysis.

Wax

_— slices

Powder
slices

Gauze
slices
Bone
slices

Figure 4. Schematic diagram of different parts of processed velvet antler. The processed velvet antler
was divided into wax slices (a), powder slices (b), gauze slices (c), and bone slices (d) on the basis of
morphological and microscopic characteristics.
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3.4. Sample Preparation

Pieces of processed velvet antler samples equivalent to 30 mg were mixed with 8 M hydrochloric
acid (HCI) and incubated at 110 °C for 24 h. The diluted acid hydrolysate (equivalent to approximately
600 pg of protein) was dried under a nitrogen stream at 70 °C by using a pressured gas-blowing
concentrator. The dried hydrolysate was then dissolved in 1 mL of ultra-pure water and solid-phase
extracted by using a C18 Sep-Pak® (Sepax Technology, Cork, Ireland) cartridge (500 mg, 6 mL).
The SPE column was pre-treated with 3 mL of methanol and 0.1 M TFA at a flow rate of 1 mL/min.
The sample was loaded onto the pre-treated SPE column washed with 6 mL of 0.1 M TFA. Finally,
the sample was eluted with 3 mL of methanol at a flow rate of 0.5 mL/min. The eluate was dried by
freezing, re-dissolved in 1 mL of ultra-pure water, and filtered through a 0.22-pum membrane prior to
UPLC-MS/MS analysis.

3.5. Quantification of Furosine

The furosine concentration in the hydrolysates was determined by UPLC-MS/MS [35].
Briefly, the protein hydrolysates (2 ug protein, 3 pL) were injected into an Acquity HSS T3 UPLC
column (2.1 x 100 mm, 1.8 um) housed in a column oven at 40 °C and operated in gradient-elution
mode. Solvent A was water and solvent B was acetonitrile. Gradient elution began at 80% solvent B for
1 min, followed by a linear gradient from 80% to 30% solvent B over 1.5 min, holding at 30% solvent B
for 0.5 min, and then returning to 80% solvent B for 1 min. Analysis was performed by using a Waters
Acquity UPLC instrument (Waters, Manchester, UK) coupled to a triple-quadrupole MS operating in
MRM mode at a flow rate of 0.3 mL/min. The MS instrument was operated in electrospray-ionization
positive mode. The optimized MRM conditions are listed in Table 4. The furosine was quantified by
using a pure standard and by reference to an external standard calibration curve. The data are reported
as the mean = standard deviation of triplicate experiments. The furosine content in the samples was
expressed as pumol/mmol lysine, ug/g protein, and ug/g sample.

Table 4. UPLC-MS settings for multiple reaction monitoring (MRM).

Compound Precursor ProductIon  Cone Voltage Collision Dwell Time
P Ton (m/z) (m/z) V) Energy (ev) (ms)
255 192 25 15 36
furosine 255 130 25 15 36
255 84 25 25 36

3.6. Protein Content Analysis

The protein content of the processed velvet antler was determined by using a Dumas nitrogen
analyzer (Velp NDA 701-Monza, Brianza, Italy) according to a previously described method,
with minor modifications [29]. The total nitrogen content was converted into the protein content
by using a conversion factor of 6.25. The operating conditions of the NDA instrument were as follows:
O, gas at 400 mL/min, He gas at 195 mL/min, combustion reactor at 1030 °C, reduction reactor at
650 °C, and pressure of 88.1 kPa.

3.7. Amino Acid Content Analysis

An amino acid analyzer (L-8900 System; Hitachi Co., Osaka, Japan) equipped with a visible
light detector was used for amino acid analysis. Analytical 2622# (4.6 x 60 mm) and guard 2650#
(4.6 x 40 mm) columns were used for the determination of 17 amino acids. Immediately after
injection of the sample into the columns, an auto-sampler was used for in-line derivatization by
NIN post-column derivatization. NIN-derivatized proline was detected at 440 nm and the other amino
acids were detected at 570 nm. Standards of the 17 amino acids were used for identification and
quantification (external standard method) and their contents were expressed as g/100 g of processed
velvet antler.
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3.8. Reducing Sugar Content Analysis

The reducing sugars in the processed velvet antler samples were measured with UPLC by using
the method reported by Teixeria et al. [36], with minor modifications. The velvet antler samples
were boiled with ultra-pure water for 2 h and the reaction was performed with 1 mL of the extract,
0.5mL of 0.3 M NaOH, and 0.5 mL of 0.3 M 1-phenyl-3-methyl-5-pyrazolone derivatization solution.
The reaction mixture was heated in a water bath at 70 °C for 30 min, 0.5 mL of 0.3 M HCl was added
to terminate the reaction, and the resultant solution was filtered through a 0.22 um membrane prior to
UPLC analysis. A UPLC instrument equipped with an Acquity UPLC BEH C18 column (100 x 2.1 mm,
1.7 pm) was used. Solvent A was 0.1 M phosphate buffer (pH 7.0) and solvent B was acetonitrile,
with a gradient elution of 18% solvent B for 10 min, and a flow rate of 0.3 mL/min. The injection
volume was 2 uL and the detection wavelength was 254 nm.

4. Conclusions

In the future, analysis of velvet antler and other biological samples from horny drugs, such as
nails [37,38], will be a widespread concern. In this study, we established a method for the detection of
furosine content in processed velvet antler, which was used for actual sample detection and evaluation
of the degree of the Maillard reaction in processed velvet antler. The furosine contents in boiled velvet
antler were significantly higher than those in freeze-dried samples. Velvet antler processed with blood
exhibited significantly higher levels of furosine than the corresponding parts processed without blood.

Velvet antler boiled at high temperatures produced more furosine than the samples freeze-dried
at low temperatures. The contents of Maillard reaction substrates, that is, carbonyl (reducing sugars)
and amino (amino acids, proteins) compounds, were determined. The differing contents of these key
molecules are the main reason behind the observed differences in furosine contents. For the same parts
of processed velvet antler, boiling led to a certain amount of lysine and reducing sugars being consumed
to produce more furosine than that in the freeze-dried samples. The samples processed with blood
contained more proteins, amino acids, and reducing sugars than those processed without blood, which
promoted furosine formation. Similarly, the wax slices contained more proteins, lysine, and reducing
sugars and, thus, produced more furosine than the other parts of the velvet antler. The differences
in furosine content between the various velvet antler parts, processed by using different methods,
were a result of the combined action of the reducing sugars, amino acids, and proteins, as well as the
processing temperature.

These data can be used to evaluate the degree of Maillard reaction that has occurred in processed
velvet antler samples and can guide the production of low-furosine velvet antler for consumers through
optimized processing. In addition, these data can also be used to estimate the furosine intake from
velvet antler and educate consumers about how to reduce their furosine intake.

Supplementary Materials: The supplementary materials are available online.
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Abstract: Brazilian green propolis is a complex mixture of natural compounds that is difficult to
analyze and standardize; as a result, controlling its quality is challenging. In this study, we used the
positive and negative modes of ultra-performance liquid chromatography coupled with electrospray
ionization quadrupole time of flight mass spectrometry in conjunction with high-performance liquid
chromatography for the identification and characterization of seven phenolic acid compounds in
Brazilian green propolis. The optimal operating conditions for the electrospray ionization source were
capillary voltage of 3500 V and drying and sheath gas temperatures of 320 °C and 350 °C, respectively.
Drying and sheath gas flows were set to 8 L/min and 11 L/min, respectively. Brazilian green propolis
was separated using the HPLC method, with chromatograms for samples and standards measured at
310 nm. UPLC-ESI-QTOF-MS was used to identify the following phenolic compounds: Chlorogenic
acid, caffeic acid, isochlorogenic acid A, isochlorogenic acid B, isochlorogenic acid C, caffeic acid
phenethyl ester (CAPE), and artepillin C. Using a methodologically validated HPLC method, the
seven identified phenolic acids were then quantified among different Brazilian green propolis. Results
indicated that there were no significant differences in the content of a given phenolic acid across
different Brazilian green propolis samples, owing to the same plant resin sources for each sample.
Isochlorogenic acid B had the lowest content (0.08 + 0.04) across all tested Brazilian green propolis
samples, while the artepillin C levels were the highest (2.48 + 0.94). The total phenolic acid content
across Brazilian green propolis samples ranged from 2.14-9.32%. Notably, artepillin C quantification
is an important factor in determining the quality index of Brazilian green propolis; importantly, it has
potential as a chemical marker for the development of better quality control methods for Brazilian
green propolis.

Keywords: Brazilian green propolis; phenolic acids; UPLC-ESI-QTOF-MS; HPLC; quantitation;
methodological verification

1. Introduction

Propolis is a type of fragrant, gelatinous substance obtained by bees collecting the bud secretions
and resins of pine trees, poplars, and other plants. After collection, propolis forms from the mixing
of these secretions and resins with beeswax and its parotid secretions [1]. Studies have shown that
propolis has a wide range of beneficial biological effects, including antibacterial, anti-inflammatory,
anti-viral, anti-tumor, and anti-oxidative properties, as well as the ability to regulate blood lipids and
blood sugar. As a result, it has gradually become a hot spot in nutrition research [2].
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The propolis deriving from Southeastern Brazil is known as green propolis, owing to both its
color and the most important botanical source of propolis: Baccharis dracunculifolia (Asteraceae) [3,4].
The composition of propolis is complex and may be affected by plant strain and the geographical
environment of the collection; in turn, this complexity is closely related to ultimate biological
properties. According to the current literature, there are at least 300 compounds of Brazilian green
propolis [5]. Within these, phenolic acids (e.g., caffeic, ferulic, p-coumaric, and cinnamic acids)
are its main compounds [6-9]. Recent years have seen increasing research on the pharmacological
activity of propolis, which as driven expansion in its market scale. Advances in the identification and
characterization of phenolic compounds are expected to provide reliable quality control metrics for
Brazilian green propolis. More specifically, characterization of a single phenolic acid obtained from
Brazilian green propolis is important for the selection and production of a bee product that has the
highest possible levels of health-promoting compounds.

In recent years, global efforts have been made using different analytical methods to
characterize phenols in propolis. Among these, high-performance liquid chromatography (HPLC)
combined with mass spectrometry (MS), ultraviolet spectroscopy (UV), or photodiode array
detection remain the most important analytical methods [10-13]. liquid chromatography- mass
spectrometry (LC-MS) is a powerful method for the analysis of natural compounds. Given their
high sensitivity and accuracy, MS analytical methods offer the potential to discover new
secondary components that are difficult to obtain using conventional approaches. More detailed
structural information can also be obtained by facilitating the use of tandem mass spectrometry
(MS/MS), which allows for the identification of unknown compounds; critically, this identification
can occur even without reference to standards [14]. For example, 40 kinds of Portuguese
propolis ethanol extracts were extensively analyzed using liquid chromatography (LC), in which
diode array detection was combined with electrospray ionization tandem mass spectrometry
(LC-DAD-ESI-MS) [15]. The polyphenol fraction of propolis was characterized rapidly and qualitatively
by chromatographic electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS). The most
recent method of HPLC-MS technology is that twelve compounds with antioxidant activities
were identified in fermented A. dahurica (FAD) by an high-performance liquid chromatography
method coupled with photodiode array detection and electro spray ionization ion trap-time of
flight mass spectrometry and 2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (HPLC-PDA-Triple-TOF-MS/MS-ABTS) method [16]. In the present study, high-efficiency,
ultra-performance liquid chromatography (UPLC) was combined with HPLC. This combined approach
was easy for methodological development in the context of research on phenolic acids in propolis.
Importantly, there have been few reports thus far regarding either the use of UPLC-ESI-QTOF-MS to
identify phenolic compounds in Brazilian green propolis or the use of HPLC to determine the exact
content of identified phenolic acid compounds.

Over the past decade, the increased use and demand for propolis in a variety of products has
made its effective quality control a pressing issue. In this study, we present the results of extensive
research on phenolic compounds obtained from different Brazilian green propolis samples obtained
from different manufacturers. These compounds were identified using accurate-mass, UPLC coupled
with UPLC-ESI-QTOF-MS in both the positive and negative modes; these compounds were then
characterized using HPLC. This two-fold approach was taken in an attempt to establish the Brazilian
green propolis phenolic profile and lay the groundwork for its future use as a quality control strategy.
Methodological analysis of HPLC was also conducted, with the aim of performing a scientific assessment
of the established analytical method.
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2. Results and Discussion

2.1. Identification of Phenolic Acids Compounds in Brazilian Green Propolis

Brazilian green propolis is collected by bees from bean sprouts, tree exudates, and other plant
parts and further modified in beehives. This results in an incredibly complex chemical composition
of the resulting propolis. After optimization, our UPLC-ESI-QTOF-MS method was successfully
used to identify phenolic acids in Brazilian green propolis. The biggest advantage of UPLC was the
quick separation of Brazilian green propolis alcohol extracts, which greatly improved the efficiency of
the test. The combination of positive and negative ESI modes was chosen as the ionization method.
The QTOF-MS detector allowed for more accurate measurements and higher resolution. Characteristic,
common peaks were identified by comparing their chromatographic behavior, UV spectra, and MS
information either to those of reference compounds or to reference-related studies [17,18]. Thirty-one
compounds were isolated from Brazilian green propolis; of these, 10 phenolic compounds were
obtained for later LC-MS analysis [19,20]. Total phenol content was quantified spectrophotometrically
and 30 phenolic compounds were identified by HPLC-ESI-MS/MS analysis [21]. The pseudo-molecular
ions (M + Na)* and (M — H)™~ of green propolis were detected in both positive and negative ESI mode.
These phenolic acid compounds were then separated using the chromatographic conditions indicated
in the experimental section.

Chlorogenic acid (1) with (M + Na)* at m/z 377 and (M — H)~ at m/z 353 was eluted after 2.39 min,
whereas caffeic acid (2) with (M + Na)* at m/z 203 and (M — H)~ at m/z 179, isochlorogenic acid B (3)
with (M + Na)* at m/z 539 and (M — H)~ at m/z 515, isochlorogenic acid A (4) with (M + Na)* at m/z 539
and (M — H)~ at m/z 515, isochlorogenic acid C (5) with (M + Na)* at m/z 539 and (M — H)~ at m/z 549,
caffeic acid phenethyl ester (6) with (M + Na)* at m/z 307 and (M — H)™~ at my/z 283, artepillin C (7) with
(M + Na)* at m/z 323 and (M — H)~ at m/z 299 appeared at 5.16, 7.53, 7.81, 9.82, 25.95 and 33.08 min,
respectively. These compounds were identified by their total ion chromatogram (TIC) (as shown in
Figure 1) and primary mass spectrum (Figure 2). The data were consistent with previous research [22]
and are reported in Table 1.

x107 [*+ESI TIC Scan Frag=175. 0V YuanM -B10ESI+. d

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

%107 |-ESI TIC Scan Frag=180. 0V yuann ~B10ESI-

x108 [

2 4 6 & 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Counts vs. Acquisition time(min)

Figure 1. Chlorogenic acid (1), caffeic acid (2), isochlorogenic acid B (3), isochlorogenic acid A (4),
isochlorogenic acid C (5), caffeic acid phenethyl ester (6) and artepillin C (7) were identified by ultra-high
performance liquid chromatography(UHPLC)-electrospray ionization quadrupole time of flight mass
spectrometry (ESI-QTOF-MS), appeared at 2.39, 5.16, 7.53, 7.81, 9.82, 25.95 and 33.08 min, respectively.
The absorption of the seven peaks in TIC was similar in both positive and negative ESI modes. However,
compound diversity in positive mode was greater than that in negative mode from 24 to 40 min.
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Artepillin C

Figure 2. The primary mass spectrum for each of the seven phenolic acids in both positive and negative
ESI modes: Chlorogenic acid (1) with (M + Na)* at m/z 377 and (M — H)~ at m/z 353, whereas caffeic
acid (2) with (M + Na)™ at m/z 203 and (M — H)~ at m/z 179, isochlorogenic acid B (3) with (M + Na)* at
m/z 539 and (M — H)~ at m/z 515, isochlorogenic acid A (4) with (M + Na)* at m/z 539 and (M — H)~
at m/z 515, isochlorogenic acid C (5) with (M + Na)* at m/z 539 and (M — H)™ at m/z 549, caffeic acid
phenethyl ester (6) with (M + Na)* at m/z 307 and (M — H)~ at m/z 283, and artepillin C (7) with (M +
Na)* at m/z 323 and (M — H) ™~ at m/z 299.

Table 1. The identification of seven phenolic acids from Brazilian propolis samples in both positive and
negative ESI modes.

Positive Ion Mode Negative Ion Mode
No. tr/min Molecular Ion Molecular  Error Molecular Ion Molecular  Error Compound
(m/z) Formula (ppm) (m/z) Formula (ppm)

1 2.391 [M + Na]*+ 377085 C;;H;gO9  1.591 [M - H]~ 330879 C|yH;g09  1.699 Chlorogenic acid
2 5.159 [M + Na]+ 2030021 CyHgO, -6.206 [M - H]~ 790430 CyHgOy 4.934 Caffeic acid
3 7526 [M+Na]*16  CpHyyOpp  —0557  [M—H]"551%5  CpsHpyOpp 0971 IS"CTC?;"EQ“‘C
4 7806  [M+Na]*30U  CpH0, 0742 [M—HJ" 515119 CpeHp0pp 1553 ISOCEE‘;;"}EQ”C
5 9820  [M+Nal*¥169 MO -0371 M —H[" 551197 CpHpuOpp 1359 'S"Czlc‘i’:fge“‘c

+307.9490 - 283.0969 _ caffeic acid
6 25948  [M+Na] CiyHygO5 0977 M - H] Ci7H1604 0353 phenethyl ester
7 33.078 [M + Na]*3231618  CigH,,O3  —1.547 [M - H] 291649 CigHps03  0.669 Artepillin C

Brazilian green propolis has become a popular health supplement due to its many biological
properties. Characteristically, it has an herbal odor and a unique, irritating taste. Previous work
provided the first evidence that artepillin C was the main, pungent ingredient in the ethanol extract
of Brazilian green propolis (EEBP). Moreover, that artepillin C potently activated human transient
receptor potential ankyrin 1 (TRPA1) channels [23].

In this study, artepillin C was successfully identified and was the same compound that has
previously been shown to have a variety of beneficial, biological activities. Notably, three isomers of
chlorogenic acid were identified by the UPLC-ESI-QTOF-MS, which has rarely been reported. Thus,
these results indicate that this method is useful for identification of the constituents of Brazilian green
propolis. It should be noted that Brazilian green propolis contains predominantly phenolic compounds,
including flavonoids and phenolic acid as well as its derivatives [24]. There were many unidentified
flavonoids in the total ion chromatogram; moreover, the TIC of the methanol extracts obtained from
Brazilian green propolis (Figure 1) did not include analysis of its water extracts. In subsequent studies,
we will need to further identify these characteristic compounds obtained from Brazilian green propolis.

2.2. Determination of Phenolic Acids in Brazilian Green Propolis

After the seven phenolic acids obtained from the Brazilian green propolis were identified from the
total ion chromatogram, we further quantified them using HPLC. According to the study carried out
by Cuiping Zhang et al., nine phenolic compounds were quantified using HPLC by comparing them
with standard substances [22]. The polyphenol fraction in propolis was quantitatively characterized
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by HPLC-ESI-MS/MS [25]. Using aqueous ethanol along with the addition of the internal standard
veratraldehyde, an RP-HPLC procedure for phenolic compounds was developed and 10 compounds
were subsequently quantified [26].

Similarly, and as presented here, the main, characteristic peaks were identified by their
chromatographic behavior and UV spectra relative to those reference compounds in the HPLC
chromatogram (Figure 3). The seven phenolic compounds were separated using the chromatographic
conditions indicated in the experimental section of this paper. The content of each phenolic acid
component as obtained from the Brazilian green propolis was based on a linear regression equation of
the phenolic acid component standard. Each component’s content ratio was calculated based on the
relationship between the peak area of the phenolic acid component in the sample and the injection
amount. We also conducted a methodological verification to evaluate the scientific nature of our
HPLC-mediated, determination method for different phenolic acid compounds found in Brazilian
green propolis.

1.0x10°
" 2
6 Mixed reference
4 5 7
5.0x10" - 3
1 4
i -
00 AL_/_‘_J\,\_/ g
1.5x10°
Propolis sample
1.0x10° -
2
50x10* 5 . | ‘
b J e
/
WUL_aM
0.0 |~ ,A/\_J\JL.J'\IJ ) o
0 35 70 105

t/min

Figure 3. Comparison of chromatograms obtained at 310 nm of chlorogenic acid (1), caffeic acid (2),
isochlorogenic acid B (3), isochlorogenic acid A (4), isochlorogenic acid C (5), caffeic acid phenethyl
ester (6), and artepillin C (7) mix of standards and Brazilian green propolis sample.

2.3. Method Validation

Methodological verification was performed according to International Council for Harmonization
(ICH) guidelines [27] and included measurements for: Linearity estimation, system precision and
repeatability, and accuracy and stability.

2.3.1. Linearity

The linearity of the method used to identify the aforementioned compounds was determined by
analyzing the standards used. Equations for the calibration curves were determined by plotting the
relationship between the corrected peak areas (peak area/migration time), ratio of the analysis and
the internal standard and the concentration (ug/mL). The concentrations of all compounds obtained
from the Brazilian green propolis samples were calculated based on the peak area ratio and data are
shown in Table 2. As indicated, all R? values obtained using linear regression analysis were > 0.99.
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Linear regression equations for the identified compounds are also presented in Table 2, where y is the
peak area and x is the concentration.

Table 2. Linearity, sensitivity, system precision and accuracy (1 = 6).

Average Recovery

. . . 2
Phenolic Acids Equation R Range (ug/mL) (Mean = SD)
b Chlorogenic acid Y =125x10°X - 5405.19  0.9997  3.75-22.50 100.5% + 3.80%
Caffeic acid Y =4.00 x 10°X - 8763.30  0.9997 2.70-21.60 96.7% + 1.39%
Isochlorogenic acid B Y =3.09 x 10°X - 5324.83  0.9999 0.95-5.70 97.8% + 2.31%
Isochlorogenic acid A Y =2.25x 10°X + 18885.5  0.9999 0.90-11.25 100.4% + 2.81%
Isochlorogenic acid C Y =253 x 10°X - 55085.10  0.9999  8.50-51.00 99.7% =+ 2.51%
caffeic acid phenethyl ester Y =2.36 x 106X —9337.66  0.9996  12.00-72.00 98.5% =+ 1.66%
Artepillin C Y =3.14 x 10°X + 63207.59  0.9987  12.30-98.30 99.5% + 1.32%

2 Response vy, is the peak area ratio (area/migration time) of the analytes versus that of standard compound.
b Detection was carried out at 310 nm (Chlorogenic acid, Caffeic acid, Isochlorogenic acid B, Isochlorogenic acid A,
Isochlorogenic acid C, caffeic acid phenethyl ester, Artepillin C).

The UPLC method enables higher efficiency and higher precision detection. In a previous
study, the propolis analysis was conducted using HPLC. In general, and in the case of simple,
sensitive, and specific reversed-phase high performance liquid chromatography (RP-HPLC), a rapid
determination method of salicin was developed and verified to distinguish poplar gum and propolis [28].

2.3.2. System Precision and Repeatability

System accuracy was assessed by repeated injections (1 = 6) of the standard mixture. The relative
standard deviation (RSD)% values of each compound as well as the chromatogram similarity are
calculated; all results indicated that instrument variability was sufficiently low at low concentrations.
These results showed that the RSD% of each phenolic acid in peak area is less than 2% and similarity of
the chromatogram of each standard mixture sample was more than 98%. Collectively, these results
indicated that the precision of the instrument met testing requirements.

The repeatability was obtained as the RSD% by analysis of six same green propolis samples of
the standard components and instrumental variability, by taking into account the chromatographic
peak similarity: such as peak areas and compound retention. The results were considered satisfactory,
since the RSD% (n = 6) of seven phenolic acids content is less than 2%. Moreover, the similarity of
chromatograms from six propolis samples were more than 98%, indicating sound repeatability of our
HPLC analysis.

2.3.3. Accuracy

Accuracy was estimated using recovery experiments performed on random Brazilian green
propolis. Regarding accuracy and recovery studies, each of the phenolic acids standards was added to
the same Brazilian green propolis. Approximately 20% of the analysis used native content obtained
before the extraction process. These results are shown in Table 2. The average recovery rate was more
than 95%; the acceptable RSD% for all obtained results was less than 5%. It is worth emphasizing that
accuracy studies were undertaken for seven phenolic acid compounds. Moreover, the results were
considered to be satisfactory for the purposes of our method.

2.3.4. Stability

Regarding the stability of this approach, sample size, pH of the mobile phase, and different solvent
brands were mandatory in order to standardize our results. The stability study was implemented by
following a “time-by-time” approach, in which the injection time of a sample of the same Brazilian
green propolis sample was altered (0, 4, 8, 12 and 24 h) when conducting HPLC. The chromatographic
peak similarity at different time points and the RSD% of the seven standards compounds were greater
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than 98% and less than 2.0%, respectively. Therefore, the developed method was considered to be
stable, recognizing its use in different laboratories.

In summary, the validation parameters evaluated in the present study indicated that the HPLC
method met the requirements for quality control of our Brazilian green propolis analysis [26].

2.4. Data Analysis

The seven identified phenolic acids obtained from Brazilian green propolis were quantified using
a validated HPLC method. The contents of each of these phenolic acid compounds are reported
in Table 3. Although Brazilian green propolis comes from different parts of Brazil, there was no
significant difference in the content of a given phenolic acid across different kinds of Brazilian green
propolis samples. This is likely due to these samples coming from the same plant resin sources.
Specifically, isochlorogenic acid B had the lowest content (0.08 + 0.04), while the artepillin C had the
highest (2.48 + 0.94). Artepillin C has been shown to be the main pungent ingredient in Brazilian green
propolis [29]; its content as determined here varied from 0-11%, depending on the geographical origin.

Table 3. Determination of seven phenolic acids compounds obtained from fourteen Brazilian green
propolis samples.

Compounds (%)

No. Total Content (%)
C1 Cc2 C3 C4 Cs5 Coé Cc7
BP0O1 0.484 0.095 0.115 1.238 2.662 0.669 2.906 8.17
BP02 0.221 0.111 0.037 0.220 0.588 0.706 1.087 297
BP03 0.405 0.095 0.104 0.953 1.525 0.471 3.509 7.06
BP04 0.408 0.181 0.067 0.644 0.917 0.288 1.728 4.23
BP05 0.360 0.055 0.073 0.785 1.117 0.375 1.901 4.67
BP06 0.442 0.070 0.099 1.069 1.899 0.429 2.628 6.64
BP07 0.478 0.093 0.066 0.971 1.901 0.598 3.993 8.10
BP08 0.347 0.080 0.109 0.902 1.501 0.392 2.891 6.22
BP09 0.753 0.178 0.141 0.749 1.370 0.263 1.504 4.96
BP10 0.502 0.097 0.117 1.242 2.780 0.755 3.824 9.32
BP11 0.540 0.094 0.113 1.313 2.232 0.621 3.273 8.19
BP12 0.092 0.017 0.005 0.171 0.494 0.037 1.327 2.14
BP13 0.183 0.024 0.009 0.275 0.797 0.288 2.069 3.65
BP14 0.246 0.060 0.069 0.575 1.110 0.601 2.097 4.76
Mean+SD  0.39+0.17 0.09+0.05 0.08+0.04 079+038 149+0.72 047+021 248+0.94 579 +22

The data obtained here were analyzed using a one-way analysis of variance (ANOVA), followed by
Tukey’s honestly significant difference (HSD) test. Tukey’s multiple comparisons test was performed
for different phenolic acids groups, with results showing that artepillin C had an extremely significant
difference in terms of its content in Brazilian green propolis when compared with other compounds
(p < 0.01; Figure 4). Regarding the isochlorogenic acid C group, a one-way ANOVA also detected
an extremely significant difference between its content in Brazilian green propolis and other tested
compounds (p < 0.01). The data for the different phenolic acids for each group were normally
distributed (Figure 4), a requirement necessary to conduct a one-way ANOVA. Using our validated
HPLC method, these results suggest that artepillin C quantification can be used as an important factor
for determining Brazilian green propolis quality. Moreover, it has potential for use as a chemical
marker for the future development of better quality control measures for Brazilian green propolis.
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Figure 4. Statistical analysis using one-way (ANOVA) followed by Tukey’s honestly significant
difference (HSD) test. C1-C7 are represented with Chlorogenic acid, caffeic acid, isochlorogenic acid B,
isochlorogenic acid A, isochlorogenic acid C, caffeic acid phenethyl ester, Artepillin C, respectively.
p < 0.01 indicates a significant difference between the test groups.

3. Experimental Section

3.1. Reagents and Chemicals

Chlorogenic acid, caffeic acid, isochlorogenic acid A, isochlorogenic acid B, isochlorogenic acid C,
caffeic acid phenethyl ester (all used as standard) were from Chengdu Alfa Biotechnology Co., Ltd.
(Chengdu, Sichuan, China). Artepillin C (used as standard) was purchased from Richmond, VA (USA).
Methanol (HPLC grade) and ethanol (95%) were from Merck Chemicals. Formic acid (95%) was from
Sigma-Aldrich (Milan, Italy).

3.2. Sample Preparation

All Brazilian green propolis samples were collected in summer 2017 from different manufacturers
(Figure 5) and stored at —25 °C until analysis [30]. Three samples were randomly selected from
14 samples of green propolis tested, and only 0.1 g of each was weighed into a 10 mL volumetric flask
and well mixed. After adding methanol to the propolis sample and diluting to volume (10 mg/mL),
it was ultrasonically extracted (360 W, 25 KHz) for 30 min, and then the supernatant was prepared.
Resulting supernatants were then filtered using a 0.45 pm filter from VWR (Radnor, PA, USA) prior to
detection by UPLC-ESI-QTOF-MS (Agilent Technologies, Waldbronn, Germany).

QWIS IAS
dET VIS

Figure 5. Fourteen Brazilian green propolis obtained from commercial suppliers.
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The standard Chlorogenic acid, caffeic acid, isochlorogenic acid A, isochlorogenic acid B,
isochlorogenic acid C, caffeic acid phenethyl ester, Artepillin C (5 mg of each) were placed in a
5 mL volumetric flask and dissolved in methanol. The standard was identified after the analysis of
UPLC-ESI-QTOF-MS. The standard solution was stored at 4 °C until later use. The three mL of 95%
ethanol was added to 100 mg of each Brazilian green propolis sample. The sample was then extracted
using ultrasound (360 W, 25 KHz) for 1 h, after which it was centrifuged at 3000 r/min for 10 min.
Finally, the 0.1 mL supernatant was obtained and adjusted to 1 mL with ethanol, after which it was
filtered using a 0.45 um filter. The resulting solution was then used for HPLC.

3.3. UPLC-ESI-QTOF-MS

Brazilian green propolis was identified using an Agilent 1290 ESI-QTOF-MS spectrometer and an
Agilent 6545 Series UPLC system (Agilent Technologies, Waldbronn, Germany). The instrument was
equipped with an electrospray ionization (ESI) source (Dual AJS ESI) and a proprietary Agilent jet
stream dual nebulizer. In the UPLC analysis, chromatographic separations of Brazilian green propolis
were conducted using a C18 Agilent SB column (Waldbronn, Germany) (RP-18,100 mm x 2.1 mm,
1.8 um particle size) at a flow rate of 0.3 mL/min with 0.1% formic acid (A) and methanol (B) as solvents
(99.9%, HPLC grade; Merck, Darmstadt, Germany). Starting with 25% B, to reach 45% B at 11 min,
55% B at 22 min, 70% B at 29 min, 95% B at 40 min, and then it became isocratic for 4 min. The injection
volume was 2 pL for each sample.

The mass spectrometer was operated in the positive and negative electrospray ionization modes
using Agilent technology. The optimized ESI operating conditions were as follows: Capillary voltage
of 3500 V and drying and sheath gas temperature of 320 °C and 350 °C, respectively. The drying and
sheath gas flows were set at 8 L/min and 11 L/min, respectively. The range for mass spectrometry
detection was: MS: 100-1700 (1m/z) and MS/MS: 50-1000 (m/z). The ion source temperature was 150 °C.
Finally, the nebulizer pressure was 35 psi [31].

3.4. HPLC

Quantification of Brazilian green propolis was achieved using different instruments; specifically,
a Shimadzu HPLC-20AT (Shimadzu, Japanese) using a Kromasil C18 (AKZONOBEL, Sweden) column
(RP-18, 250 mm X 4.6 mm, 5 um particle size) at a flow rate of 1.0 mL/min. The HPLC system consisted
of a binary pump, an auto sampler, and photodiode-array detector, which was software-controlled.
The mobile phase used was water/formic acid (999:1, v/v) (solvent A) and HPLC grade methanol
(solvent B) (99.9%, HPLC grade). Elution was performed with a gradient starting with 75% B to reach
30% B at 22 min, 45% B at 45 min, 30% B at 58 min, 20% B at 75 min, 5% B at 80 min, 75% B at 95 min,
and then it became isocratic for 10 min. The injection volume for both the sample and the standard
was 2 pL. Finally, all chromatograms were measured at 310 nm [32].

3.5. Method Validation

In total, 14 samples of Brazilian green propolis were analyzed using HPLC. To verify the rationality
of the HPLC method, we conducted a method validation test, which assessed the system’s suitability,
linearity, system precision, accuracy, and stability.

3.5.1. Linearity (Calibration Curve)

The calibration curves were constructed using five concentrations—including the Lower Limit
of Quantitation (LLOQ)—that ranged from 0.5 to 100 ug/mL. The linear regression equation was
determined by taking the sample injection amount as the abscissa and the peak area as the ordinate.
The peak area of each standard was considered for the purpose of plotting the linearity graph.
Linearity was evaluated using linear regression analysis, which was calculated by the least square
regression method.
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3.5.2. System Precision

System precision was assessed by repeated injections (1 = 6) of a standard mixture of the analytes
(concentration > Limit of Quantity (LOQ) values). The RSD% values of peak area as well as the
similarity of chromatograms were then determined. The acceptance criterion was +2% for the RSD.

3.5.3. Repeatability

Repeatability was assessed by repeated injection (n = 6) of the same Brazilian green propolis
sample, weighing approximately 0.25 g. The RSD% values of the seven phenolic acids as well
as the similarity of the chromatograms of the six green propolis samples were then determined.
The acceptance criterion was +2% for the RSD.

3.5.4. Accuracy

Accuracy was conducted by a recovery experiment performed on a representative sample (1 = 6)
of Brazilian green propolis. More specifically, equal amounts of standard solution were added to each
of the Brazilian green propolis samples and the average recovery rate of the Brazilian green propolis
was then calculated. The accuracy method was also evaluated on the basis of RSD.

3.5.5. Stability

The stability of the solution was determined using the green propolis samples for short-term
stability by keeping at room temperature for 12 h prior to analysis. Representative propolis samples
were then injected at 0, 4, 8, 12 and 24 h. The stability of the instrument detection was judged by the
chromatogram similarity at different time points as well as the RSD of the peak area.

3.6. Statistical Analysis

The validation experiment as well as the analysis of the quantified sample solution of the
Brazilian green propolis extract were performed in six replicates. Experimental data are represented
as means + SD and p < 0.05 was considered to be statistically significant. Multiple comparisons
were implemented using Tukey’s honestly significant difference (HSD) test. To control for relevant
confounding factors, one-way analysis of variance (ANOVA) was used. A p-value of < 0.01 indicated
extreme statistical significance.

4. Conclusions

We present here a simple identification and determination method that was optimized and
validated for the analysis of seven phenolic acids. This approach was then applied to the quantitative
analysis of 14 Brazilian green propolis samples. When compared with other methods cited in the
literature, this approach offers a number of additional advantages, including the use of fewer reagents
and reducing the cost of analysis. Given these improvements, one quality control laboratory could
analyze more samples per day in addition to saving time and money. And compared with previous
publications, the combination of UPLC-ESI-QTOF-MS and HPLC system was the first application in
Brazilian green propolis study. The advancement and practicality of the method greatly improved the
research of analytical performances. Our results showed that there were some significant differences in
phenolic acid content across different Brazilian green propolis samples. Notably, artepillin C has been
found only in Brazilian green propolis, indicating promising development for this particular propolis.
We report for the first time three different isomers of isochlorogenic acid, indicating the precision and
accuracy of our UPLC-ESI-QTOF-MS method. In the present study, we focused on the identification
and quantification of different phenolic acids in Brazilian green propolis. Our results suggest that this
method could be considered new and effective method that could provide a valuable reference for the
future quality control of Brazilian green propolis.
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Abstract: Glycyrrhizae Radix is widely used as herbal medicine and is effective against inflammation,
various cancers, and digestive disorders. We aimed to develop a sensitive and simultaneous analytical
method for detecting glycyrrhizin, isoliquiritigenin, liquiritigenin, and liquiritin, the four marker
components of Glycyrrhizae Radix extract (GRE), in rat plasma using liquid chromatography-tandem
mass spectrometry and to apply this analytical method to pharmacokinetic studies. Retention
times for glycyrrhizin, isoliquiritigenin, liquiritigenin, and liquiritin were 7.8 min, 4.1 min, 3.1 min,
and 2.0 min, respectively, suggesting that the four analytes were well separated without any interfering
peaks around the peak elution time. The lower limit of quantitation was 2 ng/mL for glycyrrhizin
and 0.2 ng/mL for isoliquiritigenin, liquiritigenin, and liquiritin; the inter- and intra-day accuracy,
precision, and stability were less than 15%. Plasma concentrations of glycyrrhizin, isoliquiritigenin,
liquiritigenin, and liquiritin were quantified for 24 h after a single oral administration of 1 g/kg GRE
to four rats. Among the four components, plasma concentration of glycyrrhizin was the highest
and exhibited a long half-life (23.1 + 15.5 h). Interestingly, plasma concentrations of isoliquiritigenin
and liquiritigenin were restored to the initial concentration at 4-10 h after the GRE administration,
as evidenced by liquiritin biotransformation into isoliquiritigenin and liquiritigenin, catalyzed by
fecal lysate and gut wall enzymes. In conclusion, our analytical method developed for detecting
glycyrrhizin, isoliquiritigenin, liquiritigenin, and liquiritin could be successfully applied to investigate
their pharmacokinetic properties in rats and would be useful for conducting further studies on the
efficacy, toxicity, and biopharmaceutics of GREs and their marker components.

Keywords: Glycyrrhizae Radix extract; glycyrrhizin; isoliquiritigenin; liquiritigenin; liquiritin;
LC-MS/MS analysis; pharmacokinetics

1. Introduction

Glycyrrhizae Radix (licorice root) has been used as a herbal medicine because of a variety of
pharmacological activities, including anti-oxidative, anti-cancer, and anti-diabetic activities as well as
memory enhancing and inflammation reducing effects [1]. In addition, it has been used as a flavoring
agent in food products [2] and also as an adjuvant to increase the therapeutic efficacy of other drugs.
For example, Glycyrrhizae Radix lowers the risk of aphthous ulcers caused by aspirin intake and
the side effect of spironolactone. It also increased the efficacy of corticosteroids and improved the
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elimination of nitrofurantoin [3]. Recently, our group prepared an ethanol extract of Glycyrrhizae
Radix and investigated the efficacy of Glycyrrhizae Radix extract (GRE) in relation to the modulation
of reactive splenic T cells. The oral administration of GRE (0.1-0.5 g/kg) for 9 days could effectively
ameliorate interferon-y-related autoimmune responses in a mouse model of experimental autoimmune
encephalomyelitis [1]. For understanding the relationship between the response elicited by GRE and its
pharmacokinetics, it was important to carry out the bioanalysis of the predominant or pharmacological
components of GRE in biological samples following herbal extract administration and to understand
their pharmacokinetics.

Glycyrrhizae Radix contains many bioactive saponins and flavonoids along with glycyrrhizin,
a major and marker component of Glycyrrhizae Radix [2,4-6]. It has recently been reported that
glycyrrhizin exerts strong neuroprotective effects on a mouse model of experimental autoimmune
encephalomyelitis [1,7]. In addition, glycyrrhizin is commonly used owing to its therapeutic
effects against arthritis, hepatotoxicity, leukemia, allergies, stomach ulcers, and inflammation.
Moreover, the major active flavonoids of Glycyrrhizae Radix, such as isoliquiritigenin, liquiritin,
and liquiritigenin [8], are often used as anti-depressants or as anticancer, cardio-protective,
anti-microbial, and neuroprotective agents [9-14]. Based on the literature search, glycyrrhizin,
isoliquiritigenin, liquiritin, and liquiritigenin were selected as predominant or pharmacological
components of GRE. An analytical method for simultaneously detecting these four components
from a traditional Chinese herbal formulation Sijunzi decoction or from Glycyrrhizae Radix, using
high-performance liquid chromatography (HPLC) with a detection limit of >300 ng/mL has been
previously reported [15,16]. The previous analytical methods and pharmacokinetic studies on bioactive
saponins and flavonoids following GRE administration mainly focused on pharmacokinetic drug—drug
interaction between the Jiegeng and Gancao or the co-extract of Shaoyao Gancao decoction [17-19].
Moreover, their pharmacokinetic application has been carried out at a high dose of the extract.
Plasma concentrations of the 10 active constituents including glycyrrhizin, isoliquiritigenin, liquiritin,
and liquiritigenin were determined following a single oral administration of 9.5 g/kg Shaoyao-Gancao
decoction extract [17]. Mao et al. determined the plasma concentrations of glycyrrhizin, glycyrrhetinic
acid, isoliquiritigenin, liquiritigenin, isoliquiritin, and liquiritin after administering a single oral dose of
20 g/kg of GRE [18]. Shan et al. determined the pharmacokinetics of nine active components including
these four components on repeated oral administration of Zushima—-Gancao extract (2.7 g/kg) for
20 days [19]. A high dose of GRE might be administered owing to the lower concentration of active
components. Even the concentration of glycyrrhizin, which was the highest in GRE, was <2% and that
of other flavones was <1% [2,4-6].

Therefore, the purpose of this study was to establish simultaneous and sensitive assays to quantify
the major and pharmacologically active components in GRE, such as glycyrrhizin, isoliquiritigenin,
liquiritin, and liquiritigenin, and to implement the developed method in the pharmacokinetic studies of
these four components following a single oral administration of RGE (1 g/kg) in rats. The method was
developed using triple quadrupole liquid chromatography—tandem mass spectrometry (LC-MS/MS)
and to validate this bioanalytical method in terms of linearity, selectivity, accuracy, precision, recovery,
stability, and matrix effects according to the U.S. Food and Drug Administration Guideline for
Bioanalytical Method [20].

2. Results
2.1. LC-MS/MS Analysis

2.1.1. MS/MS Analysis

In order to optimize ESI conditions for four components, each compound was injected directly
into the mass spectrometer ionization source. Glycyrrhizin showed optimal ionization in positive
mode and isoliquiritigenin, liquiritigenin, and liquiritin showed optimal ionization in negative mode.
Figure 1 shows the mass spectra and chemical structure of glycyrrhizin, isoliquiritigenin, liquiritigenin,
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and liquiritin. The selection of berberine as an internal standard (IS) was based on its simultaneous
determination with glycyrrhizin, which was present at the highest concentration in GRE, in a positive
ionization mode [21,22]. In addition, berberine eluted in the middle of glycyrrhizin and the three
flavones and it showed a stable extraction recovery with low coefficient of variation (CV). The optimized
analytical conditions including mass transition from the precursor to product ion (m/z) for glycyrrhizin,
isoliquiritigenin, liquiritigenin, liquiritin, and berberine (IS) are listed in Table 1.
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Figure 1. Structure and product ion mass spectra of (A) glycyrrhizin, (B) isoliquiritigenin,
(C) liquiritigenin, and (D) liquiritin.

Table 1. MS/MS parameters for the detection of the analytes and IS.

MRM Transitions (m/z) .. Collision Ener
Compounds Precursor Ion Product Ion Tonization Mode (eV) &
Glycyrrhizin 845 669 Positive 35
Isoliquiritigenin 255 135 Negative 15
Liquiritigenin 255 135 Negative 15
Liquiritin 417 255 Negative 20
Berberine (IS) 336 320 Positive 30

2.1.2. Specificity

Representative multiple reaction monitoring (MRM) chromatograms of glycyrrhizin,
isoliquiritigenin, liquiritigenin, and liquiritin, and IS (Figure 2) showed that the four analytes and
berberine (IS) peaks were well-separated with no interfering peaks at their respective retention times
corresponding to the concentration of the lower limit of quantification (LLOQ). The retention times
of glycyrrhizin, isoliquiritigenin, liquiritigenin, and liquiritin, and IS were 7.8 min, 4.1 min, 3.1 min,
2.0 min, and 4.8 min, respectively, and the total run time was 10.0 min. The selectivity of the analytes
was confirmed from six different blank rat plasma and plasma samples obtained from rats at 2 h after
oral administration of GRE (1 g/kg) (Figure 3).
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Figure 2. Representative multiple reaction monitoring (MRM) chromatograms of (A) glycyrrhizin,
(B) isoliquiritigenin, (C) liquiritigenin, (D) liquiritin, and (E) berberine (IS) in rat double blank plasma
(upper), rat blank plasma spiked with standard solution at lower limit of quantification (LLOQ) (center),
and rat plasma samples at 2 h following single oral administration of Glycyrrhizae Radix extract (GRE)

(1 g/kg) (lower).

| :
2, |
) |
b .1 l__L_L_T___“_A_%_

1
15 35 55 75 95
Time (min)

Relative abundance

Figure 3. Representative MRM chromatograms of glycyrrhizin (5), isoliquiritigenin (3), liquiritigenin
(2), liquiritin (1), and berberine (4) in rat plasma samples at 2 h following single oral administration of

GRE (1 g/kg).
2.1.3. Linearity and LLOQs

To access linearity, the calibration curve consisting of seven different concentrations of glycyrrhizin,
isoliquiritigenin, liquiritigenin, and liquiritin was analyzed, and the calibration curves and equations for
each component have been shown in Figure 4 and Table 2. The LLOQs for glycyrrhizin, isoliquiritigenin,
liquiritigenin, and liquiritin in our analytical system was defined by a signal-to-noise ratio of >5,
the precision was <15%, and the accuracy was 80-120%; these results have been listed in Table 2.
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Figure 4. Representative calibration curves of (A) glycyrrhizin, (B) isoliquiritigenin, (C) liquiritigenin,

and (D) liquiritin in rat plasma.

Table 2. Linearity and LLOQs of glycyrrhizin, isoliquiritigenin, liquiritin and liquiritigenin.

Representative 2 Linear Range
Analytes Regression Equation f (ng/mL) LLOQ (ng/mL)
Glycyrrhizin y = 0.0035x + 0.03 0.996 2-500 2
Isoliquiritigenin y = 0.1215x + 0.008 0.998 0.2-50 0.2
Liquiritigenin y =0.1214x + 0.01 0.999 0.2-50 0.2
Liquiritin y = 0.2242x + 0.06 0.994 0.2-100 0.2

2.1.4. Accuracy and Precision

The inter- and intra-day accuracy and precision were assessed using three concentrations of quality
control (QC) samples consisting of the mixture of four analytes (Table 3). The results showed that
inter- and intra-day precision for glycyrrhizin, isoliquiritigenin, liquiritin, and liquiritigenin was below
13.6%. The inter- and intra-day accuracy for glycyrrhizin, isoliquiritigenin, liquiritin, and liquiritigenin

ranged from 87.4% to 112.2% (Table 3).

Table 3. Intra- and inter-day precision and accuracy of glycyrrhizin, isoliquiritigenin, liquiritin

and liquiritigenin.

Intra-day Inter-day
Nominal
Analytes Concentration Measured Precision  Accuracy Measured Precision  Accuracy

(ng/mL) Concentration o o Concentration o o,

(%) (%) (%) (%)
(ng/mL) (ng/mL)

6 5.8 13.3 96.1 52 6.3 874
Glycyrrhizin 75 70.1 13.6 93.5 77.5 6.8 103.3
400 416.8 13.3 104.2 410.1 7.4 102.5
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Table 3. Cont.

Intra-day Inter-day
Nominal
Analytes Concentration Measurefl Precision Accuracy Measure.d Precision Accuracy
(ng/mL) Concentration %) (%) Concentration (%) (%)
(ng/mL) (ng/mL)
0.6 0.7 49 108.6 0.6 8.9 101.8
Isoliquiritigenin 7.5 79 10.8 105.6 7.7 4.7 102.1
30 32.8 7.9 109.2 33.3 7.0 111.0
0.6 0.6 4.0 98.6 0.6 7.6 97.7
Liquiritigenin 7.5 7.7 3.7 103.0 7.5 58 100.5
30 32.6 37 108.6 33.6 5.6 112.0
0.6 0.6 9.8 99.2 0.6 8.8 103.3
Liquiritin 10 9.9 10.0 99.2 10.0 55 99.9
75 74.2 8.9 98.9 84.1 3.8 112.2

Data represented as mean + SD from six independent experiments.

2.1.5. Matrix Effect and Recovery

The extraction recoveries of glycyrrhizin, isoliquiritigenin, liquiritin, and liquiritigenin in the low,
medium, high QC samples ranged from 70.3% to 99.1% with CV of <14.0%. The matrix effects ranged
from 76.2 to 114.2% with CV of <14.8%. These results indicate that no significant interference occurred
during the ionization and methanol precipitation process. The extraction recovery and matrix effect of

the IS at 0.1 ng/mL were 86.2% and 108.2%, respectively (Table 4).

Table 4. Extraction recoveries and matric effects for the determination of liquiritin, liquiritigenin,

isoliquiritigenin, glycyrrhizin and of IS.

Concentration

Extraction

Matrix

o o
Analyte (ng/mL) Recovery (%) CV (%) Effects (%) CV (%)
Low QC 6 89.06 + 7.38 8.29 98.80 + 5.89 5.96
Glycyrrhizin Medium QC 75 77277 9.9 92.1+£3.6 3.9
High QC 400 750+ 49 6.6 964 +4.6 4.8
Low QC 0.6 80.2 +10.8 13.6 789 +3.0 3.8
Isoliquiritigenin Medium QC 7.5 74.6 £8.1 10.8 883 +49 55
High QC 30 703 +£49 7.1 93.6 £5.3 5.6
Low QC 0.6 99.1+79 8.0 76.2 £3.1 4.1
Liquiritigenin Medium QC 7.5 88.9 £ 9.5 10.7 96.6 + 8.1 8.4
High QC 30 835+ 64 7.7 1049 + 8.2 7.8
Low QC 0.6 792 £11.1 14.0 1142 +10.4 9.1
Liquiritin Medium QC 10 83.2+11.3 13.6 972+ 144 14.8
High QC 75 90.7 + 6.4 7.1 101.8 +7.7 7.6
IS 0.1 862 +2.7 3.1 1082 + 1.8 1.7

Data represented as mean + SD from six independent experiments.

2.1.6. Stability

It was found that the precision and accuracy of QC samples consisting of a mixture of the four
analytes were within 12.9% for short-term stability, below 6.4% for post-preparative stability, and below
11.1% for three freeze—thaw cycle stability (Table 5). Therefore, glycyrrhizin, isoliquiritigenin, liquiritin,
and liquiritigenin in plasma samples were found to exhibit no problems in these three stability tests

during the bioanalytical procedure.
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Table 5. Stability of glycyrrhizin, isoliquiritigenin, liquiritin and liquiritigenin.

Storage Concentration (ng/mL) e o
Conditions Analytes Spiked Measured Precision % Accuracy %
.. 6 5.6 6.8 94.0
Glycyrrhizin 400 390.8 95 97.7
Short-term Isoliquiritigenin (;g 9?061 172-59 }g(l)g
stability . ’ ’
o 0.6 0.6 3.3 93.6
Liquiritigenin 30 28.8 89 102.7
Liquiritin 0.6 0.6 9.1 92.8
1 75 713 10.1 99.5
. 6 5.8 49 96.2
Glycyrthizin 400 390.8 3.7 97.7
. PR . 0.6 0.6 4.1 924
Post-preparative Isohqumtlgenm 30 300 36 107.3
stability . ’ ’
Liquiritigenin 0.6 0.6 6.4 93.0
30 32.8 48 109.5
Liquiritin 0.6 0.6 3.7 97.3
d 75 764 25 101.9
L. 6 6.8 0.8 113.9
Glyeyrrhizin 400 394.1 103 98.5
Three Isoliquiritigenin 0.6 0.5 5.8 90.9
freeze-thaw 30 30.0 7.1 99.9
cycle stability 06 05 51 90.0
Liquiritigenin 30 299 82 970
Liquiritin 0.6 0.5 4.3 87.3
d 75 72.6 1.1 96.7

Data represented as mean + SD from six independent experiments.

2.2. Contents of Glycyrrhizin, Liquiritin, Isoliquiritigenin, and Liquiritigenin in GRE

The concentration of glycyrrhizin, isoliquiritigenin, liquiritigenin, and liquiritin in GRE are
summarized in Table 6. The concentration of glycyrrhizin was the highest (1.3%), consistent with the
findings of previous studies [2,4-6]. Isoliquiritigenin, liquiritigenin, and liquiritin were present at
lower concentrations (0.014%, 0.027%, and 0.38%, respectively) in GRE.

Table 6. The mean contents of four compounds in GRE.

Compounds Content (%)
Glycyrrhizin 1.3+02
Isoliquiritigenin 0.014 + 0.004
Liquiritigenin 0.027 + 0.010

Liquiritin 0.38 = 0.07

Data represented as mean + SD from six independent experiments.

2.3. Plasma Concentration of Glycyrrhizin, Liquiritin, Isoliquiritigenin, and Liquiritigenin

Next, we investigated the plasma concentrations of glycyrrhizin, isoliquiritigenin, liquiritigenin,
and liquiritin following a single oral GRE administration at a dose of 1 g/kg. Plasma concentrations
of glycyrrhizin, isoliquiritigenin, liquiritigenin, and liquiritin over time and their PK parameters are
shown in Figure 5 and Table 7, respectively. Among the four major components present in rat plasma,
glycyrrhizin was found to be maintained at the highest concentration for a period of 24 h. In contrast,
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the plasma concentration of liquiritin gradually reduced at an elimination half-life (Ty/) of 3.7 + 2.2 h.
Concentrations of isoliquiritigenin and liquiritigenin were similar and increased up to 8 h and then
gradually reduced; therefore, Trax and MRT values of both these compounds were very similar.
The area under the plasma concentration—time curve (AUC) of isoliquiritigenin and liquiritigenin
were comparable but higher than that of liquiritin, despite their concentration (0.014% and 0.027%,
respectively) in GRE being lower than that of liquiritin (0.38%). Collectively, these results suggested
that isoliquiritigenin and liquiritigenin were transformed during the intestinal absorption process.

1000

Plasma concentration (ng/mL)

—8— Isoliquiritigenin
0.1 4 —0— Glycyrrhizin
—w— Liquiritigenin
—A— Liquiritin

0.01 T T T T

Time (h)

Figure 5. Plasma concentration-time profiles of glycyrrhizin, isoliquiritigenin, liquiritigenin, and
liquiritin and after oral administration of GRE to rats. Data were expressed as mean + SD from four
rats per group.

Table 7. Pharmacokinetic parameters of glycyrrhizin, isoliquiritigenin, liquiritin, liquiritigenin after
oral administration of GRE (1 g/kg) to rats.

Parameters Glycyrrhizin Isoliquiritigenin Liquiritigenin Liquiritin
Cmax (ng/mL) 164.4 + 62.0 16.6 +2.7 10.8 +3.6 26.8 8.5
AUC46¢ (ng-h/mL) 1051.0 + 487.5 1792 £ 46.3 112.5 + 36.4 395478
Tmax (h) 04+0.1 81+52 81+53 04+0.1
Ty (h) 23.1+155 - - 37+22
MRT), (h) 10.7 £ 0.7 125+1.3 128 +1.8 33+13

Data were expressed as mean + SD from four rats; Cpax: maximum plasma concentration; AUCj,s: Area under
plasma concentration-time curve from zero to last time; Tmax, time to reach Cmax; T1j2: elimination half-life; MRT:
mean residence time.

2.4. Biotransformation in the Rat Intestine

We investigated whether the biotransformation of isoliquiritigenin and liquiritigenin from liquiritin
could occur in the rat intestine. Because the plasma concentration of isoliquiritigenin and liquiritigenin
was increased at 4-10 h after oral GRE administration, we measured biotransformation in the rat ileum
segment. After a 2 h incubation of a single component of GRE such as isoliquiritigenin, liquiritigenin,
and liquiritin with rat ileum segments and intestinal contents, liquiritin was found to transform into
isoliquiritigenin and liquiritigenin and the formation rate of both these compounds were similar to
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each other (Figure 6A-C). Moreover, although isoliquiritigenin and liquiritigenin were interchangeable,
they did not transform into liquiritin (Figure 6D).
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Figure 6. Formation of isoliquiritigenin (ILG), liquiritigenin (LG), and liquiritin (LQ) 2 h incubation
after the addition of (A) isoliquiritigenin (ILG), (B) liquiritigenin (LG), and (C) liquiritin (LQ) in rat
ileum. (D) Proposed biotransformation scheme among LQ, LG, and ILG in rat intestine. Data were
expressed as mean + SD from six independent experiments per group.

3. Discussion

In this study, the newly developed analytical method for glycyrrhizin, isoliquiritigenin,
liquiritigenin, and liquiritin using an LC-MS/MS system showed relatively higher sensitivity (i.e., LLOQ
2 ng/mL for glycyrrhizin and 0.2 ng/mL for isoliquiritigenin, liquiritigenin, and liquiritin) despite using
lower plasma sample volume (50 uL). For example, Wang et al. implemented a protein-precipitation
method and sample preparations via evaporation and reconstitution for detecting 10 active constituents
in Shaoyao—Gancao decoction. The LLOQs for glycyrrhizin and three flavone compounds were 5 and
0.5 ng/mL, respectively [17]. Mao et al. applied analytical methods for glycyrrhizin, glycyrrhetinic
acid, isoliquiritigenin, liquiritigenin, isoliquiritin, and liquiritin using an LC-MS/MS system with 10
and 0.4 ng/mL of LLOQ for glycyrrhizin and three flavones, respectively [18]. Additionally, previously
established methods by Shan et al. applied liquid-liquid extraction which requires acidification with
HCI for the extraction of glycyrrhizin and glycyrrhetinic acid and a larger plasma sample volume
(100 pL) and the LLOQs for glycyrrhizin and three flavones were 1 and 0.34-0.5 ng/mL, respectively [19].
Herein, we used a protein-precipitation method with methanol containing IS rather than a previously
described liquid-liquid extraction method or sample preparation via evaporation and reconstitution
method [8,17,19], and then directly injected an aliquot of the supernatant after centrifugation of
protein-precipitated plasma samples.

We further validated our simple, sensitive, and simultaneous analytical method by performing a
pharmacokinetic study after orally administering rats with 1 g/kg of GRE. We successfully measured the
plasma concentrations of glycyrrhizin, isoliquiritigenin, liquiritin, and liquiritigenin for 24 h. However,
we should take into account the fact that the pharmacological efficacy was investigated following
repeated oral administration for 9 days at a dose range of 0.1-0.5 g/kg. Thus, the pharmacokinetic
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study involving repeated administration of GRE at a lower dose range of 0.1-0.5 g/kg needs to be
performed to understand the pharmacokinetic-pharmacodynamic correlation of GRE.

The pharmacokinetic features of glycyrrhizin, including its long half-life, were consistent with those
reported in previous studies [23,24]. The plasma concentrations of isoliquiritigenin and liquiritigenin
were similar and showed fast elimination up to 4 h but rebounded to the initial plasma concentration
over 10 h. As demonstrated in this study (Figure 6), liquiritin was hydrolyzed to isoliquiritigenin and
liquiritigenin, and both isoliquiritigenin and liquiritigenin were interchangeable. The results suggested
that liquiritin in GRE could be a precursor for isoliquiritigenin and liquiritigenin and is a more potent
pharmacological component [25]; therefore, the hydrolysis of liquiritin could be attributed to an
increased plasma concentration of isoliquiritigenin and liquiritigenin during the absorption period
(from 4 to 10 h in this study). The results were consistent with the previous report that isoliquiritigenin
and liquiritigenin, which were generated from liquiritin, were absorbed from the jejunum to colon
with the help of gut wall enzymes and intestinal flora [26].

Mao et al. reported that the metabolism of some active components of Gancao, including
glycyrrhizin and liquiritigenin, in rat fecal lysate was changed after co-administration with Jiegeng;
consequently, this could be an important factor for alterations in the pharmacokinetic profiles of
glycyrrhizin and liquiritigenin [18]. According to their results, not only Jiegeng but also Gancao
changed the hydrolysis of liquiritigenin [18], which is similar to this study and could be a factor
responsible for higher plasma concentration of liquiritigenin after GRE administration. In addition
to this biotransformation, liquiritin permeability was much greater when added as a part of GRE
as compared with the addition of an equal amount of liquiritin alone [18]. These results should
also be clarified by performing a pharmacokinetic comparison between GRE administration and the
administration of an equal amount of a single component as well as a comparison between intestinal
absorption and metabolism; these topics are currently being investigated by our research group.

4. Materials and Methods

4.1. Materials

Glycyrrhizin (Dipotassium Glycyrrhizinate, purity > 75.0%, for High Performance Liquid
Chromatography grade) was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).
Berberine chloride (internal standard, purity > 98.0%), isoliquiritigenin (purity > 99.0%), liquiritin
(purity > 98.0%), and liquiritigenin (purity > 97.0%) were gained from Sigma-Aldrich (St. Louis, MO,
USA). Water, methanol, and other solvents were obtained from ].T. Baker Korea (Seoul, Korea) and
TEDIA (Fairfield, OH, USA). All other chemicals and solvents are of reagent and analytical grade.

Glycyrrhizae Radix extract (GRE; #KNUNPM GR-2015-001, deposited at the laboratory of Natural
Products Medicine in Kyungpook National University) was used [1]. Briefly, dried Glycyrrhizae
Radix, imported from China to Republic of Korea in 2015, was extracted with 94% ethanol for 3 h.
The extracted solution was filtrated and concentrated by a rotary evaporator to obtain the GRE.

4.2. Animals

Male Sprague-Dawley rats (7 weeks of age, 249 + 6 g), obtained from Samtako Bio Korea
(Osan, Kyunggido, Korea) were used for pharmacokinetic experiments. All animal procedures were
approved by the Animal Care and Use Committee of Kyungpook National University (approval No.
KNU-2017-0126) and conducted in accordance with the National Institutes of Health guidance for the
care and the use of laboratory animals. Rats were maintained in an animal facility at the College of
Pharmacy, Kyungpook National University at a temperature of 21-27 °C with 13 h light (08:00-21:00)
and a relative humidity of 60 + 5%.

186



Molecules 2019, 24, 1816

4.3. Preparation of Calibration Curve and Quality Control Samples

Calibration curve samples containing glycyrrhizin (2 to 500 ng/mL), liquiritin (0.2 to 100 ng/mL),
isoliquiritigenin (0.2 to 50 ng/mL), and liquiritigenin (0.2 to 50 ng/mL) were prepared using an internal
standard method. Briefly, aliquots of calibration curve samples (50 uL) was added to 300 uL of
methanol containing 0.1 ng/mL berberine, vortex-mixed for 10 min, and centrifuged at 10,000 g for
10 min at 4 °C. An aliquot (10 uL) of the supernatant was injected into the LC-MS/MS system.

4.4. LC-MS/MS Analysis of Glycyrrhizin, Liquiritin, Isoliquiritigenin, and Liquiritigenin

4.4.1. LC-MS/MS Condition

The LC-MS/MS system connected to Agilent 6470 triple-quadrupole mass spectrometer (Agilent,
Wilmington, DE, USA) via electrospray ionization (ESI) interface. The mobile phase consisted of
methanol: water (65:35, v:v) with 0.1% formic acid. The analytical column of a Synergi Polar-RP
(4 um particle size, 150 x 2 mm, Phenomenex, Torrance, CA, USA) equipped with an guard column
(4 x 2 mm, Phenomenex) was used. The sample injection volume, dwell time, and flow rate were
10 pL, 10 min, and 0.3 mL/min, respectively.

4.4.2. Specificity

Six individual blank plasma samples from rats were used and specificity was defined as no
interfering signal at the peak region of each analyte (glycyrrhizin, isoliquiritigenin, liquiritigenin,
and liquiritin) and internal standard from background and endogenous signal.

4.4.3. Linearity

The linearity of the method was evaluated by analyzing a series of calibration samples consisting
glycyrrhizin (from 2 to 500 ng/mL), liquiritin (from 0.2 to 100 ng/mL), isoliquiritigenin and liquiritigenin
(from 0.2 to 50 ng/mL). Least square linear regression equation of the peak area ratios of each analyte
to IS against the corresponding concentrations was obtained with a weighting factor of 1/x%.

4.4.4. Accuracy and Precision

The accuracy and precision of intra-day and inter-day were analyzed by six replicate QC samples
on the same day and six consecutive days, respectively.

Accuracy is described in relative percentage of measured concentration compared to the spiked
concentration and precision are determined by relative standard deviation compared to the average
concentration of QC samples.

4.4.5. Extraction Recovery and Matrix Effect

Extraction recovery was calculated by comparing the peak areas of each analytes in QC samples
through the extraction process with those in blank plasma extracts spiked with corresponding
concentrations [27]. Matrix effects were monitored by dividing the peak areas in blank plasma extracts
spiked with QC concentrations by those in neat solutions of corresponding concentrations [27].

4.4.6. Stability

The stability of four analytes in the rat plasma was tested from QC samples exposed to three
different conditions [28]. Short-term stability was calculated by comparing QC samples that were
stored for 5 h at 25 °C before sample preparation with the untreated QC samples. The three freeze-thaw
cycle stability was analyzed by comparing QC samples that underwent three freeze-thaw cycles
(=80 °C to 25 °C and standing for 3 h at 25 °C defined as one cycle) with the untreated QC samples.
Post-preparative stability was evaluated by comparing the post-preparative QC samples maintained in
the autosampler at 4 °C for 12 h with the untreated QC samples [28].
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4.5. Determination of Glycyrrhizin, Isoliquiritigenin, Liquiritigenin, and Liquiritin in GRE

One hundred mg of GRE was diluted 50 times with methanol, and the diluted samples (50 uL) were
added to 300 uL of methanol containing berberine (0.1 ng/mL), vortex-mixed for 10 min, and centrifuged at
10,000 x g for 10 min at 4 °C. An aliquot (10 uL) of the supernatant was injected into the LC-MS/MS system.

4.6. Pharmacokinetic Study

Rats were fasted for at least 12 h with water ad libitum before pharmacokinetic experiments and
femoral arteries of rats were cannulated with polyethylene tube (PE50, Jungdo, Seoul, Korea) under
anesthesia with isoflurane (30 mmol/kg).

GRE (1 g/kg, 2 ml/kg suspended in distilled water) was administered orally to rats by oral gavage.
Blood samples (about 250 uL) were taken via the femoral artery at 0, 0.25,0.5,0.75,1, 2,4, 6,8,10and 12 h
and centrifuged at 10,000x g for 10 min at 4 °C. Obtained plasma (50 uL) were stored at —80 °C until analysis.

Glycyrrhizin, isoliquiritigenin, liquiritigenin, and liquiritin concentrations in plasma samples
were analyzed using the developed LC-MS/MS method. Plasma samples (50 uL) were added to 300 uL.
of methanol containing berberine (0.1 ng/mL), vortex-mixed for 10 min, and centrifuged at 10,000x g
for 10 min at 4 °C. An aliquot (10 nuL) of the supernatant was injected into the LC-MS/MS system.

Pharmacokinetic parameters of glycyrrhizin, isoliquiritigenin, liquiritigenin, and liquiritin were
calculated from the plasma concentration vs. time profile using the WinNonlin software (version 5.0,
Certara Inc., Princeton, NJ, USA).

4.7. Biotransformation of Isoliquiritigenin and Liquiritigenin from Liquiritin

Rats were fasted for at least 12 h with water ad libitum before performing dissection of the
rat ileum. The ileal segment (approximately 20 cm) was excised after the rats were euthanized by
cervical dislocation. The dissected ileal segments were washed using a 10 mL syringe filled with 30 mL
pre-warmed Hank’s balanced salt solution (HBSS, pH 7.4; Sigma, St. Louis, MO, USA); the eluent was
vortexed for 1 min followed by centrifugation at 1000x g for 5 min at 4 °C. The supernatant was used for
incubation with isoliquiritigenin, liquiritigenin, and liquiritin. The ileal segments were mounted onto
the Ussing chambers (Navicyte, Holliston, MA, USA) and were acclimatized with HBSS for 30 min.

To mimic the intestinal situation that occurred when GRE was administered to rats via the oral
route, the concentrations of isoliquiritigenin, liquiritigenin, and liquiritin were determined based on the
oral dose of GRE, their content in GRE, and fluid volume of the small intestine. For example, 1 g of GRE
suspended in 2 mL water was administered at a dose of 1 g/kg to rats having stomach fluid volumes
of 3.2-7.8 mL [29], which resulted in a 5-10-fold dilution. Therefore, 14 ug/mL of isoliquiritigenin,
27 pg/mL of liquiritigenin, or 380 ug/mL of liquiritin was present in the intestinal diluent.

The experiments began by changing HBSS with pre-warmed intestinal eluent (1 mL) containing
14 ug/mL of isoliquiritigenin, 27 ug/mL of liquiritigenin, or 380 pg/mL of liquiritin to the apical side
of the ileal segment, followed by 2 h of incubation. Carbogen gas (5% CO,/ 95% O;) was bubbled
into the Ussing chambers at a rate of 150 drops/min during the experiment. Aliquots (50 uL) of the
samples were mixed with 300 uL of methanol containing berberine (0.1 ng/mL), vortex-mixed for
10 min, and centrifuged at 10,000x g for 10 min at 4 °C. An aliquot (10 uL) of the supernatant was
injected into the LC-MS/MS system.

5. Conclusions

A sensitive and simultaneous LC-MS/MS method for the determination of the four marker
components of Glycyrrhizae Radix, namely glycyrrhizin, isoliquiritigenin, liquiritin, and liquiritigenin,
has been developed and validated in rat plasma; this analytical method was successfully applied to
investigate the pharmacokinetic profiles of glycyrrhizin, isoliquiritigenin, liquiritin, and liquiritigenin
in rats following a single oral administration of GRE (1 g/kg) for 24 h.
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This method can easily be applied in the bioanalysis and pharmacokinetic studies of GRE,
including its administration at multiple therapeutic doses, or for making pharmacokinetic comparisons
among individual components in small experimental animals. Moreover, following an appropriate
validation, the present method can be extended to determine routine drug monitoring of glycyrrhizin,
isoliquiritigenin, liquiritin, and liquiritigenin in plasma samples as well as in other biological samples,
and thus, can be applied to in vivo pharmacokinetic-pharmacodynamic correlation studies.
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Abstract: Desoxo-narchinol A is one of the major active constituents from Nardostachys jatamansi,
which has been reported to possess various pharmacological activities, including anti-inflammatory,
antioxidant, and anticonvulsant activity. A simple and sensitive liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method was developed and validated for the quantification of
desoxo-narchinol A in two different biological matrices, i.e., rat plasma and mouse plasma,
using sildenafil as an internal standard (IS). The method involved simple protein precipitation
with acetonitrile and the analyte was separated by gradient elution using 100% acetonitrile and 0.1%
formic acid in water as a mobile phase. The MS detection was performed with a turbo electrospray in
positive ion mode. The lower limit of quantification was 10 ng/mL in both rat and mouse plasma.
Intra- and inter-day accuracies were in the ranges of 97.23-104.54% in the rat plasma and 95.90-110.11%
in the mouse plasma. The precisions were within 8.65% and 6.46% in the rat and mouse plasma,
respectively. The method was applied to examine the pharmacokinetics of desoxo-narchinol A,
and the oral bioavailability of desoxo-narchinol A was 18.1% in rats and 28.4% in mice. The present
results may be useful for further preclinical and clinical studies of desoxo-narchinol A.

Keywords: desoxo-narchinol A; Nardostachys jatamansi; LC-MS/MS; pharmacokinetics; bioavailability

1. Introduction

Nardostachys jatamansi is a pharmacologically versatile herb found in alpine Himalayas [1].
Traditionally, the roots of Nardostachys jatamansi have been used as an aromatic, bitter tonic,
antispasmodic, stimulant, antiseptic, diuretic, and emmenagogue [2,3]. The pharmacological activities
of Nardostachys jatamansi have been well demonstrated in experimental animals. For example,
studies have reported that Nardostachys jatamansi possesses hepato-protective [1], gamma-aminobutyric
acid (GABA) enhancing [4], anti-parkinsonian [5], and anticonvulsant [6] activities in rats.
Various activities of Nardostachys jatamansi, including antidepressant [7], improvement of learning
and memory [8], antidiabetic [9], and anti-inflammatory [10], have also been demonstrated in mice.
Recently, in-vitro-derived plants of Nardostachys jatamansi have also shown an anti-cholinesterases,
anti-hyperglycemic, anti-inflammatory, anti-hypertensive, and anti-tyrosinase potential [11].
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The pharmacological activities of Nardostachys jatamansi might be attributed to the various
compounds present in Nardostachys jatamansi, including sesquiterpenes, lignans, and neolignans,
terpinic coumarins, phenols, flavonoids, and alkaloids [3,12]. Desoxo-narchinol A is a nardosinone-type
sesquiterpenoid found in the rhizomes and roots of Nardostachys jatamansi. Desoxo-narchinol A
has shown protective effects against lipopolysaccharide (LPS)-induced inflammation through p38
deactivation [13]. Inhibitory activity of desoxo-narchinol A against LPS-induced nitric-oxide (NO)
production has been reported as well [14]. Recently, it has also been reported that desoxo-narchinol A
inhibited the excessive production of pro-inflammatory mediators and cytokines in LPS-stimulated
BV2 and primary microglial cells [15,16]. Therefore, desoxo-narchinol A may be useful as a potential
therapeutic agent for the treatment of inflammation or prevention of neurodegenerative diseases.

Despite extensive research on its pharmacological activities, there has been limited information
regarding the pharmacokinetics of Nardostachys jatamansi or its active ingredient, desoxo-narchinol A.
To better understand the biological actions and the therapeutic effects for further development as a
therapeutic agent, comprehensive pharmacokinetic studies based on robust analytical methods are
essential. To date, a liquid chromatography-tandem mass spectrometry (LC-MS/MS) of nardosinone,
another active ingredient of Nardostachys jatamansi, has been developed and applied to characterize its
pharmacokinetics following intravenous injection in rats [17]. For desoxo-narchinol A, there is
only one recent pharmacokinetic study after oral administrations of desoxo-narchinol A and
extracts of Nardostachys jatamansi in rats by applying an LC-MS/MS method [18]. However,
the LC-MS/MS utilized solid-phase extraction, which requires long sample preparation time and
cost. Moreover, the pharmacokinetics were only determined following oral administration in
rats [18]. Its oral bioavailability and comprehensive pharmacokinetic characteristics are still unknown.
The potential differences in pharmacokinetics in different animal species that have been utilized for the
pharmacological studies need to be elucidated as well.

Therefore, the aim of the present study was to develop and validate a simple, rapid, and sensitive
LC-MS/MS analysis for the quantification of desoxo-narchinol A in the biological fluids. The method
was successfully applied to determine the oral bioavailability and pharmacokinetics of desoxo-narchinol
A in two animal species, i.e., rats and mice, following intravenous and oral administration. To our
knowledge, this is the first study investigating the comprehensive pharmacokinetics of desoxo-narchinol
A inrats as well as in mice.

2. Results and Discussion

2.1. Optimization of Sample Preparation

Sample pretreatment procedure was needed to remove protein and potential interferences before
LC-MS/MS analysis. Various sample extraction techniques have been applied to extract analytes
from biological samples, including protein precipitation, liquid-liquid extraction, and solid—phase
extraction. Since the protein precipitation provides a simple and rapid method to extract analytes
from the biological matrices [19,20], we applied protein precipitation to prepare samples in the present
study. Different organic solvents, namely methanol and acetonitrile, were investigated as protein
precipitation solvents to achieve good resolution and high recovery of analytes from spiked biological
matrices. Finally, a direct protein precipitation method using acetonitrile was found to be optimal
and was selected for biological sample preparation. The main advantages of the present method
include the simplicity and low cost of the single-step protein precipitation over other extraction
methods. Although solid-phase extraction has been effectively used to extract desoxo-narchinol A and
nardosinonediol from plasma [18], it involves greater complexity, lengthy sample preparation time,
and higher cost.
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2.2. Chromatography

The observed multiple reaction monitoring (MRM) transitions and assay parameters for
desoxo-narchinol A and sildenafil (internal standard, IS) are summarized in Table 1. The representative
chromatograms in the rat and mouse plasma are shown in Figures 1 and 2, respectively.
Desoxo-narchinol A and IS were eluted for 2.74 min and 2.54 min, respectively, in the rat plasma.
Similarly, the retention time of desoxo-narchinol A was 2.73 min and that of IS was 2.53 min in the
mouse plasma. The complete chromatographic run took 7 min.

Specificity is the ability to determine accurately and specifically the analyte in the presence of other
components that may be expected to be present in the matrix. Specificity was assessed by comparing
the chromatograms of the blank rat and mouse plasma with the blank matrix spiked with the analyte
and IS. Examination of blank, zero sample, and other calibrators showed no interfering peaks at the
retention times corresponding to desoxo-narchinol A or IS.

Table 1. Observed MRM transitions and mass spectrometry settings.

Retention Time (min)

Compounds MRM Transition (1m/z) Rat Mouse R]l; (I;P) (S‘E/.) C(‘)g)
Plasma Plasma
Desoxo-narchinol A 192.94 — 99.00 2.74 2.73 56 310 19 2
s 474.76 — 58.10 2.54 2.53 96 370 67 0

Note: DP, declustering potential; FP, focusing potential; CE, collision energy; CXP, collision cell exit potential.
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Figure 1. Representative chromatograms of desoxo-narchinol A (left) and the internal standard (right)
in the (A) blank rat plasma and (B) blank rat plasma spiked with desoxo-narchinol A (LLOQ) and IS.
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Figure 2. Representative chromatograms of desoxo-narchinol A (left) and the internal standard (right)
in the (A) blank mouse plasma and (B) blank mouse plasma spiked with desoxo-narchinol A (LLOQ)
and IS.

2.3. Linearity and Sensitivity

Linearity refers to the ability to obtain test results that are proportional to analyte concentration
within a given range. The calibration curves for desoxo-narchinol A in both rat and mouse plasma
were linear in the concentration range of 10-1000 ng/mL with correlation coefficients (r?) > 0.999.
The calibration curves had a reliable reproducibility over the standard concentrations of the analyte
across the calibration range. The lower limit of quantification (LLOQ) was defined as the lowest
standard concentration on the calibration curve with an accuracy of 80-120% and a precision less
than 20% [21]. The LLOQ of desoxo-narchinol A was 10 ng/mL for both rat and mouse plasma,
which provided sufficient sensitivity to characterize its pharmacokinetics following intravenous and
oral administration.

2.4. Accuracy, Precision, and Recovery

The accuracy indicates the closeness between the measurement and the true or theoretical value,
and precision is the closeness among a series of measurements. Assessment of accuracy and precision
of the analytical method is essential to determine whether the method is ready for validation [21].
The present method was validated in two different biological matrices, i.e., rat and mouse plasma,
by using matrix matched quality control (QC) samples to demonstrate its accuracy and precision.
The intra- and inter-day accuracy and precision were assessed by analyzing five replicates of LLOQ (10
ng/mL), and QC samples at three different concentrations (25, 125, and 800 ng/mL) in the blank rat and
mouse plasma each day for five days. According to the FDA guidance [21], the mean accuracy should
not deviate by +15 %, except for LLOQ, where it can be +20% of the nominal concentration. Similarly,
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the deviation at each concentration level from the nominal concentration was expected to be within +
15%, except LLOQ, for which it should not be more than + 20% [21].

The determined intra- and inter-day accuracy and precision are summarized in Table 2. The intra-
and inter-day accuracies were 97.23-104.54% and the precisions were within 8.65% in the rat plasma.
In the mouse plasma, the intra- and inter-day accuracies were 95.90-110.11% and the precisions were
within 6.46%. The intra- and inter-day accuracy and precision of the present assay satisfied the criteria
of the FDA guidance on bioanalytical methods validation [21] and indicated that the established
method was accurate and reliable.

Table 2. Intra- and inter-day accuracy and precision of desoxo-narchinol A assay in rat and

mouse plasma.

Intra-Day (n = 5) Inter-Day (n = 5)
Matrix Concentration (ng/mL) — —
Accuracy (%)  Precision (%) Accuracy (%) Precision (%)

10 97.23 8.65 104.54 8.30
Rat plasma 25 99.80 3.90 100.81 1.97
125 102.24 5.26 99.54 1.66
800 102.64 1.10 98.28 3.23
10 98.41 1.59 110.11 6.46
Mouse 25 97.81 0.67 104.20 3.64
plasma 125 97.31 0.78 100.85 2.13
800 95.90 0.46 99.93 293

The total recovery of desoxo-narchinol A that was determined by comparing the peak responses
of the drug free plasma or Milli-Q water spiked with desoxo-narchinol A is summarized in Table 3.
Although recovery does not need to be 100%, it has been recommended that the extent of recovery of an
analyte and IS should be consistent and reproducible [21]. The average recovery for desoxo-narchinol
A was 95.15-99.10% in the rat plasma and 95.53-100.07% in the mouse plasma, indicating that the
extraction of desoxo-narchinol A via a single-step protein precipitation was efficient and reproducible.

Table 3. Total recovery (%) for desoxo-narchinol A and IS in rat and mouse plasma (1 = 5).

Concentration (ng/mL) Rat Plasma (%) Mouse Plasma (%)
10 98.77 + 3.18 99.37 + 0.65
D hinol A 25 99.10 + 2.00 100.07 + 0.88
esoxo-narchine 125 95.15 + 1.63 95.53 £ 1.33
800 96.10 + 1.56 96.22 +1.29
5] 200 103.90 +2.32 100.12 + 3.48

2.5. Stability

Analyte stability in a given matrix should be determined during sample collection, processing,
and storage of the analysis to ensure that the analytical method generates reliable data. The stability
was evaluated by comparing the peak responses of the QC samples of desoxo-narchinol A at two
different concentrations (25 and 800 ng/mL) in the rat or mouse plasma that were stored in four
different conditions against those of freshly prepared QC samples. Results of autosampler stability,
freeze-thaw stability, short-term stability, and long-term stability are shown in Table 4. As shown in
Table 4, the stability QC samples displayed average 96.62-104.98% recoveries in the rat plasma and
97.43-106.11% in the mouse plasma. Any significant deviations were not observed compared to the
freshly prepared samples, indicating that there was no significant degradation of desoxo-narchinol A
under the tested conditions.
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Table 4. Stability of desoxo-narchinol A in blank rat and mouse plasma (1 = 5).

Percentage over Theoretical Concentration (%)

Matrix Conc Autosampler Freeze-Thaw Short-Term Long-Term
(ng/mL) Stability Stability Stability Stability
(24h,4°0) (3 cycles, —20 °C) 4h,20°0) (2 wk, =20 °C)
Rat plasma 25 102.34 +1.75 96.62 + 0.89 98.23 + 1.63 104.98 + 1.05
P 800 99.06 + 1.76 98.45 + 1.15 99.68 + 1.49 102.86 + 1.66
Mouse plasma 25 104.24 + 0.50 106.11 + 0.70 105.23 + 0.49 98.61 + 0.84
P 800 99.59 + 0.43 103.46 + 0.80 100.00 + 0.56 97.43 +1.07

2.6. Pharmacokinetics of Desoxo-Narchinol A in Rats

The developed method was successfully applied to pharmacokinetic studies of desoxo-narchinol
A following intravenous and oral administration in two animal species.

The average plasma concentration-time profiles of desoxo-narchinol A after intravenous and
oral administration in rats are shown in Figure 3. The corresponding pharmacokinetic parameters of
desoxo-narchinol A calculated via non-compartmental analysis are shown in Table 5.
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Figure 3. Average plasma concentration vs. time profiles of desoxo-narchinol A after (A) intravenous

administration at a dose of 5 mg/kg (n = 4) and (B) oral administration at a dose of 50 mg/kg (1 = 4) in
rats. Data represent the mean + SD.

Table 5. Non-compartmental pharmacokinetic parameters of desoxo-narchinol A following intravenous
injection (IV) or oral administration (PO) in rats and mice.

Rat Mouse
Pharmacokinetic Parameters v PO v PO
(5 mg/kg, n =4) (50 mg/kg, n =4) (2 mg/kg, n = 6) (50 mg/kg, n = 5)
ty/2 (min) 102+ 0.7 5169 +£99.4°2 74+50 9.8+23
Tmax (min) - 5.0+0.0 - 10.0 £ 0.0
Cp or Cpax (ng/mL) 1442.5 + 463.6 159.8 + 88.8 624.9 + 434.8 19785+ 11144
AUC, (ng-h/mL) 399.8 £73.0 317.9 + 46.6 80 +25.8 688.9 +279.5
AUCjy (ng-h/mL) 400.8 +73.1 725.1 +£213.32 1022 +27.2 726.6 + 303.4
CL or CL/F (mL/min/kg) 213.8 +£39.3 950.1 + 574.0 2 343.9 + 83.1 1302.5 + 505.3
Vs (L/kg) 2906 - 36+27 -
Bioavailability (F) - 18.1% - 28.4%

Note: ?, nn = 3; t15, terminal half-life; Trax, time to reach Cpax; Co or Cpax, maximum plasma concentration after
i.v. or oral administration, respectively; AUC,y;, area under the plasma concentration-time curve from time zero
to the last observation time point; AUC;,¢, AUC to infinity; CL or CL/F, systemic clearance or apparent clearance;
Vss, volume of distribution at steady state.

Inrats, following intravenous injection, plasma concentrations of desoxo-narchinol A were declined
with the elimination half-life (t;5) of 10.2 + 0.7 min and not detected after 60 min. Following oral
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administration, desoxo-narchinol A was rapidly absorbed, reached the maximum plasma concentration
(Cmax) at 5 min. Then, the plasma concentration of desoxo-narchinol A showed a multi-exponential
decline with an extended terminal phase, resulting in the prolonged terminal t;, compared to
that after intravenous injection. Multiple peaks were observed in most of the individual plasma
concentration-time profiles. Due to the presence of secondary peaks in the plasma concentration-time
profiles, terminal phase could not be easily defined and t;, area under the plasma concentration-time
curve (AUCy¢), and apparent clearance (CL/F) were estimated from the limited number of animals.
The rapid absorption and prolonged terminal t;, after oral absorption is consistent with the recent
literature report, which reported the Tmax and tjp of desoxo-narchinol A of 7.5+ 2.7 min and
248.8 + 135.2 min, respectively, following oral administration in rats [18]. The extended terminal
phases of desoxo-narchinol A was also observed following oral administration of extracts from
Nardostachys jatamansi [18]. Finally, the oral bioavailability of desoxo-narchinol A was estimated at
18.1% in rats.

Extensive enterohepatic recirculation typically leads to multiple peaks or shoulders in the plasma
concentration-time profiles and a prolonged terminal half-life [22,23]. Alternatively, complex absorption
processes, including the presence of different absorption sites in the gastrointestinal tract, may also be
associated with the double peak phenomenon [24]. Although multiple peaks and prolonged terminal
half-lives were observed only after oral administration, further studies are required to elucidate its
mechanisms including enterohepatic recirculation, which may have a pronounced impact on the
systemic exposure, and thus on the pharmacological effects of desoxo-narchinol-A.

2.7. Pharmacokinetics of Desoxo-Narchinol A in Mice

Figure 4 depicts the average plasma concentration-time profiles of desoxo-narchinol A after
intravenous and oral administration in mice. The non-compartmental pharmacokinetic parameters
of desoxo-narchinol A in mice are summarized in Table 5. Similar to the pharmacokinetics in rats,
desoxo-narchinol A was rapidly disappeared from the plasma with t;, of 7.4 + 5.0 min and not detected
after 45 min following intravenous injection in mice. Following oral administration, desoxo-narchinol
A was rapidly absorbed to reach Cpax within 10 min and decreased with the elimination t{, of
9.8 + 2.3 min. The extended terminal t;/, and multiple peaks were not observed in mice either after
intravenous or oral administration. The species differences in the pharmacokinetic disposition may be
worthy of further studies. The oral bioavailability of desoxo-narchinol A was 30.9% in mice, which was
higher than that in rats. To best of our knowledge, this is the first report of oral bioavailability of
desoxo-narchinol A in animals.
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Figure 4. Average plasma concentration vs. time profiles of desoxo-narchinol A after (A) intravenous
administration at a dose of 2 mg/kg (n = 6) and (B) oral administration at a dose of 50 mg/kg (1 = 5) in
mice. Data represent the mean + SD.
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3. Materials and Methods

3.1. Materials

Desoxo-narchinol A was supplied by the School of Oriental Medicine, Wonkwang University
(Iksan, South Korea) and stored at =20 °C. Sildenafil (IS), dimethyl sulfoxide (DMSO), and formic acid
were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Acetonitrile and methanol were the
products of Burdick and Jackson (Muskegon, MI, USA). All other reagents were high-performance
liquid chromatography (HPLC) grades. Water used during the entire study was purified using a
Milli-Q water purification system.

3.2. Animal Study

The animal studies were approved by the Institutional Animal Care and Use Committee (IACUC)
at Wonkwang University (WKU17-02) and conducted following the Guidelines for the Care and Use
of Animals. Male Sprague-Dawley (SD) rats (7 weeks old) and ICR (CD-1) mice (7 weeks old) were
purchased from Hanil sirhamdongmul center (Wanju, South Korea). Animals were kept in plastic
cages with free access to standard diet and water. The animals were maintained at a temperature of
22-24 °C with a 12 h light-dark cycle and relative humidity of 50 + 10%.

3.2.1. Rat Study

Rats were anesthetized with intraperitoneal injection of 20 mg/kg Zoletil 50® (tiletamine HCI 125
mg/5 mL + zolazepam HCI 125 mg/5 mL) and cannulated with a polyethylene tubing (0.58 mm i.d.,
0.96 mm o.d., Natsume, Tokyo, Japan) in the right jugular vein. After 24 h of recovery, the rats were
examined for their physical condition and the experiment was carried out only if the animal was found
to be stable. After overnight fasting, desoxo-narchinol A dissolved in 10% DMSO was administered
to rats by intravenous (IV, 5 mg/kg, n = 4) injection or oral (PO, 50 mg/kg, n = 4) administration.
Blood samples (200 uL) were collected from the jugular vein before and at 1, 3, 5, 10, 30 min, 1, and 2 h
after IV injection, and at 1, 3, 5, 10, 30 min, 1, 2, 4, 6, and 8 h after oral administration. Plasma samples
were harvested by centrifugation of the blood samples at 4,000x g for 10 min and stored at —20 °C
until analysis.

3.2.2. Mice Study

Mice were administered with desoxo-narchinol A by IV injection into the caudal vein (2 mg/kg,
n = 6) or oral administration (50 mg/kg, n = 5). Blood samples (approximately 40 puL) were collected
from the retro-orbital sinus before and at 2, 5, 10, 20, 30, 45 min, 1, and 2 h after drug administration.
By centrifugation of the blood samples at 4,000 X g for 10 min, plasma samples were stored at —20 °C
until analysis.

3.2.3. Noncompartmental Analysis

The pharmacokinetic parameters of desoxo-narchinol A were determined by noncompartmental
analysis using the Phoenix® WinNonlin® (Certara, L.P.,, Princeton, NJ, USA). The apparent terminal
half-life (tj) was calculated as 0.693/1;, where A, is the terminal slope. The area under the
plasma concentration-time curve from time zero to the last observation time point (AUC,j) was
calculated using the trapezoidal method and AUC to infinity (AUC;,s) was obtained by adding
Clast/Az to AUCy). The systemic clearance (CL) and apparent clearance (CL/F) were estimated by
Dose/AUC;,s. Volume of distribution at steady state (Vss) was calculated as CL-MRT, where MRT
is the mean residence time. Maximum plasma concentration (Cmax) and time to reach Cmax (Tmax)
were obtained directly from the observed data. The oral bioavailability (F) was calculated as
F= (AUCinf, oral'DoseiV)/(AUCinf, iv-Doseoral)-
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3.3. Calibration Standards and Quality Control Samples

The standard stock solutions of desoxo-narchinol A and IS were prepared in methanol at the
concentration of 1.0 mg/mL. The working standard solutions of desoxo-narchinol A were prepared by
serial dilution of the stock solution with acetonitrile, yielding concentrations of 10, 50, 100, 250, 500,
and 1000 ng/mL. The IS working solution 200 ng/mL was prepared by dilution of the stock solution
with acetonitrile.

To prepare calibration standard samples, blank rat or mouse plasma were diluted 10-fold with
water. Then, 50 pL of the diluted plasma were spiked with 50 uL of the IS working solution and 50 uL
of the desoxo-narchinol A standard working solution. Acetonitrile 100 uL was added to the mixture
as a protein precipitation solvent. The mixture was mixed on a vortex mixer for 1 min followed by
centrifugation at 16,000x g for 20 min at 4 °C. The supernatant 10 uL was injected onto the LC-MS/MS.

The matrix-matched QC samples were prepared by spiking the desoxo-narchinol A working
solutions to the freshly harvested blank rat or mouse plasma to provide LLOQ (10 ng/mL),
low concentration QC (25 ng/mL), medium concentration QC (125 ng/mL), and high concentration QC
(800 ng/mL). The QC samples were stored at —20 °C until analysis.

To prepare plasma samples, the obtained plasma samples were diluted 10-fold with water and
50 puL of the diluted plasma samples were mixed with 150 pL of acetonitrile and 50 puL of the IS solution
(200 ng/mL) on a vortex mixer. After the mixture was centrifuged at 16,000x g for 20 min at 4 °C,
the supernatant was collected and 10 uL was injected onto the LC-MS/MS.

3.4. LC-MS/MS Conditions

LC-MS/MS system consisted of AP 2000 triple quadrupole mass spectrometer (AB Sciex, Concord,
ON, Canada) coupled with a Nanospace, Shiseido HPLC system (Shiseido, Yokohama, Japan).
Plasma samples were separated on a Kinetex Cyg column (100 X 2.10 mm i.d., 5 um). The composition
of mobile phase was a mixture of 0.1% 