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Preface to ”Isolation and Structure Elucidation of

Bioactive Compounds (Dedicated to the memory of the
late Professor Charles D. Hufford)”

Throughout the history of mankind, plants have played an indispensable role for the

benefit of human health. From ancient folk medicine to modern drugs, dietary supplements,

and even agrochemicals, the chemistry of plant constituents has become more important for us

in understanding life-threatening human diseases and chemoprevention practices. The absence

of curative drugs in cognitive health has led the world’s aging population toward traditional

medicine-based supplements. Isolation and structure determination of these diverse bioactive

molecules that only nature can produce has become a key area for generating new scaffolds for

various biological explorations in medicinal chemistry and agrochemical discovery. This is an area

currently under threat due to the disappearance of natural resources. For these reasons, we think it is

appropriate to document some recent research in this field.

We wish to dedicate this Special Issue Book Version to the memory of the late Professor Charles

D. Hufford, a true research pioneer in the fields of natural products and pharmacognosy, who made

immense contributions to the field. Making advances in the isolation and structure elucidation of

bioactive compounds using NMR technology, especially secondary plant metabolites, was a passion

of Professor Hufford, and therefore, this Special Issue of the journal Molecules has been dedicated to

his memory.

Muhammad Ilias, Charles L. Cantrell

Special Issue Editors

xi
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Editorial

Tribute to the Late Dr. Charles D. Hufford

Alice M. Clark

Department of BioMolecular Sciences, Division of Pharmacognosy; School of Pharmacy, The University of
Mississippi, Oxford, MS 38677, USA; amclark@olemiss.edu

Published: 7 February 2019

 

This Special Issue is dedicated to the late Dr. Charles (Charlie) D. Hufford, former Professor of
Pharmacognosy and Associate Dean for Research and Graduate Studies at the University of Mississippi.
Dr. Hufford passed away, May 15, 2017 at the age of 72.

Molecules 2019, 24, 588; doi:10.3390/molecules24030588 www.mdpi.com/journal/molecules1
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Charlie was born in the small community of Sycamore, Ohio in 1944 to Charles and Magdalena
Hufford. His father, Charley, was an avid and skilled amateur botanist, teaching Charlie about the
flora of the northern U.S. and Canada as they hunted and fished the areas. Charlie’s love of botany,
developed as a child, eventually led him to a lifetime of work devoted to understanding the chemistry
and biology of plants. After graduating from Mohawk High School in 1962, he enrolled at The Ohio
State University (OSU), where he found both his career and his lifelong devotion to Buckeye sports!
He graduated with a pharmacy degree from The Ohio State University in 1967.

While at OSU, he had the good fortune to meet Jack Beal, who recognized his talent for
pharmacognosy and encouraged him to pursue graduate studies. Charlie obtained his Ph.D. in
pharmacognosy in 1972 under the direction of Ray Doskotch. While pursuing his graduate studies, he
also served as a pharmacist in the Air Force Reserve. It was during his graduate studies that Charlie
developed his passion for NMR spectroscopy, eventually becoming a leader in the application and
interpretation of NMR to the structure elucidation of novel natural products.

He joined the faculty of the University of Mississippi (UM) School of Pharmacy as an assistant
professor in the summer of 1972. Throughout his career he served the school in several roles, including
two terms of service as department chair before becoming the school’s first associate dean for research
and graduate studies in 1995. For 42 years he was a tireless advocate for the School of Pharmacy
graduate students, faculty, and staff. He originated important research programs that continue
today, was one of the principal investigators for the long-running NIH-funded antifungal research
program, and was the singular driving force behind building the school’s capacity in NMR spectroscopy.
He retired from the university in January 2015 to devote his time to his two highest priorities: grandsons
and bowling!

Charlie was a quiet leader who worked out of the spotlight to support the careers of countless
students and colleagues. Throughout his own career, he collaborated with many other scientists to
identify hundreds of natural products representing a wide array of chemotypes and an impressive
range of bioactivities. He was also a pioneer in the use of microorganisms to predict mammalian
metabolism of drugs, and was instrumental in advocating that the University of Mississippi School
of Pharmacy incorporate the understanding of dietary supplements into its research and educational
initiatives several years before the Dietary Supplement Health and Education Act in 1994.

Charlie’s greatest professional achievement was his role in developing scores of scientists,
educators, pharmacists, and leaders. He was a patient and gifted mentor and teacher who set
many graduate students on their way to fulfilling and influential lives in academia, industry,
government, and nonprofit organizations throughout the world. His devotion to graduate education in
pharmacognosy continues through the Charles D. Hufford Graduate Student Fellowship Endowment
at The University of Mississippi, which he established when he retired in order to support in perpetuity
graduate education in pharmacognosy.

Charlie received many honors and awards for both his professional and personal
accomplishments, including the 1994 UM School of Pharmacy Outstanding Researcher of the Year
and the 1995 OSU College of Pharmacy Jack Beal Award. He was an elected Fellow of the American
Association of Pharmaceutical Scientists, and served in every leadership position of the American
Society of Pharmacognosy.

He also had a passion and skill for bowling—he bowled more than 30 perfect 300 games over
his bowling career, the latest on December 14, 2016. In that sphere as well, he was widely known and
admired as a mentor, coach, teammate, and friend to all.

I had the unique privilege of being partner to one of the greatest minds and most generous hearts
in science—Charlie always gave more than he got. Like so many others, I was the beneficiary of his
skill and expertise, his patient and methodical approach to our work, and his unwavering commitment
to the highest standards.

It is fitting that this Special Issue comprises papers from former students, collaborators, and
colleagues throughout the world who have utilized an impressive array of techniques to probe
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every possible natural source to identify a variety of chemotypes with a wide spectrum of biological
activities—with some new microbial transformations and insights into dietary supplements as well.
It is an appropriate reflection of Charlie’s career that spanned 40+ years, during which he contributed
to both our scientific knowledge and the development of scientists throughout the world.

© 2019 by the author. 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/).
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Microbial Oxidation of the Fusidic Acid Side Chain
by Cunninghamella echinulata

Abdel-Rahim S. Ibrahim 1, Khaled M. Elokely 2,3, Daneel Ferreira 4 and Amany E. Ragab 1,*

1 Department of Pharmacognosy, Faculty of Pharmacy, Tanta University, Tanta 31527, Egypt;
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Abstract: Biotransformation of fusidic acid (1) was accomplished using a battery of microorganisms
including Cunninghamella echinulata NRRL 1382, which converted fusidic acid (1) into three new
metabolites 2–4 and the known metabolite 5. These metabolites were identified using 1D and 2D NMR
and HRESI-FTMS data. Structural assignment of the compounds was supported via computation
of 1H- and 13C-NMR chemical shifts. Compounds 2 and 3 were assigned as the 27-hydroxy and
26-hydroxy derivatives of fusidic acid, respectively. Subsequent oxidation of 3 afforded aldehyde
4 and the dicarboxylic acid 5. Compounds 2, 4 and 5 were screened for antimicrobial activity
against different Gram positive and negative bacteria, Mycobacterium smegmatis, M. intercellulare and
Candida albicans. The compounds showed lower activity compared to fusidic acid against the tested
strains. Molecular docking studies were carried out to assist the structural assignments and predict
the binding modes of the metabolites.

Keywords: fusidic acid; Cunninghamella echinulata; C-26-oxidation; C-27-oxidation

1. Introduction

Fusidic acid (1) is a natural antibacterial steroid-like compound without any steroidal activity [1,2].
It was first isolated and identified from the fungus Fusidium coccineum [1,2] and introduced into the
market in the 1960s as the corresponding sodium salt for clinical use. It has activity against Gram
positive bacteria, particularly methicillin resistant Staphylococcus aureus (MRSA), and modest activity
against anaerobic Gram-negative bacteria [3,4]. Fusidic acid (1) acts through inhibition of protein
synthesis by binding to the elongation factor EF-G [5]. The specific and narrow spectrum of activity of
fusidic acid makes it an ideal target for investigating possible biotransformation pathways and the
effects of the metabolites on the activity spectrum and/or efficacy. Here, we explored the metabolic
fate of fusidic acid using several organisms among which the fungus Cunninghamella echinulata was
the most proficient in the biotransformation of this antibiotic.

Fusidic acid (Figure 1) is metabolized into a dicarboxylic acid derivative in mammals. Other detected
metabolites include 3-didehydrofusidic acid and fusidic acid 21-O-glucuronide conjugate [6,7]. Fusidic
acid was reported to undergo oxygenation and oxidation by microbial transformation to yield
6-hydroxy, 7-hydroxy, 3-didehydro and 6-oxofusidic acid [8–10] or deacetylation to produce the
16β-hydroxy derivative, which spontaneously converts into the biologically inactive lactone analog [11].

Molecules 2018, 23, 970; doi:10.3390/molecules23040970 www.mdpi.com/journal/molecules4
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16-De-O-acetyl-7β-hydroxyfusidic acid was isolated from the fungus Acremonium crotocinigenum [12].
Biotransformation of the side chain functionalities of fusidic acid is rare. Several microbial strains were
harnessed for studying the metabolism of drugs as a mimic of the phase-1 mammalian metabolism
stage [13]. Cunninghamella echinulata is one of the established microbial models for investigating
bioconversions of xenobiotics [13]. This study describes the formation of new metabolites emanating
from microbial transformation of the side chain functionalities of fusidic acid using C. echinulata.

 

Figure 1. Structures of fusidic acid (1) and the isolated metabolites.

2. Results and Discussion

Compound 2 (Figure 1) showed a potassium adduct ion at m/z 571.3030 using high resolution
electrospray ionization Fourier transform mass spectrometry (HRESI-FTMS) which, in conjunction with
the 1H- and 13C-NMR data (Tables 1 and 2), corresponds to a molecular formula of [C31H48O7 + K]+

(calculated 571.3032). The molecular formula of fusidic acid is C31H48O6 and the observed molecular
formula of 2 thus indicates the mono-oxygenation of fusidic acid. By comparison of the 13C-NMR data
of fusidic acid and compound 2, C-27 was deshielded from δC 25.7 to 68.6 suggesting its conversion
from CH3 to CH2-O-, and thus resulted in deshielding of C-25 and shielding of C-26 (Table 2).The DEPT
135 experiment showed nine methylene carbons compared to the eight of fusidic acid. The 1H-NMR
spectrum of compound 2 in CDCl3 (Table 1) showed the presence of a singlet at δH 3.9 integrating for
two protons with the absence of the singlet at δH 1.67 for Me-27 in the spectrum of fusidic acid. This shift
is consistent with a methylene group carrying an electronegative atom, thus, indicating the structure
of compound 2 as 27-hydroxyfusidic acid. Other proton and carbon signals were highly similar to
those of fusidic acid (Tables 1 and 2). The 2D HSQC NMR spectrum showed correlation of the proton
singlet of CH2-27 (δH 3.9) and C-27 at δC 68.6 which confirmed the site of oxygenation in compound 2

at C-27 (Figure 1). The 1H-1H COSY spectrum of fusidic acid (Supplementary Materials) indicated
the correlation of the protons at C-24 and C-27 which disappeared in the 1H-1H COSY spectrum of
compound 2 suggesting that compound 2 is a (24E) isomer. The experimental and computed chemical
shifts of compound 2 were compared to assign the degree of fitness (Supplementary Materials), using
the mean absolute error (MAE) and regression analysis (R2) for that purpose. The absolute error for the
computed 13C-NMR data of 2 was calculated as 68.14 and the MAE as 2.198 supporting the assignment
of 2 as the (24E) geometrical isomer of the new 27-hydroxyfusidic acid.
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Table 1. 1H-NMR data of fusidic acid and the isolated metabolites. δH ppm (J = Hz).

Position
Compound

1 * 2 (300 MHz) 3 (500 MHz) 4 (300 MHz) 5 (500 MHz)

1 1.51(m)/2.17 (m) 1.49 (m)/2.07 (m) 1.50 (m)/2.09 (m) 1.50 (m)/2.09 (m) 1.51 (m)/2.17 (m)
2 1.75 (m)/1.86 (m) 1.71 (m)/1.82 (m) 1.63 (m) 1.70 (m)/1.83 (m) 1.62 (m)/1.88 (m)
3 3.76 (s) 3.72 (s) 3.73 (s) 3.75 (d, 1.54) 3.68 (s)
4 1.58 (m) 1.46 (brs) 1.51 (m) 1.46 (m) 1.55 (m)
5 2.11 (m) 2.17 (m) 2.17 (m) 2.10 (m) 2.17 (m)
6 1.13 (m)/1.59 (m) 1.09 (m)/1.60 (m) 1.12 (m)/1.60 (m) 1.11 (m)/1.70 (m) 1.16 (m)/1.73 (m)
7 1.12 (m)/1.74 (m) 1.68 (m)/1.11(m) 1.68 (m)/1.12(m) 1.24 (m)/1.83 (m) 1.16 (m)/1.8 (m)
8 - - - - -
9 1.57 (s) 1.55 (s) 1.59 (s) 1.56 (s) 1.62 (s)

10 - - - - -
11 4.35 (brs) 4.36(brs) 4.36 (brs) 4.34 (brs) 4.34 (brs)
12 1.85 (m)/2.33 (m) 1.82 (m)/2.44 (m) 2.44 (m) 1.87 (m)/2.43 (m) 1.89 (m)/2.32 (m)
13 3.06 (d, 10.91) 2.95 (d, 13.0) 3.06 (d, 10.66) 3.08 (d, 11.10) 3.11 (d, 11.20)
14 - - - - -
15 1.30 (d, 14.20)/2.19 (m) 1.27 (d, 14.0)/2.17 (m) 1.27 (m)/2.19 (m) 2.10 (m)/1.40 (m) 1.27(d, 4.20)/2.18 (m)
16 5.88(d, 8.32) 5.88 (d, 8.2) 5.86 (d, 7.02) 5.90 (d, 8.3) 5.85 (d, 8.17)
17 - - - - -
18 0.89 (s) 0.88 (s) 0.91 (s) 0.91 (s) 0.96 (s)
19 0.96 (s) 0.96 (s) 0.98 (s) 0.96 (s) 1.02 (s)
20 - - - - -
21 - - - - -
22 2.46 (m) 2.55 (m) 2.55 (m) 2.43 (m)/2.61 (m) 2.57(m)/2.65 (m)
23 2.07 (m)/2.17(m) 2.05 (m)/2.20 (m) 2.30 (m) 2.61 (m) 2.33 (m)
24 5.10 (t, 6.97) 4.49 (t, 7.2) 5.26 (t, 7.2) 6.49 (t, 7.9) 6.80 (t, 8.0)
25 - - - - -

26 1.60 (s) 1.62 (s) 4.03 (d, 11.75),
4.13 (d, 11.75) 9.36 (s) -

27 1.67 (s) 3.9 (s) 1.77 (s) 1.73 (s) 1.84 (s)
28 0.90 (d, 5.8) 0.89 (d, 7.8) 0.90 (d,7.28) 0.90 (d, 6.31) 0.92 (d, 6.43)
29 1.38 (s) 1.34 (s) 1.38 (s) 1.36 (s) 1.41 (s)
31 1.96 (s) 1.97 (s) 1.99 (s) 1.96 (s) 1.98 (s)

* Data of fusidic acid (1) taken from reference [14].

The HRESI-FTMS data of compound 3 showed a potassium adduct ion at m/z 571.3030 which,
in conjunction with 13C-NMR data, corresponds to a molecular formula of [C31H48O7 + K]+ (calculated
571.3032) suggesting the oxygenation of fusidic acid. Comparing the 13C-NMR data of fusidic acid and
compound 3, C-26 was deshielded from δC 17.8 to 61.2 which resulted in deshielding of C-24, C-25 and
shielding of C-27 (Table 2). The DEPT 135 spectrum showed nine methylene carbons with the chemical
shift of the carbon at δC 61.2 suggesting oxygenation at C-26. The 1H-NMR data of compound 3 in
CDCl3 showed two doublets at δH 4.03 and 4.13 (3J = 11.75 Hz), characteristic for geminal coupling,
replacing the singlet (δH 1.60) for Me-26 in the spectrum of fusidic acid. This shift is reminiscent
of a methylene group attached to an electronegative atom suggesting the structure of compound
3 as 26-hydroxyfusidic acid. Other proton and carbon signals were similar to those of fusidic acid
(Tables 1 and 2). The gradient HMQC data showed correlation of the proton doublets at δH 4.03 and
4.13 and C-26 (δC 61.2) which confirmed the site of oxygenation in compound 3 at C-26 (Figure 1).
The 1H-1H COSY spectrum showed the correlation of the protons at C-24 and C-27, indicating that
compound 3 is a (24Z) isomer. The computed 13C-NMR spectrum of 3 showed an absolute error of
83.157 with an MAE of 2.682 matching the assignment of the structure of compound 3 as the new
(24Z)-26-hydroxyfusidic acid.
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Table 2. 13C-NMR data of fusidic acid and the isolated metabolites. δC ppm.

Position
Compound

1 * 2 (75 MHz) 3 (125 MHz) 4 (75 MHz) 5 (125 MHz)

1 30.2 30.1 30.2 30.5 31.4
2 29.8 30.4 30.1 30.2 31.4
3 71.5 71.9 72.0 71.9 72.9
4 36.4 36.1 35.7 36.7 38.6
5 36.0 37.1 37.2 36.3 37.2
6 20.9 21.4 23.0 21.2 22.8
7 32.1 32.1 32.0 31.9 33.3
8 39.5 49.1 39.9 39.3 41.1
9 49.3 50.0 49.8 49.7 51.1

10 36.9 39.8 36.9 37.3 38.2
11 68.2 69.0 68.5 68.5 69.0
12 35.6 35.5 35.7 36.0 37.8
13 44.3 44.7 44.5 44.9 45.6
14 48.7 49.1 49.2 49.2 50.4
15 38.9 39.2 39.3 39.3 40.4
16 74.5 74.9 74.9 74.8 76.1
17 150.7 150.2 150.4 152.8 150.6
18 17.8 18.0 18.0 18.3 18.5
19 23.0 23.7 23.6 23.4 24.2
20 129.6 129.9 130.2 128.8 131.6
21 174.4 173.9 173.2 173.2 174.0
22 28.8 27.2 28.1 29.6 29.0
23 28.5 27.9 28.8 27.7 30.3
24 123.1 124.0 127.1 152.2 142.5
25 132.6 136.2 135.6 140.3 130.2
26 17.8 14.1 61.2 195.8 172.9
27 25.7 68.6 21.8 9.6 13.0
28 15.9 16.3 16.3 16.3 16.9
29 23.9 24.1 24.0 24.3 24.0
30 170.7 171.4 171.6 171.2 172.0
31 20.6 21.0 21.0 21.0 21.1

* Data of fusidic acid (1) taken from reference [14].

We next investigated the phenomenon of the 27-hydroxymethylene protons in 2 resonating as
a singlet and the 26-hydroxymethylene protons in 3 as two one-proton doublets. The lowest energy
conformers were analyzed to investigate the relative chemical environment of these protons in each
case (Figure 2). Owing to strong hydrogen bonding between the C-11 and C-27 hydroxy groups,
two major orientations of the C-27 protons of compound 2 were observed (Figure 2, panels A and B).
This creates similar average chemical environments and results in a singlet resonance for the geminal
hydrogen atoms. In 3, the hydrogen bonding between the C-11 and C-26 hydroxy groups anchored the
C-26 methylene (Figure 2, panel C) group to such an extent as to create diastereotopic-like protons
culminating in two one-proton doublets in the 1H-NMR spectrum.

 

Figure 2. The most abundant conformers of 2 (A and B) and 3 (C).

The HRESI-FTMS data of compound 4 revealed a sodium adduct ion at m/z 553.3131 which,
in conjunction with the 13C-NMR data, accounts for a molecular formula of [C31H46O7 + Na]+
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(calculated 553.3135), again indicative of the presence of an oxidation product of fusidic acid.
By comparison of the 13C-NMR data of fusidic acid and compound 4, C-26 was deshielded from
δC 17.8 to 195.8 indicating the oxidation of Me-26 into a formyl group which resulted in deshielding of
C-24, C-25 and shielding of C-27 (Table 2). The DEPT 90 spectrum of compound 4 showed nine methine
carbons in contrast to the eight of fusidic acid. The 1H-NMR data of compound 4 in CDCl3 showed
the presence of a one-proton singlet at δH 9.36 and the absence of the Me-26 singlet (δH 1.60) in the
spectrum of fusidic acid. This shift is reminiscent of formyl group formation suggesting the structure
of compound 4 as 26-formylfusidic acid. The HSQC spectrum showed correlation of the proton singlet
(δH 9.36) and C-26 (δC 195.8), and, thus, confirmed the structure of the new compound 4 (Figure 1).
The 1H-1H COSY spectrum showed the correlation of the protons at C-24 and C-27, indicating that
compound 4 is a (24Z) isomer. The calculated absolute error, MAE and (R2) supported the structural
assignment of the new compound 4 as (24Z)-26-formylfusidic acid (Supplementary Materials).

The molecular formula of compound 5 was determined as C31H46O8 via its 13C-NMR and
HRESI-FTMS data which showed a sodium adduct ion at m/z 569.3072 for [C31H46O8 + Na]+

(calculated 569.3084). The molecular formula of compound 5 has one extra oxygen atom compared
to compound 4 which is reminiscent of an oxidation product of fusidic acid. By comparison of the
13C-NMR data of fusidic acid and compound 5, the C-26 resonance was deshielded from δC 17.8
to 172.9 which strongly suggests oxidation at C-26, thus resulted in deshielding of C-24, C-25 and
shielding of C-27 (Table 2). The DEPT 90 and 135 spectra of compound 5 evidenced one fewer methyl
group compared to fusidic acid which implied the presence of a hydroxycarbonyl functional group.
The 1H-NMR data of compound 5 in methanol-d4 showed the disappearance of the Me-26 singlet
(δH 1.60) present in the spectrum of fusidic acid. This is consistent with the presence of a carboxylic
group, and hence the structure of compound 5 as 26-carboxyfusidic acid (Figure 1) which matched the
literature data [7]. 2D NMR data of compound 5 supported the deduced structure.

Compounds 3 and 4 may be considered as intermediates towards the formation of compound 5

and this is the first report of their formation and structural elucidation. Von Daehne et al. reported
as “unpublished observations” that compound 2 was chemically synthesized by Godtfredsen and
Vangedal via oxidation of fusidic acid with selenium oxide in t-butanol [14], followed by reduction with
sodium borohydride to yield compound 2. The oxygenation step of the 26-Me and 27-Me diastereotopic
ligands in the side chain of fusidic acid using C. echinulata does not exhibit regioselectivity, whereas
subsequent oxidation of the mixture of 2 and 3 into the formyl and hydroxycarbonyl fusidic acid
derivatives 4 and 5 proceeded regiospecifically at C-26.

The antimicrobial activity testing of compounds 2, 4 and 5 revealed that oxidation of fusidic acid
at C-26 to the formyl derivative 4 diminishes the activity, whilst further oxidation to the carboxylic
acid 5 abolishes the activity completely. The oxygenation at C-27 decreased the antimicrobial activity
of fusidic acid (Table 3). These results showed that the methyl groups in the side chain of fusidic acid
are crucial for maximum activity.

Table 3. Antimicrobial activity testing of fusidic acid and the isolated metabolites.

Microorganism
Compound, MIC (μg/mL)

Fusidic acid 1 2 4 5

Streptomyces faecalis 1.50 50 50 -ve *
Streptomyces durans 6.00 25 25 -ve

Staphyllococcus aureus 0.38 2.5 2.5 -ve
Bacillus subtlis 0.38 100 50 -ve
Escherichia coli -ve -ve -ve -ve

Pseudomonas aeruginosa -ve -ve -ve -ve
Mycobacterium smegmatis 12.5 100 -ve -ve

Mycobacterium intercellulare 12 -ve -ve -ve
Candida albicans 1.25 -ve -ve -ve

* -ve (no antimicrobial activity) at the highest tested concentration (100 μg/mL).
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A docking simulation was carried out using the crystal structure of Thermus thermophilus EF-G
(PDB accession code: 4V5F). Fusidic acid showed the best docking score of −4 kcal/mol, while
compounds 2, 3, 4 and 5 exhibited docking scores of −2.5, −2.6, −2.8 and −0.36 kcal/mol, respectively.
The simulated binding poses of compounds 2, 3 and 4 were studied and compared with that of fusidic
acid (Figures 3–6). Compounds 1, 2, 3 and 4 exhibited non-covalent interactions with the amino acid
residues of the ligand binding pocket, mostly in the form of electrostatic and Van der Waals contacts.

 

Figure 3. The binding mode of fusidic acid (1). The ligand binding pocket is shown as surface (A).
The amino acid residues involved in ligand interaction are shown as lines (B). A 2D ligand interaction
profile is demonstrated in (C).

 

Figure 4. The binding mode of 2. The ligand binding pocket is shown as surface (A). The amino
acid residues involved in ligand interaction are shown as lines (B). A 2D ligand interaction profile is
demonstrated in (C).

 

Figure 5. The binding mode of 3. The ligand binding pocket is shown as surface (A). The amino
acid residues involved in ligand interaction are shown as lines (B). A 2D ligand interaction profile is
demonstrated in (C).
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Figure 6. The binding mode of 4. The ligand binding pocket is shown as surface (A). The amino
acid residues involved in ligand interaction are shown as lines (B). A 2D ligand interaction profile is
demonstrated in (C).

The amino acid residues involved in ligand interaction include Thr26, Lys25, Ile21, Val88, Arg96,
Asp435, Glu434, Met317, Lys315, Ala68, Ile65, Ala67, Asp83, Thr84, Thr437 and Phe90. Lys315 and
Thr26 form conserved hydrogen bonds, while Asp435 forms a hydrogen bond only with 2. Lys25
showed a strong ionic interaction with 1. This simulation indicated that fusidic acid fits best in
the binding pocket with non-covalent and ionic interactions, while compounds 2–4 showed less
binding affinity which may account for their decreased activity. The docking score of compound 5

(−0.36 kcal/mol) implies weak or no binding which explains the complete loss of activity.

3. Materials and Methods

3.1. General Experimental Procedures

Sodium fusidate was purchased from Leo Pharmaceutical Company (Ballerup, Denmark).
IR spectra were recorded on a Perkin Elmer IR spectrophotometer (PerkinElmer Inc., Waltham,
MA, USA). UV data were acquired using a 60/PC ultraviolet spectrophotometer (Shimadzu, Kyoto,
Japan). NMR spectra were recorded using Varian XL300 (Varian Inc., Palo Alto, CA, USA) and Bruker
Avance 500 spectrophotometers (Bruker, Billerica, MA, USA) using CDCl3 and methanol-d4 as solvents
and tetramethyl silane (TMS) as internal standard. 1H-NMR spectra were recorded at 300 or 500 MHz,
and 13C-NMR spectra at 75 or 125 MHz. DEPT, COSY and HETCOR analyses were obtained using
Varian Pulse Sequences at 300 or 500 MHz. HR-ESIFTMS data were acquired using a Bruker Bioapex
FT-mass spectrometer (Bruker, Billerica, MA, USA) in ESI mode. Thin layer chromatography (TLC)
was carried out using precoated silica gel 60 F254 plates (0.25 mm layer, E. Merck, Darmstadt, Germany)
and visualization was by spraying with p-anisaldehyde reagent followed by heating at 110 ◦C.

3.2. Preparation of Fusidic Acid

Sodium fusidate was dissolved in water (50 mg/mL) and acidified with acetic acid. The precipitated
fusidic acid was filtered, washed acid-free with distilled water, and dried to constant weight in a
vacuum desiccator. The NMR and MS data were identical to reported data [14,15].

3.3. Microorganisms and Culture Conditions

Microbial transformation experiments were conducted according to published procedures [16].
For the initial screening experiments, 25 microbial cultures belonging to the genera Aspergillus,
Candida, Cunninghamella, Saccharomyces, Rhizopus, Penicillium, Streptomyces, Gymnascella, Lindera, and
Rhodotorula were used. The tested strains were obtained from either The American Type Culture
Collection (ATCC, Manassas, VA, USA) or the National Center for Agricultural Utilization Research
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(NCAUR, Peoria, IL, USA). The strains were maintained at 4 ◦C on Sabouraud dextrose agar slants
and subcultured quarterly.

3.4. Culture Media

In all fermentations, the medium consists of 10 mL/L glycerol, 10 g/L glucose, 5 g/L peptone,
5 g/L yeast extract, 5 g/L NaCl, and 5 g/L K2HPO4 in distilled water. The pH was adjusted to 6.0
before autoclaving at 121 ◦C for 15 min.

3.5. Initial Biotransformation Screening Experiments

Cells of the tested microorganisms were transformed from two-week old slants into sterile liquid
medium (50 mL/250 mL flask) and kept on a gyratory shaker at 28 ◦C and 200 rpm for 72 h to give
stage I culture. Stage I culture (5 mL) was used as an inoculum for stage II culture (50 mL/250 mL flask).
After 24 h of incubation of stage II culture, sodium fusidate (10 mg) was added as a solution in absolute
ethanol (250 μL) to each flask. Samples were taken after 3 and 6 days of incubation, acidified with
a few drops of 10% HCl, filtered and the filtrate was extracted with an equal volume of chloroform.
After evaporation of the chloroform, the residues were chromatographed on precoated silica gel
plates using chloroform-methanol (5:1) or benzene-ethyl acetate- formic acid (3 mL:7 mL:1 drop) as
mobile phase and detection was carried out by UV light visualization and p-anisaldehyde spray
reagent. Both substrate and organism-free controls were also prepared and processed in the same
way. The results of preliminary screening using fusidic acid were identical to those of using sodium
fusidate. Amongst the tested strains, C. echinulata NRRL 1382 and C. elegans 1392 displayed the best
transformations. This paper discusses the metabolites obtained from transformation using C. echinulata.

3.6. Large Scale Fermentation

Stage I cultures were prepared by inoculating culture media with two weeks old Sabouraud
dextrose agar slants of C. echinulata and incubated at 28 ◦C, and 200 rpm for 72 h. Stage II cultures were
initiated by inoculating stage I culture (5 mL) into new culture media (50 mL in 250 mL flasks) and
incubated at 28 ◦C, and 200 rpm for 24 h. Sodium fusidate, dissolved in absolute ethanol (2.7 g/67 mL),
was added to 270 stage II cultures to give a 0.02% w/v final concentration, and incubation continued
for six days. Substrate and organism free control cultures were prepared. The cultures were pooled,
acidified with 10% HCl (1 mL/30 mL culture), filtered and the filtrate was extracted twice with an
equal volume of chloroform. The chloroform extract was dried over anhydrous sodium sulfate and
evaporated under vacuum to give an amber-colored residue (3.4 g). TLC was carried out using
chloroform-methanol (5:1) or benzene-ethyl acetate-formic acid (3 mL:7 mL:1 drop) as mobile phases
and detection was carried out by UV light visualization and p-anisaldehyde spray reagent.

3.7. Isolation of Metabolites

The residue obtained from the chloroform extract after evaporation (3.4 g) was loaded onto a
silica gel column (300 g) and eluted with a gradient of ethyl acetate in benzene (0–60%) containing 0.2%
formic acid and fractions of 100 mL were collected. The percentage of formic acid was increased to
0.4% starting from fraction no. 107 and similar fractions were pooled to give three groups of fractions.

3.7.1. Fractions 80–106

The residue obtained upon pooling and evaporation of these fractions (360 mg) was
rechromatographed on a silica gel column (40 g) using a gradient of methanol/chloroform (0–10%),
and 50 mL fractions were collected. Fractions 47–64 afforded compound 4 (110 mg) and fractions
73–136 gave compound 5 (72 mg).
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3.7.2. Fractions 122–142

The residue of these fractions (300 mg) was rechromatographed on a silica gel column (40 g)
using a gradient of methanol/chloroform (0–10%) and 50 mL fractions were collected. Fractions 46–84
afforded compound 2 (115 mg).

3.7.3. Fractions 143–190

The residue of these fractions (320 mg) was partially purified using Sephadex LH-20 column
(200 mL bed volume) chromatography followed by silica gel column chromatography (40 g) using
a gradient of methanol/chloroform (0–4%) and collecting 50 mL fractions. Fractions 79–114 yielded
compound 3 which was recrystallized from n-hexane/chloroform mixture to provide 21 mg of pure 3.

3.7.4. 27-Hydroxyfusidic Acid (2)

White powder; UV (MeOH) λmax 223 nm; IR νmax (KBr disc) cm−1: 3440, 2880, 1725, 1395, 1275;
1H and 13C-NMR (CDCl3): see Tables 1 and 2; HRESI-FTMS (m/z): 571.3030 [M + K]+ (calc. for
C31H48O7K, 571.3032).

3.7.5. 26-Hydroxyfusidic Acid (3)

White powder; UV (MeOH) λmax 223 nm; IR νmax (KBr disc) cm−1: 3432, 2936, 1717, 1638, 1443,
1379, 1260; 1H and 13C-NMR (CDCl3): see Tables 1 and 2; HRESI-FTMS (m/z): 571.3030 [M + K]+

(calc. for C31H48O7K, 571.3032).

3.7.6. 26-Formylfusidic Acid (4)

White powder; UV (MeOH) λmax 218 nm; IR νmax (KBr disc) cm−1: 3500, 2970, 2910, 1720, 1690,
1465, 1385, 1265; 1H and 13C-NMR (CDCl3): see Tables 1 and 2; HRESI-FTMS (m/z): 553.3131 [M + Na]+

(calc. for C31H46O7Na, 553.3135).

3.7.7. 26-Carboxyfusidic Acid (5)

White powder; UV (MeOH) λmax 223 nm; IR νmax (KBr disc) cm−1: 3435, 3169, 2939, 1700, 1641,
1381, 1260; 1H and 13C-NMR (CDCl3): see Tables 1 and 2; HRESI-FTMS (m/z): 569.3072 [M + Na]+

(calc. for C31H46O8Na, 569.3084).

3.8. Antimicrobial Activity

Samples were tested according to the National Committee of Clinical Laboratory Standard
(NCCLS, 1994) using ATCC strains.

3.9. Assignment of Relative Configuration

To assign the relative configuration of the compounds, all possible chemical structures were
sketched and energy minimized in Maestro. MacroModel with the OPLS3 forcefied was used to
generate the conformers of the proposed structures. We used the stochastic conformational search
approach of MacroModel and the Monte Carlo multiple minimum method to allow for better torsional
sampling. The energy window for selecting the conformers was defined at 10.04 kcal mol−1. Geometry
optimization and frequencies were calculated for all optimized conformers, based on Boltzmann
analysis, using Gaussian 09 at the M06-2X/6-31+G(d,p) level. Gaussian 09 at the B3LYP/6-311+G(2d,p)
level was used to compute the NMR shielding tensors using the gauge-independent (or including)
atomic orbitals (GIAO) method. In all DFT calculations we used the integrated equation formalism
polarized continuum model (IEFPCM) was used.
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3.10. Protein Preparation

The protein crystal structure of T. thermophilus EF-G (PDB accession code: 4V5F) was obtained from
the protein databank (www.rcsb.org). The protein structure was prepared for docking by PrepWizard
of the Schrödinger suite. Missing hydrogen atoms, amino acid side chains and loops were added.
To account for correction of hydrogen bond networks, the orientations of amide groups (Asn and Gln),
hydroxy groups (Tyr, Thr and Ser), and protonation states of imidazole moiety (His) were adjusted.
No energy minimization was conducted.

3.11. Ligand Preparation

The compounds were sketched and converted into 3D structures in Maestro. The molecules were
then prepared to address all possible protonation and tautomerization states using LigPrep with the
OPLS3 forcefield. Only the lowest energy conformer for each ligand was kept.

3.12. Receptor Grid Preparation

The make receptor module of OpenEye scientific software (www.eyesopen.com) was used to
construct the receptor grid. The native ligand was used to define the centroid of the docking box.
The volume and dimensions of the grid box were defined as 7374 Å3 (17.27 Å × 19.14 Å × 22.31 Å).
The dimensions of the outer contour of the docking region was 3140 Å3.

3.13. Docking Simulation

The multi-conformers’ compound database was docked using FRED of the OpenEye scientific
software with standard docking precision was used. One best pose was saved for each compound.

4. Conclusions

Among the screened strains, C. echinulata was the only organism that metabolized fusidic acid (1)
in a regioselective fashion targeting the allylic Me-26 and the Me-27 groups of the hydrophobic side
chain. The microorganism seems to detoxify the antibiotic fusidic acid (1) by regioselective oxidation
of the methyl groups of the hydrophobic side chain into hydroxymethyl, formyl and hydroxycarbonyl
functionalities in order to minimize the antimicrobial activity. The dicarboxylic acid may eventually
undergo decarboxylation to norfusidic acid, which, however is yet to be isolated and assessed for
antimicrobial activity. The intermediate oxidation products 2–4 may be exploited to develop antibiotic
ligands with better activity and lower toxicity. These data indicate the presence of an interesting
oxidation system in C. echinulata which targeted the side chain of fusidic acid in contrast to C. elegans
which targeted ring B in our previous work [17].

Supplementary Materials: The following are available online. Figures S1–S26 are NMR and mass spectra of the
isolated compounds. Excel sheets contain the NMR (proton and carbon) calculation results.
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Abstract: The leaves of Morus alba L. are an important herbal medicine in Asia. The systematic
isolation of the metabolites of the leaves of Morus alba L. was achieved using a combination of
liquid chromatography techniques. The structures were elucidated by spectroscopic data analysis
and the absolute configuration was determined based on electronic circular dichroism (ECD)
spectroscopic data and hydrolysis experiments. Their biological activity was evaluated using different
biological assays, such as the assessment of their capacity to inhibit the aldose reductase enzyme;
the determination of their cytotoxic activity and the evaluation of their neuroprotective effects against
the deprivation of serum or against the presence of nicouline. Chemical investigation of the leaves
of Morus alba L. resulted in four new structures 1–4 and a known molecule 5. Compounds 2 and
5 inhibited aldose reductase with IC50 values of 4.33 μM and 6.0 μM compared with the potent
AR inhibitor epalrestat (IC50 1.88 × 10−3 μM). Pretreatment with compound 3 decreased PC12 cell
apoptosis subsequent serum deprivation condition and pretreatment with compound 5 decreased
nicouline-induced PC12 cell apoptosis as compared with control cells (p < 0.001).

Keywords: Morus alba L.; aldose reductase inhibitor; neuroprotective agent; natural products

1. Introduction

The species Morus alba L., known as white mulberry, belongs to the genus Morus of the family
Moraceae, is native to China and now is cultivated throughout the world [1,2]. All parts of this plant
have been used medicinally in Traditional Chinese Medicine including the leaves, root bark, stem and
fruits [3,4]. In East Asia the leaves have been an important herbal medicine for treatment of cold,
fever, headache, cough and rheumatic diseases for thousands of years [3,5]. Extracts or constituents
of M. alba L. leaves were reported to possess anti-inflammatory, antioxidant, antiobesity, antidiabetic,
and hypolipidemic properties [5,6]. Phytochemical investigations of the leaves of M. alba reported
the presence of flavonoids, lignans, pyrrole alkaloids, polyphenols, fatty acids, and anthocyanin [6,7].
Previous phytochemical studies and the pharmacological potentials of constituents of the genus Morus
have been reviewed by Yang et al. [8].

Aldose reductase is the first and rate-controlling enzyme in the polyol pathway that reduces
glucose into sorbitol and then fructose. Intracellular excess sorbitol is thought to lead to diabetic
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complications, including neuropathy, nephropathy, retinopathy, and cataract [9]. Fructose can lead to
the formation of 3-deoxyglucosone, a key intermediate known to accelerate the formation of Advanced
Glycation End products (AGEs) [10]. The presence and accumulation of AGEs contribute to the
development of atherosclerosis and promotes renal damage, diabetic nephropathy, and a series of
cancers [11–14]. Besides reducing glucose, aldose reductase is also involved in the reduction of
oxidative stress-generated lipid aldehydes and their conjugate with GSH, which can alter cellular
signals by mediating transcription factors such as NF-Kb and AP1 [15]. Aldose reductase inhibitors
have been shown to be an effective multi-disease target to prevent diabetic complications, cancers,
cardiovascular diseases, and inflammatory complications [16]. This study investigated the acetone
and chloroform fractions of the ethanol extract of the leaves of M. alba L., which showed effects
against diabetes and human cancer cell lines in our previous study, leading to the identification of
four new structures, namely a sesquiterpenoid glucoside 1, an aromatic glucoside 2, a farnesylacetone
derivative 3, a flavan 4, and a known compound, (9R)-hydroxyl-(10E,12Z,15Z)-octadecatrienoic
acid (5). In addition, we report the results of aldose reductase inhibitory and neuroprotective
activity evaluations.

2. Results and Discussion

2.1. Characterization

The crude extract of the leaves of Morus alba. L was divided into four fractions by flash silica gel
column chromatography. The generated acetone and chloroform fractions were further isolated by the
combination of resin column chromatography, silica gel column chromatography, medium pressure
liquid chromatography (MPLC), and high performance liquid chromatography (HPLC), generating
four new compounds and a known one (Figure 1).

Moralsin (1) was obtained as a white powder, [α]20
D −72 (c 0.19, MeOH). The IR spectrum of

1 showed the presence of hydroxy (2957 cm−1), alkyl (3402 cm−1) and ester carbonyl (1760 cm−1)
functional groups. The molecular formula, C21H30O8, was determined from its sodium adduct
ion in the HRESIMS (433.1826 [M + Na]+, calcd. 433.1833), corresponding to seven indices of
hydrogen deficiency. The 1H-NMR and 13C-NMR spectra (Tables 1 and 2) revealed the presence
of two trisubstituted double bonds [δH 6.82 (t, J = 3.0 Hz, H-4), 5.66 (d, J = 9.3 Hz, H-8); δC 132.4 (C-4),
130.7 (C-5), 129.8 (C-8), 138.8 (C-9)], one terminal double bond [δH 6.44 (dd, J = 17.5, 10.5 Hz, H-10),
5.37 (d, J = 17.5 Hz, H-11a), 5.20 (d, J = 10.5 Hz, H-11b)], one ester carbonyl (δC 168.8), two oxygenated
methines [δH 4.41 (m, H-3), 5.12 (t, J = 9.3 Hz, H-7); δC 70.4 (C-3), 76.8 (C-7)], three methyls [δH 0.90
(3H, s), 0.87 (3H, s), 1.88 (3H, s)], one methylene [δH 1.86 (m, H-2α), 1.60 (dd, J = 15.0, 6.5 Hz, H-2β)],
two methines [δH 2.57 (m, H-6), 5.12 (t, J = 9.3 Hz, H-7)], one tertiary carbon group [δC 29.5 (C-1)]
and a glucopyranosyl unit [δH 4.35 (d, J = 8.0 Hz, H-1′), 2.9-3.7 (6H, H-2′-6′)]. In combination with
analysis of 1H-1H COSY spectrum, the NMR date displayed there were two spin systems C2-C3-C4
and C6-C7-C8 in 1. In the HMBC spectrum, the correlations of H-12, H-13/C-1, C-2, C-6; H-4/C-5,
C-14; H-6/C-4; H-11/C-9; and H-15/C-8, C-10 determined the monocyclofarnesane carbon skeleton
containing a 14,7-olide ring. In addition, the correlations of H-1′/C-3 indicated the glucopyranosyl
unit was connected to C-3 of the monocyclofarnesane-type sesquiterpenoid aglycone.

A β-anomeric configuration for the glucosyl unit was assigned via its large 3J1,2 coupling constant
(8.0 Hz). The D-configuration of the glucose was determined by GC analysis of the trimethylsilyl
L-cysteine derivatives after acid hydrolysis of 1. The E-configuration of the 8,9-double bond was
demonstrated by the nuclear Overhauser effect (NOE) effect of H-7/H-15 and H-8/H-10 in the ROESY
1D experiment. NOE effect of H-3/H-2β, H-7/H-12, and H-6/H-8, H-2β, and H-13 showed that H-2β,
H-3, H-6, C-13, and C-8 were cofacial, assigned as the β-orientation, and H-7 and C-12 were α-oriented.
The absolute configuration of aglycone moiety was assigned by analysis of the electronic circular
dichroism (ECD) spectroscopy using excitation chirality method [17]. The ECD spectrum showed
positive Cotton effect at 263 nm and negative Cotton effect at 224 nm arising from coupling between
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conjugated diene and α,β-unsaturated ester chromophores (Supplementary Materials). Such a pattern
was in agreement of a negative chirality of 1 as depicted in Figure 2. Thus the absolute configuration
of 1 was unequivocally assigned as (3S, 6S, 7R) and the structure of moralsin was determined as 1.

Table 1. 1H-NMR Spectroscopic Data of Compounds 1–4 a.

1 2 3 4

Position δH (J in Hz) Position δH (J in Hz) Position δH (J in Hz) Position δH (J in Hz)

2α 1.86, (overlapped) 1 2.25, s 2 5.27, dd, (9.6, 1.8) 3 6.65, d, (8.4)
2β 1.60, dd, (15.0, 6.5) 3 6.09, d, (16.5) 3a 2.20, m 4 7.18, dd, (8.4)
3 4.41, m 4 7.45, dd, (16.5, 11.5) 3b 1.85, m 5 6.55, d, (8.4)
4 6.82, t, (3.0) 5 6.23, d, (11.5) 4a 2.86, m 2′, 6′ 7.47, m
6 2.57, m 7 3.93, t, (6.5) 4b 2.63, m 3′, 5′ 7.36, m
7 5.12, t, (9.3) 8 1.47, m 5 6.79, d, (8.4) 4′ 7.36, m
8 5.66, d, (9.3) 9 1.97, t, (7.5) 6 6.30, d, (8.4) 7′a 5.33, d, (12.6)

10 6.44, dd, (17.5, 9.0) 11 5.03, t, (7.0) 3′ 6.40, d, (2.4) 7′b 5.22, d, (12.6)
11a 5.37, d, (17.5) 12 2.12, dd, (7.5, 7.0) 5′ 6.42, dd, (8.4, 2.4) 1′′ 4.84, d, (7.2)
11b 5.20, d, (10.5) 13 2.42, t, (7.5) 6′ 7.25, d, (8.4) 2′′ 3.21, m
12 0.90, s 15 1.06, s 3′ ′ 3.73, dd, (7.2, 6.0) 3′′ 3.49, m
13 0.87, 3H, s 16 1.85 (3H, s) 4′ ′a 2.92, dd, (17.4, 7.8) 4′′ 3.09, t, (8.7)
15 1.88, s 17 1.62 (3H, s) 4′ ′b 2.54, dd, (17.4, 5.4) 5′′ 3.25, m
1′ 4.35, d, (8.0) 5′ ′ 1.22, s b 6′′a 3.86, d, (8.1)
2′ 2.91, t, (8.0) 6′ ′ 1.31, s b 6′′b 3.44, m
3′ 3.15, m -OMe 3.75, s 1′ ′ ′ 4.83, d, (3.0)
4′ 3.03, t, (8.0) 2′ ′ ′ 3.75, d, (3.0)
5′ 3.15, m 4′ ′ ′a 3.89 (1H, d, 9.0)
6′a 3.68, dd, (10.5, 1.0) 4′ ′ ′a 3.59 (1H. d, 9.0)
6′b 3.44, dd, (10.5, 6.0) 5′ ′ ′ 3.35 (1H, m)

a 1H–NMR data (δ) were measured at 500 MHz in DMSO-d6 for 1, 2, 4, and at 600 MHz in methanol-d4 for 3.
The assignments were based on HSQC and HMBC experiments; b Interchangeable.

 

Figure 1. Structures of Compounds 1–5.

Table 2. 13C-NMR Spectroscopic Data of Compounds 1–4 a.

1 2 3 4

Position δc, Type Position δc, Type Position δc, Type Position δc, Type

1 29.5, C 1 27.1, CH3 2 74.2, CH 1 120.0, C
2 43.2, CH2 2 198.3, CH 3 29.9, CH2 2 155.3, C
3 70.4, CH 3 129.9, CH 4 25.8, CH2 3 105.5 b, CH
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Table 2. Cont.

1 2 3 4

Position δc, Type Position δc, Type Position δc, Type Position δc, Type

4 132.4, CH 4 139.4, CH 5 128.5, CH 4 131.0, CH
5 130.7, C 5 122.3, CH 6 109.7, CH 5 109.4 b, CH
6 52.3, CH 6 153.1, C 7 153.0, C 6 155.4, C
7 76.8, CH 7 74.7, CH 8 109.3, C 7 165.8, C
8 129.8, CH 8 33.3, CH2 4a 114.4, C 1′ 136.2, C
9 138.8, C 9 27.5, CH2 8a 154.5, C 2′, 6′ 127.8, CH
10 140.0, CH 10 135.3, C 1′ 122.4, C 3′, 5′ 128.3, CH
11 115.6, CH2 11 124.0, CH 2′ 156.1, C 4′ 127.8, CH
12 21.0, CH3 12 21.8, CH2 3′ 102.1, CH 7′ 66.0, CH2
13 28.9, CH3 13 43.1, CH2 4′ 161.4, C 1′′ 100.4, CH
14 168.8, C 14 208.1, C 5′ 105.7, CH 2′′ 73.27, CH
15 12.3, CH3 15 29.8, CH3 6′ 128.0, CH 3′′ 75.6, CH
1′ 102.7, CH 16 13.4, CH3 2′′ 77.4, C 4′′ 70.0, CH
2′ 73.5, CH 17 23.2, CH3 3′′ 70.5, CH 5′′ 76.8, CH
3′ 76.8, CH 4′′ 27.3, CH2 6′′ 67.8, CH2
4′ 70.1, CH 5′ ′ 20.8 1′ ′ ′ 109.4, CH
5′ 76.9, CH 6′ ′ 25.8 2′ ′′ 75.9, CH

6′ 61.2, CH2 b 4.29,
dd, (11.5, 6) -OMe 55.7 3′ ′ ′ 78.7, C

4′ ′ ′ 73.30, CH2
5′ ′ ′ 63.2, CH2

Figure 2. ECD Spectrum of compound 1. The positive Cotton effect of ECD spectrum is in agreement
with the negative chirality of (3S, 6S, 7R) diastereoisomer of compound 1.

Compound 2 was obtained as a yellow oil. The IR spectrum of 2 showed the presence of hydroxy
(3419 cm−1), alkyl (2931 cm−1), and carbonyl (1712 cm−1) functional groups. The molecular formula,
C17H26O3, was determined from its sodium adduct ion in the HRESIMS (301.1785 [M + Na]+, calcd.
301.1774), corresponding to five indices of hydrogen deficiency. The 1H-NMR (Table 1), 13C-NMR
(Table 2), and DEPT (Supplementary Information) spectra revealed the presence of three double bonds
at δH 6.09 (d, J = 16.5 Hz, H-3), 7.45 (dd, J = 16.5, 11.5 Hz, H-4), 6.23 (d, J = 11.5 Hz, H-5), 5.03 (t, J = 7.0 Hz,
H-11) and δC 129.9 (C-3), 139.4 (C-4), 122.3 (C-5), 153.1 (C-6), 135.3 (C-10), 124.0 (C-11), a oxymethine
group at δH 3.93 (t, J = 6.5 Hz, H-7), four methylene groups at δH 1.47 (m, H-8), 1.97 (t, J = 7.5 Hz, H-9),
2.12 (m, H-12), 2.42 (t, J = 7.5 Hz, H-13), four terminal methyl groups at δH 2.25 (s, H-1), 2.06 (s, H-15),
1.85 (s, H-16), 1.62 (s, H-17), and two carbonyl groups at δC 198.3 (C-2), 208.1 (C-14). The coupling
patterns in 1H-NMR spectrum and the correlations in 1H-1H COSY spectrum showed the presence
of three spin systems of C-3-C-4-C-5, C-7-C-8-C-9, and C-11-C-12-C-13. In the HMBC spectrum the
correlations of H-1, H-3, H-4/C-1, H-4, H-8/C-6, H-5/C-7, H-8, H-12/C-10, H-11/C-9, and H-12,
H-14, H-15/C-14 clarified the connections of the two terminal methyl groups (C-1, 15), the two
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carbonyl groups and the three spin systems, suggesting a linear structure of pentadecatrien-2,14-dione.
The HMBC correlations of H-5, H-7/C-16, H-16/C-5, C-7, H-9, H-11/C-17, and H-17/C-9, C-10, C-11
allowed the attachments of C-16 to C-6 and C-17 to C-10, which also further supported the presence of
a pentadecatrien-2,14-dione moiety.

A 3E geometry was assigned via its large 3J3,4 coupling constant (16.5 Hz). The NOESY
correlations of H-5/H-7 and H-11/H-17 revealed that the geometries of the C-5 and C-10
olefins in 2 were 5E and 10Z. Compound 2 was characterized as (3E,5E,10Z)-7-hydroxy-6,
10-dimethyl-pentadecatrien-2,14-dione. The optical rotation of 2 that is close to 0 suggested 2 is a pair
of enantiomers, which was proved by its separation on HPLC using a chiral chromatography column.

Compound 3 was obtained as a yellow oil. The molecular formula, C21H24O5, was established
from its proton adduct ion in the HRESIMS (357.16873 [M + H]+, calcd. 357.1702), which was also
supported by NMR data. Analysis of the 1H-NMR spectrum (Table 1) of 3 revealed the presence of
a set of ABX system aromatic protons at δH 6.40 (d, J = 2.4 Hz, H-3′), 6.42 (dd, J = 8.4, 2.4 Hz, H-5′),
and 7.25 (d, J = 8.4 Hz, H-6′), two ortho-coupled doublet aromatic protons at δH 6.79 (d, J = 8.4 Hz,
H-5) and 6.30 (d, J = 8.4 Hz, H-6), and a set of aliphatic proton signals at δH 5.27 (dd, J = 9.6, 1.8 Hz,
H-2), 2.20 (m, H-3a), 1.85 (m, H-3b), 2.86 (m, H-4a), 2.63 (m,H-4b), suggesting a flavan skeleton for
3, which was consistent with the 13C-NMR data. The proton signals at δH 3.73 (dd, J = 7.2, 6.0 Hz,
H-3′′), 2.92 (dd, J = 17.4, 7.8 Hz, H-4′′a), 2.54 (dd, J = 17.4, 5.4 Hz, H-4′′b), 1.31 (s, 3H) and 1.22
(s, 3H), in combination with 13C-NMR signals at δC at 77.4 (C-2′ ′ ′), 70.5 (C-3′ ′ ′), 27.3 (C-4′ ′ ′), and 25.8,
20.8 (-Me) showed the presence of a 3′′-hydroxyprenyl residue forming a furan ring with a hydroxyl
group. The correlations of H-3′′, H-4′′a, H-4′′b/C-8 confirmed the isoprenyl substituent was located
at C-8, cyclizing onto 7-hydroxyl group. Accordingly, the structure of 3 was assigned as shown in
Figure 1.

The optical rotation of 3 that was close to 0, suggesting 3 is a pair of enantiomers, which was
proved by the separation on HPLC using a chiral chromatography column.

Compound 4 was obtained as a yellow oil. The IR spectrum of 4 showed the presence
of hydroxy (3347 cm−1), carbonyl (1726 cm−1) and aromatic (1606 and 1466 cm−1) functional
groups. The molecular formula, C25H30O13, was determined from its sodium adduct ion in the
HRESIMS (561.1583 [M + Na]+, calcd. 561.1579) and also supported by the NMR spectroscopic
data. The 1H-NMR (Table 1) spectrum showed signals attributable to a monosubstituted aromatic
ring at δH 7.47 (2H, m, H-2′, 6′) and 7.36 (3H, m, H-3′, 4′, 5′), and an oxymethylene group at δH

5.33 (d, J = 12.6 Hz, H-7′a) and 5.22 (d, J = 12.6 Hz, H-7′b), revealing the presence of a benzyl
group in combination with the correlations of H-7′/C-2′,6′ in HMBC spectrum. An ABC spin
system attributed to anomeric protons at δH 6.65 (d, J = 8.4 Hz, H-3), 7.18 (dd, J = 8.4 Hz, H-4),
and 6.55 (d, J = 8.4 Hz, H-5). The correlations of H-3, H-5/C-7 (δC 165.8) in HMBC spectrum
showed the presence of a 2,6-bisubstituted benzoyl moiety. Together with the coupling patterns
of oxymethylene and oxymethine protons resonating between δH 3.09 and 4.84 indicated the presence
of a glucopyranosyl and a apiofuranosyl units. The correlations of H-7′/C-7, H-1′′/C-2, H-1′ ′ ′/C-6′′

in HMBC spectrum determined a moiety of apiofuranosyl(1→6)-glucopyranose was attached to C-2
of benzoyl moiety and the benzyl group was connected to C-7of the benzoyl moiety. A β-anomeric
configuration for the glucosyl unit was assigned via its large 3J1”,2” coupling constant (7.2 Hz).
The β-configuration for apiofuranosyl unit was assigned via its 3J1”’,2”’ coupling constant (3.0 Hz) and
the chemical shift of anomeric carbon (δC 109.4) [6,18]. The D-configurations of glucopyranosyl and
a apiofuranosyl units were determined by gas chromatography (GC) analysis of the trimethylsilyl
L-cysteine derivatives after acid hydrolysis of 4. On the basis of the above data, 4 was characterized as
benzyl 2-O-[β-D-apiofuranosyl(1→6)-β-D-glucopyranosyl]-2,6-dihydroxy-benzoate.

The known compound was identified as (9R)-hydroxyl-(10E,12Z,15Z)-octadecatrienoic acid (5) by
NMR analysis and comparison with literature data [19].
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2.2. Aldose Reductase Inhibitory Effects of 2 and 5 and Neuroprotective Effects of Compounds 1–5

The aldose reductase inhibitory and neuroprotective bioactivities of compounds 1–5 were assessed.
Compounds 2 and 5 possessed inhibition activities against aldose reductase, with IC50 values of
4.33 μM and 6.0 μM compared with the potent AR inhibitor epalrestat (IC50 1.88 × 10−3 μM) [20].
Compound 3 exhibited neuroprotective activity against PC12 cell damage induced by serum
deprivation and 5 appeared to protect against PC12 cell damage caused by nicouline (Table 3), an assay
extensively used in screening active agents for Parkinson’s disease [21–24]. Compounds 1–5 were
evaluated for their cytotoxic activities against eight human cancer cell lines (human colon carcinoma
cell line HCT-8, hepatocellular carcinoma cell line Bel-7402, human renal cell carcinoma cell line
KETR3, Human cervical carcinoma cell line HELA, human gastric cancer cell line BGC-823, human
ovarian carcinoma cell line A2780, human breast cancer cell line MCF-7, and human lung carcinoma
cell line A549) by means of the MTT assay [25], using paclitaxel and 5-fluouracil as positive controls.
Nevertheless, all the isolated compounds resulted to be inactive.

Table 3. Neuroprotective Effects of Compounds 1–5 at concentration of 10−5 M (means ± SD, n = 6).

Sample Serum Deprivation (%) Nicouline 4 μM (%)

control 100.0 ± 3.7 100.0 ± 1.4
model 41.4 ± 3.8 ### 74.3 ± 1.4 ###

1 50.2 ± 12.7 78.6 ± 2.9
2 66.2 ± 12.6 78.4 ± 2.0 *
3 59.8 ± 2.7*** 75.7 ± 3.0
4 50.9 ± 7.8 76.9 ± 3.6
5 70.2 ± 16.1 86.2 ± 7.6 ***

### p < 0.001 vs. control,* p < 0.05,** p < 0.001, *** p < 0.0001 vs. model.

2.3. Discussion

We found it was helpful to subject the chloroform fraction of the ethanol extract to flash silica gel
column chromatography repeatedly before isolation to remove pigments. The 80% MeOH-H2O mobile
phase of Sephadex LH-20 column chromatography worked well for all kinds of structures in our
study. We obtained two pairs of enantiomers, (2a,2b) and (3a,3b). Yang et al. reported an interesting
phenomenon whereby the R and S configurations of C-2 of a similar flavan were interconvertible,
which (3a,3b) may be subject to [5]. In addition, considering the wide range of examples that the
isomers of enantiomers showed differences in pharmacological processes, further separation and
research of the two pairs of enantiomers is needed.

Polyphenols from Morus plants have indicated extensive antioxidative activities, especially the
kind of Diels-Alder type adducts [8,26]. Oxidative stress played a key role in neurodegenerative
diseases, which implied the potential of polyphenols from Morus plants against neurodegenerative
disorders [27]. Unfortunately, most of the previous studies on Morus polyphenols had been focused
on their anti-oxidant properties. More efforts are suggested to explore the neuroprotective action of
constituents of Morus plants.

3. Materials and Methods

3.1. Plant Material

The leaves of Morus alba L. were collected in the Anding Mulberry Garden (Beijing, China), in
July 2011, and identified by Prof. Lin Ma (Institute of Materia Medica, Chinese Academy of Medical
Sciences & Peking Union Medical College, Beijing, China). A voucher specimen (No. ID-S-2543)
has been deposited at the Herbarium of Institude of Materia Medica, Chinese Academy of Medical
Sciences & Peking Union Medical College.
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3.2. General Experimental Procedures

Optical rotations were measured with a P-2000 polarimeter (Jasco, Tokyo, Japan) and UV
spectra with a Jasco V-650 spectrophotometer. ECD spectra were measured on a Jasco J-815
spectrometer. IR spectra were recorded on a model 5700 spectrometer (Nicolet, Madison, SD, USA)
by an FT-IR microscope transmission method. NMR measurements were performed using VNS-600
(Varian Medical Systems, Inc., Palo Alto, CA, USA), Mercury-300 (Varian Medical Systems, Inc.,
Palo Alto, CA, USA), Bruker-AV-III-500 (Bruker Corporation, Karlsruhe, Germany), and Inova-500
(Varian Medical Systems, Inc., Palo Alto, CA, USA) spectrometers. ESIMS was performed on
Agilent 1100 Series LC/MSD Trap SL mass spectrometer and HRESIMS data were obtained using
an Agilent 6520 Accurate-Mass Q-TOF LC/MS (Agilent Technologies, Ltd., Santa Clara, CA, USA).
Gas chromatography (GC) was operated on Agilent 7890A system. HPLC was performed on a Lumtech
instrument (Lumiere Tech Ltd. Beijing, China) equipped with a 500 ELSD detector (Alltech, Deerfield,
IL, USA) and a YMC-Pack ODS-A column (250 × 20 mm, 5 μm, YMC, Tokyo, Japan). Silica gel
(200−300 mesh, Qingdao Marine Chemical Factory, Qingdao, China), Sephadex LH-20 (GE), and ODS
(50 μm, YMC) were used for column chromatography. TLC was carried out with GF254 plates (Qingdao
Marine Chemical Factory). Spots were visualized by spraying with 10% H2SO4 in EtOH followed
by heating.

3.3. Cell Lines, Chemicals and Biochemicals

PC12 cells (adrenal gland; pheochromocytoma) were purchased from the American Type Culture
Collection (Manassas, VA, USA). Dimethyl sulphoxide (DMSO), nicouline, more commonly known as
rotenone, and 3-(3,4-dimehylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were obtained from
Sigma (St. Louis, MO, USA). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS),
and horse serum were purchased from Gibco BRL (New York, NY, USA). Epelrestat was purchased
from Dayin Marine Bio-Pharmaceutical Co., Ltd. (Rongcheng, Shandong, China). NADPH-Na4,
paclitaxel and 5-fluorouracil were purchased from Sigma-Aldrich (Beijing, China). All other chemicals
were of analytical grade and were commercially available.

3.4. Extraction and Isolation

Air-dried leaves of Morus alba L. (30 kg) were exhaustively extracted with 95% aqueous EtOH
(3 × 100 L, 2 h) at reflux. The combined extracts were concentrated under reduced pressure to
dryness. The residue (2.9 kg) was subjected to column chromatography on silica gel and eluted
with petroleum ether, chloroform, acetone and methanol. The acetone residue (423 g) was subjected
to D101 macroporous resins column chromatography by a gradient elution with EtOH/H2O (0:100,
30:70, 60:40, 95:5) to yield four fractions (fractions A–D). The separation of fraction B (120 g) was
carried out on silica gel column chromatography eluted with CHCl3/MeOH (10:1–3:1) to provide
three subfractions B1–B3. Subfraction B2 (80 g) was further purified by MPLC (ODS, 50 μm, YMC)
and eluted with 15, 35, 55, 75 and 100% MeOH−H2O, to afford 40 subfractions. Fraction B2-18
(42 mg) was purified by preparative HPLC using 20% MeCN−H2O (8 mL/min) as the mobile phase
to yield compound 1 (4 mg) and fraction B2-20 (20 mg) was purified by preparative HPLC using
25% MeCN−H2O (8 mL/min) to yield compound 4 (18 mg). The chloroform residue (355 g) was
subjected to silica gel column chromatography by a gradient elution with petroleum ether/acetone
(100:0, 95:5, 90:10, 80:20, 70:30, 60:40) to yield six fractions (fractions E–M). The separation of fraction
M (38 g) was carried out by MPLC (ODS, 50 μm, YMC) and eluted with 5, 15, 35, 55, 75, and 100%
MeOH−H2O, to afford 25 subfractions. Fraction M-7 (100 mg) was purified by preparative HPLC
using 20% MeOH−H2O (8 mL/min) as the mobile phase to yield compound 5 (45 mg). The separation
of fraction N (20 g) was carried out by MPLC (ODS, 50 μm, YMC) and eluted with 10, 30, 55, 75, and
100% MeOH−H2O, to afford 28 subfractions. Fraction N-6 (50 mg) was purified by preparative HPLC
using 30% MeOH−H2O (8 mL/min) as the mobile phase to yield compound 2 (10 mg). The separation
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of fraction g (139 g) was carried out by MPLC (ODS, 50 μm, YMC) and eluted with 15, 35, 55, 75, 85,
and 100% MeOH-H2O, to afford 38 subfractions. Fraction G-10 (385 mg) was subjected to fractionation
using Sephadex LH-20 column chromatography (80% MeOH-H2O) to provide 40 subfractions. Fraction
G-10-18 (42 mg) was purified by the preparative HPLC using 35% MeCN−H2O (8 mL/min) as the
mobile phase to yield compound 3 (15 mg).

3.5. Characterization

Moralsin (1): white powder; [α]20
D −72 (c 0.19, MeOH); UV(MeOH): λmax (log ε) 228 (2.10) nm; IR νmax

3402, 2957, 1760, 1606, 1080 cm−1; 1H-NMR (DMSO-d6, 500 MHz) and 13C-NMR (DMSO-d6, 125 MHz)
see Table 2; positive-ion HRESIMS m/z 433.1826 [M + Na]+ (calcd. 433.1833).

(3E,5E,10Z)-7-Hydroxy-6,10-dimethyl-pentadecatrien-2,14-dione (2): yellow oil; UV(MeOH): λmax (log ε)
207 (4.31) nm, 247 (0.11) nm; IR νmax 3347, 2926, 1726, 1606, 1466, 1051, 1025 cm−1; 1H-NMR (DMSO-d6,
500 MHz) and 13C-NMR (DMSO-d6, 125 MHz) see Tables 1 and 2; positive-ion HRESIMS m/z 561.1583
[M + Na]+ (calcd. 561.1579).

2′-Hydroxy-4′-methoxyl-2H-(2′ ′ ′, 2′ ′ ′-dimethyl-3′ ′ ′-hydroxy)-pyran-(5′ ′ ′,6′ ′ ′:8,7)-flavane (3): yellow oil;
UV(MeOH): λmax (logε) 206 (3.90) nm, 280 (2.80) nm; IR νmax 3372, 1718, 1602 cm−1; 1H-NMR
(MeOH-d4, 600 MHz) Table 1; 13C-NMR (MeOH-d4, 150 MHz) Table 2; positive-ion HRESIMS m/z
357.16873 [M + H]+ (calcd. for C21H25O5, 357.1702).

Benzyl 2-O-[β-D-apiofuranosyl(1→6)-β-D-glucopyranosyl]-2,6-dihydroxybenzoate (4): yellow oil; UV(MeOH):
λmax (log ε) 207 (4.32) nm, 247 (0.1) nm; IR νmax 3347, 2926, 1726, 1606, 1466, 1051, 1025 cm−1; 1H-NMR
(DMSO-d6, 300 MHz) and 13C-NMR (DMSO-d6, 125 MHz) see Tables 1 and 2; positive-ion HRESIMS m/z
561.1583 [M + Na]+ (calcd. 561.1579).

(9R)-Hydroxy-(10E,12Z,15Z)-octadecatrienoic acid (5): Yellow powder, [α]20
D −3.04◦ (0.58 CHCl3); ESIMS

m/z 317.2 [M + Na]+, 1H-NMR (DMSO-d6, 500 MHz) δ: 2.18 (2H, t, 9.6), 1.47 (2H, m, H-3), 1.38 (2H, m,
H-8), 2.04 (2H, m, H-17), 0.92 (3H, t, J = 9.6 Hz, H-18), 3.97 (1H, m, H-9), 5.66 (1H, dd, J = 15.5, 6.0 Hz,
H-10), 6.44 (1H, dd, J = 15.5, 11.5 Hz, H-11), 5.26-5.40 (3H, m, H-12, 15, 16), 5.96 (1H, t, J = 11.0 Hz,
H-13), 2.88 (2H, dd, J = 11.0, 7.5, Hz, H-14), 1.24 (6H, m, H-4-6). 13C-NMR (DMSO-d6, 125MHz) δ:
174.5 (C-1), 138.6 (C-10), 131.7 (C-16), 128.7 (C-13), 128.3 (C-12), 126.7 (C-15), 123. 5 (C-11), 70.44 (C-9),
37.2 (C-8), 33.7 (C-2), 28.5, 28.8, 28.9 (C-4-6), 25.5 (C-14), 24.9 (C-7), 24.5 (C- 3), 20.0 (C-17), 14.1 (C-18).

3.6. Acid Hydrolysis of the Saponins and Determination of the Absolute Configuration of the Monosaccharides

Compound 1 (2 mg) was hydrolyzed in 2 M HCl/H2O at 80 ◦C for 2 h. The residue was
reacted sequentially with L-cysteine methyl ester hydrochloride and N-trimethylsilylimidazole.
The resulting monosaccharide N-trimethylsilylimidazole derivatives were analyzed by GC. D-Glucose
was confirmed by comparison of the retention time of the derivatives with those of authentic sugars
derivatized in a similar way, which showed retention times of 27.93 min. The constituent sugars of
compounds 4 were identified by the same method as 1. Retention times of authentic samples were
detected at 17.87 min (D-apiofuranose) and at 27.93 (D-glucose). The reaction and GC conditions were
as described in the literature [28].

3.7. Aldose Reductase Assay

The assay was operated in 96 well culture plate. A 100 μL mixture that contained 10 mM
DL-glyceraldehyde, 0.16 mM NADPH-Na4 and aldose reductase in 0.1 M sodium phosphate buffer
(pH 6.2), with or without test compounds was prepared at 0 ◦C. Appropriate blank were employed
for corrections. The assay mixture was incubated at 25 ◦C. After 10 min of incubation, the plate was
immediately cooled at −20 ◦C for 5 min to stop the reaction. The change in the absorbance at 340 nm
due to NADPH oxidation was measured in a plate reader [29].
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3.8. Neuroprotection Bioassays

The PC12 cells were cultured in DMEM medium supplemented with 5% horse serum and 5%
fetal bovine serum. Then, 100 μL of cells with an initial density of 5 × 104 cells/mL was seeded
in each well of a poly-L-lysine-coated, 96-well culture plate and precultured for 24 h. The medium
was then replaced by different fresh medium including the control (complete medium), the model
(complete medium with 4 μM rotenone or serum free medium), and the sample (the test compounds
with different drug concentrations, 10, 1, and 0.1 μM, were added to the aforementioned model
medium), and the cells were cultured for 48 h. Then, 10 μL of MTT (5 mg/mL) was added to each well.
After incubation for 4 h, the medium was removed, and 150 μL of DMSO was added to dissolve the
formazan crystals. The optical density (OD) of the PC12 cells was measured on a microplate reader at
570 nm [30].

4. Conclusions

The plants of genus Morus have been extensively investigated for their medicinal constituents and
a series of unique structures were characterized [31–37]. This studied focused on the fractions that had
been rarely researched before and generated four new structures with aldose reductase inhibitory or
neuroprotective activities. The known molecule 5 was isolated for the first time from the genus Morus
and its neuroprotective activity reported for the first time. The compounds reported here provide new
potential aldose reductase inhibitory or neuroprotective agents for further research.
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Abstract: Re-investigation of the chemical composition of the annual plant Mitracarpus scaber Zucc.
led to the identification of clarinoside, a new pentalogin derivative containing a rare quinovose
moiety, and the known compound harounoside. While the planar structure was fully determined
using tandem mass spectrometry (MS) and quantum mechanics (QM) calculations, the tridimensional
structure was unravelled after isolation and NMR analysis. The absolute configuration was assigned
by comparison of experimental and theoretical synchrotron radiation circular dichroism spectra.
Both compounds were tested for anti-inflammatory activity, and compound 1 showed the ability to
inhibit the production of interleukin-8 (Il-8) with an IC50 value of 9.17 μM.

Keywords: Mitracarpus scaber Zucc.; pentalogin; anti-inflammatory; MS/MS; Il-8

1. Introduction

Mass spectrometry (MS) has become a very convenient technique for the targeted search of new
bioactive metabolites [1,2], and the recent introduction of the Global Natural Product Social Molecular
Networking (GNPS) Web platform (http://gnps.ucsd.edu) has enabled the quick and automatic
spectral mining of MS/MS spectra [3]. In our ongoing research for bioactive compounds, we decided
to re-investigate the chemical composition of Mitracarpus scaber Zucc. using a MS/MS-guided
approach. M. scaber is an annual plant used in African traditional medicine endowed with antifungal,
antimicrobial and anti-inflammatory properties [4,5]. Indeed, in West Africa, the leaves of M. scaber
are widely used for headache, toothache, amenorrhea, dyspepsia, hepatic diseases, venereal diseases,
leprosy, and for the treatment of skin diseases such as scabies, infectious dermatitis, and eczema.
It is well known to contain phenols [5], flavonoid glycosides [5], furanocoumarines [5], terpenes [6],
alkaloids [7], and pentalongin derivatives [8,9]. Herein, we report the identification of clarinoside (1),
a new pentalongin derivative exhibiting the rare quinovose moiety along with the known harounoside
(2) (Figure 1). Both compounds were tested for anti-inflammatory activity by evaluating their ability to
inhibit the production of interleukin-8 (Il-8).

Molecules 2018, 23, 1237; doi:10.3390/molecules23051237 www.mdpi.com/journal/molecules26
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Figure 1. Structures of clarinoside (1) and harounoside (2).

2. Results

The analysis started with the creation of a molecular network of the ethanolic extract of M. scaber.
The data-dependent analysis (DDA) LC-MS/MS data were uploaded to the GNPS platform, and a
network was generated using the parameters listed in the Materials and Method section below
(Figure 2). As an anchor (reference) compound, harounoside (2) was used. Its node was quickly
“illuminated” using the high-resolution MS data and fragmentation pattern. The m/z value at 561.159
corresponding to the [M + Na]+ adduct of 2 was identified, and two diagnostic MS/MS fragments
were present on the spectrum (see Supplementary Materials): the first resulting from the cleavage of
the glycosidic bond between the aglycone and a glucose moiety at m/z 399.1080 [M-Glc + Na]+, and the
second at m/z 236.0452 resulting from the cleavage of the second O–C between the aglycone and the
other glucose [M-2Glc + Na]•+. In order to find the structurally related compounds, the cluster was
further studied by annotating the edges with m/z differences corresponding to known (bio)chemical
modifications implemented in the MetaNetter 2 package [10]. Out of the 307 nodes of the network,
1 node directly connected to harounoside (2), with a m/z difference of −15.995 attracting our
attention. According to the biotransformation list available in the MetaNetter package, this difference
corresponded to a dehydroxylation.
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Figure 2. Selected cluster containing clarinoside (1) and harounoside (2).
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Considering the structure of 2, dehydroxylation could occur at several positions of each of
the two sugars; in order to know on which side of the compound 2 the dehydroxylation site was
located, the fragmentation of both glucose moieties was studied using quantum mechanics (QM).
After examination of the MS/MS spectrum, the sequential losses of two glucoses were observed.
The nature of the sugar being the same at C-5 and C-10, the energy level of the two O–C bonds
was only related to the position on the aglycone. In order to confirm this hypothesis, the energy
profile of the homolytic dissociation was predicted using the B3LYP method at the STO-3G level
(see Supplementary Materials). The calculations predicted a difference of ca. +2.5 eV in favor of the
O–C1′′, indicating that the first fragment observed at m/z 399.1080 was related to the loss of one
glucose at C-10. This energy difference was very supportive; on the basis of these theoretical results,
an energy-resolved mass spectrometry (ERMS) study [11] was undertaken in order to determine the
stability of the two O–C bonds (O–C1′′ and O–C1′) of compound 2. After selection of the parent ion at
m/z 561.16, the intensity of the ion at m/z 399.11 was recorded using an increasing value of collision
energy (). After the complete extinction of the parent ion (Figure 3A), the daughter ion at m/z 399.11
was then fragmented into one major ion at m/z 185.04 using the same approach (Figure 3B). As shown
in Figure 3, the O–C1′ bond linking the aglycone to the glucose moiety was weaker than the O–C1′′

bond, as it required a lower collision energy value for a 50% dissociation (ca. 15 and 17 for O–C1′ and
O–C1′′, respectively).
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Figure 3. Plot of relative ion current vs collision energy corresponding to m/z 561.16 vs. 399.10 (A) and
m/z 399.10 vs. 185.04 (B). (C) MS/MS fragments of 2. Plot of relative ion current vs. collision energy
corresponding to m/z 545.16 vs. 399.10 (D) and m/z 399.10 vs. 185.04 (E). (F) MS/MS fragments of 1.
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The experimental data confirmed the QM predicted values, and the same ERMS approach was
used for compound 1. As observed in Figure 3D,E, an increase in the collision energy value was
required in order to produce the ion at m/z 185.05 (ca. 15 and 18 for O–C1′ and O–C1′′, respectively).
These results clearly confirmed the position of the deoxyhexose moiety at C-10. The planar structure
was further confirmed by the identification of the neutral loss of 146.0605 Da resulting from the
difference between the [M + Na]+ ion at m/z 545.1685 and the fragment at m/z 399.1080. In parallel
with the loss of 162.05 Da corresponding to a glucose moiety (observed for 2), the loss of 146.0605 was
consistent with a deoxyhexose such as fucose, rhamnose, or quinovose. Unfortunately, and despite
the use of a recent methodology to distinguish the mono-saccharides using MS/MS [12], it was not
possible to determine the relative stereochemistry of the sugar moieties using MS analysis only; thus
the isolation of compound 1 was undertaken.

After a reverse-phase high-performance liquid chromatography (HPLC) purification, 84 mg
of compound 1 was obtained, and a full set of NMR experiments was performed. The structure of
the aglycone was confirmed by comparison of the 1H and 13C NMR chemical shifts (see Table 1).
The nature of the sugar was determined by taking advantage of the newly published methodology by
Giner et al. [13], which is based on the acid-promoted hydrolysis of the studied compound performed
directly in the deuterated NMR solvent. Looking at the 1H NMR spectrum, the doublets at δ

4.66 (J = 7.7 Hz) and 4.79 (J = 7.8 Hz) ppm clearly confirmed a glucose and a quinovose moiety
(see Supplementary Materials). According to the ERMS data, the quinovose was located at C-10,
and this was confirmed by the two 3J coupling between H-1′/C-10 and H-1′′/C-5 on the HMBC
spectrum. The detailed NMR data are given in the Table 1.

Table 1. 1H and 13C NMR data for 1 at 600 MHz in CD3OD (δH in ppm).

Clarinoside (1) Harounoside (2) [8]

No. δH (Multiplicity, J) δC No. δH (Multiplicity, J) δC No. δH δC

1 5.29 (dd, 40.7, 13.8 Hz) 65.2 1′ 4.66 (d, 7.8) 106.2 1 5.39; 5.30 65.4
3 6.67 (dd, 14.4, 5.9 Hz) 147.8 2′ 3.61 (dd, 9.0, 7.8) 75.9 3 6.68 147.8
4 6.66 (dd 14.4, 5.9 Hz) 102.1 3′ 3.38 (t, 9.0) 77.7 4 6.64 102.2
4a 121.6 4′ 3.11 (t, 9.0) 73.5 4a 121.7
5 143.3 5′ 3.11 (m) 77.8 5 143.4
5a 131.0 6′ 1.21 (d, 5.4) 18.1 5a 131.0
6 8.43 (d, 8.2 Hz) 124.7 1′′ 4.79 (d, 7.8) 106.9 6 8.42 124.7
7 7.44 (dt, 8.2, 1 Hz) 127.0 2′′ 3.65 (m) 75.8 7 7.43 127.0
8 7.40 (dt, 8.2, 1 Hz) 126.2 3′′ 3.46 (m) 71.5 8 7.39 126.3
9 8.41 (d, 8.2 Hz) 123.7 4′′ 3.14 (m) 76.9 9 8.43 123.7
9a 129.1 5′′ 3.47 (t, 9.0) 78.0 9a 129.1
10 144.9 6′′ 3.67 (m) 62.7 10 145.0

10a 122.6 10a 122.7

The absolute configuration of compound 1 was determined by comparison of a synchrotron
radiation circular dichroism (SRCD) spectrum with a time-dependent density functional theory (TD
DFT) theoretical electronic circular dichroism (ECD) spectrum (Figure 4). Unexpectedly, the ECD
spectrum was quite complex with four Cotton effects of alternative signs. The calculations were run on
the four diasteroisomers, that is, D-Glc/D-Qui, D-Glc/L-Qui, L-Glc/D-Qui, and L-Glc/L-Qui. While the
absolute D configuration of the glucose moiety was expected, as it is well known that higher plants
produce only this enantiomer [14], the absolute configuration of the quinovose moiety was not obvious
because the quinovose can originate from either D-glucose [15] or L-fucose [16].

A very good agreement was observed between the D-Glc/D-Qui theoretical and the
experimental spectra (Figure 4). Compound 1 could be named as 5,10-dihydroxy-2H-naphtho[2,3-b]
-pyran-5-β-D-glucopyranosyl-10-β-D-quinovopyranoside.
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Figure 4. Overlay of synchrotron radiation circular dichroism (SRCD) and TD DFT spectra of 1.

Both compounds 1 and 2 were tested for anti-inflammatory activity by measuring their ability to inhibit
the production of Il-8, one of the key mediators associated with inflammation [17,18]. After exposure to
the tumor necrosis factor alpha (TNF-α) at 0.5 ng ·mL−1 for 24 h, the production of Il-8 was measured and
compared to the known anti-inflammatory standard epigallocatechin gallate (EGCG). As shown in Figure 5,
the TNF-α induced the production of Il-8 of 398.37 ± 24.09 pg/mg of total protein, while the addition of
EGCG at 21.8 μM allowed a return to the basal threshold of 33.01 ± 2.12 pg/mg of total protein.

clarinoside (1)EGCG

harounoside (2)

A)

B)

EGCG

***

***

***

***

***

***

*

*

NS

NS

Figure 5. Inhibition of the interleukin-8 (Il-8) production: (A) clarinoside (1); (B) harounoside (2).
Means ± SD are shown. NS: not significant; *p < 0.05; ***p < 0.001.

Although the two compounds were tested during two independent tests, the differences in
the measured concentrations (i.e., the production of Il-8 and its inhibition) were observed in both
experiments. A good correlation (R2 = 0.996) was observed between the inhibition of the production
of Il-8 and the concentration of clarinoside (1). An IC50 value of 9.17 μM was measured, and a total
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inhibition of the Il-8 production at 36 μM could be extrapolated. The IC50 value of 1 was of the same
order of magnitude as that of EGCG (10.9 μM [19]), although it was slightly lower. Interestingly,
the IC50 value of 2 (9.21 μM) was very similar to that measured for compound 1, indicating that the
structural modification had no impact on its biological activity.

To conclude, this study enabled the rapid identification of one new compound from M. scaber.
The biological activity evaluation highlighted the ability of compounds 1 and 2 to inhibit the production
of Il-8, confirming the importance of M. scaber metabolites and their possible uses in cosmetics and
personal care products.

3. Materials and Methods

3.1. General Procedure

The preparative HPLC was performed on a VWR LaPrep P110 system using a C-630 Büchi
UV detector. NMR spectra acquisition was realized using a 600 MHz Bruker Avance spectrometer
equipped with Z-gradients and a triple resonance TXI probe. The signals were referenced in ppm to
the residual solvent signals (CD3OD, at δH 3.31 and δC 49.0). The infrared spectrum was acquired on
a Nicolet IS50 FT-IR spectrophotometer. The specific rotation was measured using an Anton Paar
MCP150 polarimeter.

3.2. Plant Material

The flowered aerial parts of M. scaber were collected in Burkina Faso in the town of Poun and
then dried in the same area.

3.3. Extraction and Purification

An ethanolic extraction was performed on a 300 g sample of the dried plant with a plant/solvent
ratio of 1/7 yielding 16.5 g of crude extract, which was then directly processed by reverse-phase
HPLC with an XBridge Prep C18, 5 μm (OBD 30 × 250 mm) preparative HPLC column. A gradient
H2O/MeOH (from 90/10 to 70/30 in 30 min at 100 mL ·min−1) was used to afford compounds 1

(84 mg) and 2 (113 mg).

3.4. LC-MS Data Acquisition and Processing

An XEVO-G2 XS QTOF (Waters) equipped with an electrospray ionization (ESI) source was used
for the qualitative analysis of the extract. A first screening analysis was performed using the MSE

technology (Waters) on a mass range from 50 to 1500 Da. The optimal ionization-source working
parameters were as follows: capillary voltage of 3.0 kV; sampling cone of 40 V; extraction cone of 6.0 V;
source temperature of 150 ◦C; desolvation temperature of 600 ◦C; cone gas flow of 50 L/h; desolvation
gas flow of 1000 L/h. MS/MS data were obtained using a DDA with the same ionization parameters
as above using three different collision energies: 10, 20, and 40 V.

3.5. Construction of the Molecular Network

A molecular network was created using the online workflow at GNPS [3]. The data were filtered
by removing all MS/MS peaks within ±17 Da of the precursor m/z. MS/MS spectra were window
filtered by choosing only the top six peaks in the ±50 Da window throughout the spectrum. The data
were then clustered with MS Cluster with a parent mass tolerance of 2.0 Da and a MS/MS fragment
ion tolerance of 0.5 Da to create consensus spectra. Furthermore, consensus spectra that contained
fewer than two spectra were discarded. A network was then created in which edges were filtered to
have a cosine score of above 0.7 and more than three matched peaks. Furthermore, edges between two
nodes were kept in the network if and only if each of the nodes appeared in each other’s respective
top 10 most similar nodes. The spectra in the network were then searched against GNPS’s spectral
libraries. The library spectra were filtered in the same manner as the input data. All matches kept
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between network spectra and library spectra were required to have a score of above 0.7 and at least six
matched peaks.

3.6. Energy-Resolved Mass Spectrometry

The LTQ-Orbitrap XL mass spectrometer (Thermo Scientific (Bremen), Bremen, Germany) was
used for the ERMS study. The analysis was performed in positive-ion mode with a mass range of
m/z 100–1100. The optimized ESI parameters were set as follows: capillary temperature of 250 ◦C;
sheath gas (nitrogen) flow of 30 arb.; auxiliary gas (nitrogen) flow of 10 arb.; source voltage of 4.25 kV;
capillary voltage of 25 V; tube lens voltage of 110 V. The resolution of the Orbitrap mass analyzer was
set at 30,000. The isolation width was 2 amu, and the normalized collision energy (CE) was set from 10
to 20. Collision-induced dissociation (CID) was conducted in LTQ with an activation q value of 0.25
and activation time of 30 ms. All instruments were controlled by the Xcalibur data system, and the
data acquisition was carried out by analyst software Xcalibur (version 2.1) (Waltham, MA, USA) from
Thermo Electron Corp.

3.7. Synchrotron Radiation Circular Dichroism

The SRCD experiments were carried out on the SRCD station [20] DISCO beamline [21] at the
SOLEIL synchrotron (Gif-sur-Yvette, France). The samples were placed in calcium fluoride cells of 100
micron optical path lengths and measured at 0.2 mol/L in methanol. (+)-Camphor-10-sulfonic acid
(CSA) solution was used to calibrate the SRCD signal. For each sample, three spectra were collected in
the 350–200 nm range with a 1 nm step and 1200 ms integration time. The molar circular dichroism Δε

is expressed in M−1 cm−1.

3.8. Computational Details

All QM calculations were carried out using Gaussian 16 [22]. The energy scan of the C–O bonds
was performed using the Hartree–Fock method at the STO-3G level and a 0.1 Å bond-length step.
The GMMX package was used for the conformational analysis (force field: MMFF94). The TD DFT
calculations were performed using the B3LYP method at the 6-31G(d) level for 20 excited states.
SpecDis 1.71 software was used to plot the ECD spectrum [23].

3.9. Cell Culture

HaCaT keratinocyte cells were cultured under standard conditions in DMEM supplemented with
10% fetal calf serum. The medium was changed every second day. Confluent cultures were removed by
trypsin incubation, and then the cells were counted. They were seeded into 96-well culture microplates
at a density of 30,000 cells per well (200 μL) and kept at 37 ◦C for 24 h.

3.10. Interleukine Release Measurement

The release of Il-8 in cell supernatants was determined by ELISA. After TNF-α incubation
(0.5 ng/mL), cell supernatants were harvested and stored at −20 ◦C until use for measurements.
The quantity of released Il-8 was measured according to the manufacturer’s instructions (Kit ELISA
Human CXCL8 / IL8 R&D Systems). The decrease in Il-8 production by EGCG (10 μg/mL) validated
the method.

3.11. Statistical Analyses

All statistical analyses were performed using R 3.5.0 [24]. Cell samples were analyzed by repeated
measures (n = 4) one-way analysis of variance (ANOVA) followed by a Tukey’s range test. Significant
differences for both clarinoside (1) and harounoside (2) were relative to control as indicated (NS: not
significant; * p < 0.05; *** p < 0.001).
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3.12. Compound Characterization

1: White, amorphous solid; [α]20
D +12.8 (c 0.1, CH3OH); UV (DAD) λmax 223, 245, 284, 346 nm;

1H NMR and 13C NMR data: see Table 1; HRESIMS (+) m/z 545.1685 [M + Na]+ (545,16295 calcd.
for C25H30O12Na, Δ −1.8 ppm).

Supplementary Materials: Supplementary materials, including HRMS, 1D and 2D NMR spectra for compound
1, and computational details for 2, are available online.
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Abstract: Natural products play an important role in the development of new drugs. In this context,
the Amaryllidaceae alkaloids have attracted considerable attention in view of their unique structural
features and various biological activities. In this study, twenty-three alkaloids were identified from
Crinum amabile by GC-MS and two new structures (augustine N-oxide and buphanisine N-oxide)
were structurally elucidated by NMR. Anti-parasitic and cholinesterase (AChE and BuChE) inhibitory
activities of six alkaloids isolated from this species, including the two new compounds, are described
herein. None of the alkaloids isolated from C. amabile gave better results than the reference drugs,
so it was possible to conclude that the N-oxide group does not increase their therapeutic potential.

Keywords: Crinum amabile; augustine N-oxide; buphanisine N-oxide; biological activities

1. Introduction

Natural products play an important role in the development of new drugs [1]. For example,
between 1940 and 2014, 49% of the small molecules approved for the treatment of cancer were
developed or directly derived from natural products [1]. The isoquinoline-type alkaloids found in
the Amaryllidaceae plant family represent an interesting source of new drugs due to their diverse
biological activities [2]. The most important Amaryllidaceae alkaloid is galanthamine, which was
approved by the Food and Drug Administration (FDA) for the clinical treatment of mild to moderate
Alzheimer’s disease (AD) in 2001, due to its potential acetylcholinesterase inhibitory activity [3].
According to the most recent botanical classification, the Amaryllidaceae are now a subfamily
known as the Amaryllidoideae, which together with the Agapanthoideae and Allioideae belong
to the Amaryllidaceae family [4]. Amaryllidoideae includes 59 genera and about 850 species,
with centers of diversity in South Africa, South America, particularly in the Andean region, and in the
Mediterranean [5].

Within the Amaryllidoideae, the pantropical Crinum genus is of commercial, economical and
medicinal importance [6,7]. This genus contains approximately 65 species, which are widely distributed
in diverse habitats, including coastal areas, pans (seasonally flooded depressions), sandy and aquatic
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areas, and swamps [8]. Crinum seeds are highly buoyant, with corky, water-repellent surfaces, allowing
them to be dispersed by water [8,9]. Extracts from Crinum species have been used in folk medicine to
treat fever, pain, swelling, sores, wounds, cancer and malaria [10]. The biological activities of Crinum
species, including antitumor, immunostimulating, analgesic, antiviral, antibacterial, and antifungal,
are attributed to their alkaloid content [7,9].

Known as a decorative plant, Crinum amabile has also long been used in Vietnamese folk medicine
as an emetic and a remedy for rheumatism and earache [11]. Fifteen alkaloids have been previously
identified in C. amabile: amabiline, ambelline, augustine, buphanisine, crinamabine, crinamine,
crinidine, 4a-dehydroxycrinamabine, flexinine, galanthamine, galanthine, hippeastrine, lycorine,
narvedine and tazettine [11–13]. Among these, amabiline, augustine, buphanisine, crinamine and
lycorine have been isolated from this species and assessed for their antimalarial and cytotoxic potential,
with augustine being the most active [13].

Tropical diseases such as malaria, leishmaniasis, Chagas disease and African trypanosomiasis
affect more than one billion people and cost developing economies billions of dollars every year [14].
As these diseases prevail in areas where poverty limits access to prevention and treatment interventions,
the pharmaceutical industry has little interest in investing in tackling them by drug development [15].
On the other hand, dementia affects around 50 million citizens worldwide, 60–70% of whom suffer
from Alzheimer’s disease, for which the current clinical treatment offers only palliative effects [16,17].
Thus, all these diseases require more research on effective treatment, in which the Amaryllidaceae
alkaloids may potentially play an important role.

The aim of this work was to perform a detailed study of the alkaloid constituents of C. amabile,
utilizing spectroscopic and chromatographic methods, including GC-MS and NMR. Two new alkaloids
were isolated and chemically characterized by spectroscopic methods and twenty-three known
alkaloids were identified by GC-MS. Due to the potential of Amaryllidaceae alkaloids in the clinical
treatment of Alzheimer’s disease [3], as well as the activity of augustine against malaria [13],
we decided to check the cholinesterase-acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE)-inhibitory activities and the antiprotozoal capacity of six alkaloids isolated from C. amabile,
including the two new alkaloids. The role of N-oxide compounds in these biological activities
was explored.

2. Results and Discussion

2.1. Alkaloids Identified by GC-MS

Twenty-three known alkaloids from Crinum amabile were identified by GC–MS (Table 1 and
Figure 1) by comparison of the Rt, fragmentation patterns and spectral data using our home database.
This database was built from single alkaloids isolated and identified by spectroscopic and spectrometric
methods (NMR, UV, CD, IR, MS) in the Natural Products Laboratory, University of Barcelona, Spain.
Also used were the NIST 05 Database and literature data [18–22].

2.2. Structural Elucidation

Two new alkaloids were identified in C. amabile: augustine N-oxide (1) and buphanisine N-oxide
(2), both N-oxides of the structures augustine (13) and buphanisine (8), respectively. N-oxides occur as
natural products and are not artefacts formed during the isolation procedures [23,24]. Ungiminorine
N-oxide, homolycorine N-oxide, O-methyllycorenine N-oxide, galanthamine N-oxide, sanguinine
N-oxide, lycoramine N-oxide and undulatine N-oxide are examples of Amaryllidaceae alkaloid
N-oxides also reported as natural products [25–28].
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Table 1. Alkaloids identified in Crinum amabile by GC-MS.

Alkaloid RI M+ MS

Lycorene (3) 2102.2 255 (52) 254 (100), 227 (17), 226(20), 211 (15), 183(14),
181(10)

Ismine (4) 2124.3 257 (28) 239(16), 238 (100), 196 (10),
168 (10)

Demethylismine (5) 2128.8 243 (22) 225(21), 224 (100), 167 (10), 166 (15), 154 (11),
77 (12)

Demethylmesembrenol (6) 2177.0 275 (5) 206 (9), 205 (76), 115 (6),
70 (100)

Galanthamine (7) 2262.8 287 (85) 286 (100), 244(29), 216 (45), 174(39), 165(16), 141 (14),
128 (21), 115 (31)

Buphanisine (8) 2283.7 285 (95) 273 (54), 272 (43), 254 (40), 215 (100), 157 (39), 129 (35),
128 (55), 115 (64)

Sanguinine (9) 2288.3 273 (100) 272 (85), 202 (40), 165(20), 160 (50), 131 (20), 128
(19),115 (28), 77(20),

Crinine (10) 2326.7 271 (100) 228 (24), 200 (30), 199(81), 187 (76), 173 (28), 129 (34),
128(44), 115 (47), 56 (32)

8-O-Demethylmaritidine (11) 2373.8 273 (100) 230 (25), 202 (29), 201 (80), 189 (65), 175 (29), 129 (24),
128 (30), 115 (32), 56 (30)

3-O-Acetylsanguinine (12) 2387.1 315 (37) 256 (100), 255 (42), 254 (37), 212(26), 165 (33), 152 (23),
115 (30), 96 (67)

Augustine (13) 2411.6 301 (93) 228 (36), 187 (30), 175 (300), 173 (24), 159 (38), 143 (57),
128 (259, 115 (75)

Buphanisine N-oxide (2) 2429.8 301 (nv) 285 (100), 270 (33), 254 (35), 216 (21), 215 (82), 201 (24),
157 (20), 128 (22)

Haemanthamine (14) 2436.9 301 (55) 257 (54), 227 (80), 225 (98), 224(80), 181 (100), 153 (46),
152 (46), 115 (64)

11,12-Dehydroanhydrolycorine (15) 2448.5 249 (55) 248 (100), 191 (13), 190 (31), 189 (11),
95 (14)

Crinamine (16) 2497.6 273 (17) 272 (100), 242 (12), 214 (11), 186 (12),
128 (15)

Hamayne (17) 2551.7 259 (14) 258 (100), 242 (11), 214 (10), 211 (12), 181 (14),
128 (19)

1-O-Acetyllycorine (18) 2563.1 329 (20) 299(15), 268 (28), 250 (17), 244 (20), 227 (56),
226 (100), 240 (11)

Augustine N-oxide (1) 2571.8 317 (nv) 301 (100), 228 (34), 187 (22), 175 (77), 173 (17),
159 (27), 143 (37), 115 (37)

Lycorine (19) 2592.2 287 (19) 286 (13), 268 (18), 250 (10), 227 (60), 226 (100),
147 (11)

Undulatine (20) 2594.4 331 (100) 258 (37), 219 (22), 217 (36), 205 (71), 203 (37),
189 (43), 173 (39), 115 (35)

Ambelline (21) 2621.1 331 (69) 287 (100), 260 (81), 257 (62), 255 (74), 254 (52),
241 (51), 239 (61), 211 (69)

Augustamine (22) 2628.7 301 (76) 300 (100), 245(16), 244(84), 215(33), 201 (32),
188 (14), 115 (22), 70 (21)

6-Hydroxybuphanidrine (23) 2631.3 331 (35) 277 (16), 276 (100), 261 (30), 218 (17), 217 (23),
216 (24), 115 (18), 56 (25)

N-Formylnorgalanthamine (24) 2649.1 301 (100) 225 (26), 211 (29), 181 (19), 165 (14), 129 (18),
128 (22), 115 (30), 77 (15)

2-O-Acetyllycorine (25) 2676.2 329 (21) 328 (17), 270 (40), 269 (72), 268 (100), 252 (43),
250 (73), 227 (27), 226 (67)

* not visible.
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Figure 1. Alkaloids identified in C. amabile by GC-MS.

2.2.1. Augustine N-oxide (1)

The 1H-NMR signals of compound 1 (Table 2) were consistent with the structure of augustine [29].
However, H-4α and H-4a and H-6α, H-6β, and H-12endo and H-12exo were deshielded between
1.21 and 0.36 ppm. These deshielding effects are congruent with the salt or N-oxide form of
augustine. HR-ESI-MS analysis was carried out to confirm an additional oxygen atom in the structure.
Compound 1 exhibited a parent [M + H]+ ion at m/z 318.1335 in its HR-ESI-MS spectrum, suggesting
the molecular formula C17H20NO5 (calcd. 318.1336) and confirming compound 1 as augustine N-oxide.

The absolute configuration of this structure was determined by CD. The curve and shape were
qualitatively similar to those of known crinine-type alkaloids, with the 5,10b-ethano bridge in a
β-orientation, having a maximum of around 245 nm and a minimum of 295 nm. The COSY spectrum
showed a benzylic coupling between H-7 and H-6, which allowed us to determine the H-7 proton
location in the 1H-NMR spectrum. The two C-6 protons were differentiated as an AB system with a
geminal coupling of around 15.7 Hz. H-4a showed a NOESY correlation with H-6α, which turned out to
be crucial for the assignment of its orientation. We were able to determine the H-4β orientation from the
large coupling constant between H-4a and H-4β (around 13.8 Hz), and the α-orientation of the methoxy
group at C-3 from the small constant between H-4β and H-3 (around 2.7 Hz). The β-orientation of
the epoxy group was assignable based on the low values of the H-1 and H-2 constants (3.5 and
3.2 Hz, respectively). The NOESY contour plot between H-4β and H-11exo and H-12exo allowed us to
determine the H-11exo and H-12exo locations in the 1H-NMR spectrum. The quaternary carbons C-6a,
C-10a, C-8 and C-9 were ascribed by means of their respective three-bond HMBC correlations with
H-10, H-7, H-10 and H-7. Finally, the singlet resonance signal at δ = 43.95 ppm in the 13C spectrum was
assigned to C-10b, taking into account the three-bond connectivities to H-10, H-4α and H-4β (Figure 2)
in the HMBC experiment.
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Table 2. NMR data for compounds 1 and 2 (400 MHz for 1H and 100 Hz for 13C, CDCl3).

1 2

No. δC, type δH (J in Hz) δC, type δH (J in Hz)

1 52.06 3.68, d (3.5) 129.59 6.39, d (10.0)
2 55.06 3.42, ddd (3.2, 2.4, 0.7) 127.18 6.08, ddd (10.0, 5.3, 1.0)
3 73.43 4.12, dd (2.7, 2.5) 71.38 3.95, ddd (5.6, 3.6, 2.0)
4α 19.72 2.91, dt (14.1, 3.1) 23.46 3.13 ddt (13.6, 4.2, 2.4)
4β 19.72 1.54, ddd (13.8, 13.8, 2.9) 23.46 1.72 ddd (13.7, 13.7, 4.0)
4a 72.59 3.51, dd (13.4, 3.6) 74.14 3.74, dd (13.2, 4.3)
6α 67.56 4.83, dd (15.7, 1.8) 76.55 4.84, d (15.6)
6β 67.56 4.68, d (15.7) 76.55 4.72, d (15.6)
6a 122.33 - 121.71 -
7 106.40 6.57, s 106.44 6.54, s
8 147.13 - 147.20 -
9 147.79 - 147.79 -
10 102.49 6.90, s 102.98 6.81, s
10a 133.92 - 134.75 -
10b 43.95 - 46.60 -
11endo 35.64 1.99, ddd (12.4, 9.4, 5.1) 40.02 2.11, ddd (12.5, 8.0, 6.0)
11exo 35.64 2.79, ddd (12.4, 12.4, 6.9) 40.02 2.26, ddd (12.2, 10.8, 8.6)
12endo 67.56 3.81, ddd (12.8, 9.4, 7.0) 68.97 3.88, m
12exo 67.56 3.73, dddd (12.5,12.5, 5.0, 2.2) 68.97 3.85, m
OCH2O 101.58 5.99, d (1.3), 5.98 d (1.3) 101.51 5.95, d (1.3), 5.93 d (1.3)
OMe 57.92 3.47, s 57.23 3.39, s

Figure 2. Structures of the two new alkaloids elucidated from C. amabile.

2.2.2. Buphanisine N-oxide (2)

The 1H-NMR spectrum of compound 2 (Table 2) was similar to that of buphanisine [30]. However,
the H-4α, H-4a, H-6α, H-6β, H-12endo and H-12exo protons were assigned as 0.80, 0.24, 0.32, 0.82,
0.86 and 0.29 ppm more deshielded, respectively, than their homologs in buphanisine. HR-ESI-MS
analysis allowed us to confirm the presence of N-oxide in this structure. Compound 2 exhibited a
parent [M + H]+ ion at m/z 302.1385 in its HR-ESI-MS spectrum, suggesting the molecular formula
C17H20NO4 (calcd. 302.1387) and confirming compound 2 as buphanisine N-oxide.

The absolute configuration of this structure was determined by CD. The spectrum curve had a
maximum of around 245 nm and a minimum of around 292 nm, confirming a crinine-type alkaloid
with the 5,10b-ethano bridge in a β-orientation. The assignment of the aromatic protons was based
on the benzylic coupling between H-6 and H-7 observed by a 2D COSY experiment. The 1H-NMR
spectrum showed two doublets at δ 4.84 and 4.72 ppm with a coupling constant of around 15.6 Hz.
The first one was assigned as H-6α due to the NOESY contour plot of the proton H-4a. The large
coupling constant between H-4a and H-4β (around 13.7 Hz) allowed the H-4β proton location to
be determined in the 1H-NMR spectrum. The NOESY contour plot between H-4β and H-11exo and
H-12exo enabled us to determine their location in the 1H-NMR spectrum. In the HMBC spectrum,
the three-bond correlations observed for H-7 to C-9, H-10 to C-8, H-7 to C-10a and H-10 to C-6a allowed
us to identify the location of the quaternary carbons C-8, C-9, C-6a and C-10a in the 13C spectrum.
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The three-bond coupling between C-10b and H-2, H-10 and H-4 permitted its location to be assigned
at δ = 46.60 ppm in the 13C spectrum (Figure 2).

2.3. Biological Activities

The alkaloid augustine presents significant activity against chloroquine-sensitive and
chloroquine-resistant strains of Plasmodium falciparum (IC50 = 0.46 and 0.60 μM, respectively) [13].
We consequently decided to verify in vitro the activity of six alkaloids isolated from C. amabile,
augustamine (22), augustine (13), augustine N-oxide (1), buphanisine (8), buphanisine N-oxide (2) and
crinine (10), against four different protozoa, Trypanosoma brucei rhodesiense, Trypanosoma cruzi, Leishmania
donovani and Plasmodium falciparum, which are related to sleeping sickness, Chagas disease, visceral
leishmaniasis and malaria, respectively. These alkaloids are structurally very similar, with the exception
of augustamine, which is a unique kind of Amaryllidaceae alkaloid previously isolated from other
Crinum species, including C. augustum, C. kirkii and C. latifolium [28,31,32], and completely elucidated
in 2000 [33]. The rareness of this structure motivated us to isolate it and check its biological activity.
In addition, due to the potential effectiveness of Amaryllidaceae alkaloids in the clinical treatment of
Alzheimer’s disease, the alkaloids were also tested in vitro against acetyl- and butyrylcholinesterase.

2.3.1. AChE and BuChE Inhibitory Activities

All the results for cholinesterase inhibitory activities are shown in Table 3. No tested alkaloid
presented BuChE inhibitory activity. AChE inhibitory activity was moderate in augustine (13), and low
in buphanisine (8). The structures of these two alkaloids are very similar: between C-1 and C-2
augustine (13) presents an epoxy group and buphanisine (8) an olefin group (Figure 1). Interestingly,
the augustine (13) epoxy group seems to increase the AChE inhibitory activity, more than the olefin
in buphanisine (8). The AChE inhibitory activity is also slightly improved by the presence of a
hydroxyl group at C-3, as occurs in the crinine (10) alkaloid, but not by the methoxy group in the same
substituent, as occurs in buphanisine (8). Unfortunately, the N-oxide group did not increase the AChE
inhitory activities of augustine N-oxide (1) and buphanisine N-oxide (2). Furthermore, augustamine
(22) did not show any cholinesterase inhibitory activities.

Table 3. Results of AChE and BuChE inhibitory activities of the alkaloids isolated from C. amabile.

Alkaloid AchE * BuChE *

Augustine N-oxide (1) 79.64 ± 5.26 >200
Buphanisine N-oxide (2) >200 >200

Agustamine (22) >200 >200
Augustine (13) 45.26 ± 2.11 >200
Buphanisine (8) 183.31 ± 36.64 >200

Crinine (10) 163.89 ± 15.69 >200
Galanthamine (7) 0.45 ± 0.03 3.88 ± 0.19

* all results are in μg mL−1.

2.3.2. Antiprotozoal Activity

All the alkaloids isolated from C. amabile showed low activity against all the protozoa tested
(Table 4). Buphanisine (8) showed significant inhibitory activity against the NF54 strain of P. falciparum
(with a 50% inhibitory concentration (IC50) of 4.28 ± 0.18 μg mL−1. The presence of an N-oxide
group in augustine N-oxide (1) and buphanisine N-oxide (2) appears to decrease their activity against
T. brucei and P. falciparum compared to augustine (13) and buphanisine (8), respectively. In this
experiment, the epoxy group at C-1 and C-2 probably decreases the activity of augustine (13) against
P. falciparum compared to buphanisine (8), which has a double bond between C-1 and C-2. Furthermore,

40



Molecules 2018, 23, 1277

the presence of a methoxy group at C-3 seems to increase the activity of buphanisine (8) against
P. falciparum compared to crinine (10), which has a hydroxyl group in the same position.

Table 4. In vitro antiprotozoal and cytotoxic activities of 1 and 2. Values expressed in IC50 (μg mL−1).

Parasite
T. brucei

rhodesiense T. cruzi L. donovani P. falciparum Cytotoxicity

Reference drug 0.003 ± 0.001 a 0.865 ± 0.08 b 0.515 ± 0.06 c 0.004 ± 0.0007 d 0.004 ± 0.0007 e

Augustine (13) 15.05 ± 1.06 56.00 ± 0.71 >100 14.20 ± 0.14 >100
Augustine N-oxide (1) 58.85 ± 11.53 66.25 ± 11.81 >100 36.65 ± 4.74 >100
Buphanisine (8) 16.5 ± 0.57 55.55 ± 4.60 >100 4.28 ± 0.18 72.85 ± 5.02
Buphanisine N-oxide (2) 55.25 ± 4.31 64.05 ± 1.34 >100 32.55 ± 0.07 >100
Crinine (10) 18.95 ± 0.78 57.45 ± 6.86 >100 30.95 ± 2.19 >100
Augustamine (22) 19.20 ± 2.97 54.00 ± 4.53 >100 20.35 ± 0.21 81.55 ± 0.64

a melarsoprol; b benznidazole; c miltefosine; d chloroquine; e podophyllotoxin.

3. Materials and Methods

3.1. Plant Material

Bulbs of Crinum amabile Donn. were collected in Vitoria (Espírito Santo, Brazil) in September
2016. The sample was authenticated by Dr. Alan Meerow at the Subtropical Horticulture Research
Station (Miami, FL, USA). A specimen voucher (VIES 39506) has been deposited in the Herbarium of
the Universidade Federal do Espirito Santo (UFES; Vitoria, Brazil).

3.2. Equipment

About 2 mg of each alkaloid extract was dissolved in 1000 μL of methanol (MeOH) and/or
chloroform (CHCl3) and injected directly into the GC-MS apparatus (Agilent Technologies, Santa
Clara CA, USA) operating in the EI mode at 70 eV. A Sapiens-X5 MS column (30 m × 0.25 mm i.d.,
film thickness 0.25 μm) was used. The temperature gradient performed was the following: 2 min at
100 ◦C, 100–180 ◦C at 15 ◦C min−1, 180–300 ◦C at 5 ◦C min−1 and 10 min hold at 300 ◦C. The injector and
detector temperatures were 250 ◦C and 280 ◦C, respectively, and the flow-rate of carrier gas (He) was
1 mL min−1. A split ratio of 1:10 was applied and the injection volume was 1 μL. The alkaloids were
identified by GC-MS and the mass spectra were deconvoluted using the software AMDIS 2.64. Kovats
retention indices (RI) were recorded with a standard calibration n-hydrocarbon mixture (C9–C36)
using AMDIS 2.64 software.

1H-NMR, 13C-NMR, COSY, NOESY, HSQC, and HMBC spectra were recorded on a Bruker
400 MHz Avance III equipped with CryoProbe Prodigy (Bruker, Billerica, MA, USA), using CDCl3
as the solvent and tetramethylsilane (TMS) as the internal standard. Chemical shifts are reported in
units of δ (ppm) and coupling constants (J) are expressed in Hz. CD, UV and IR spectra were recorded
on Jasco-J-810 (Jasco, Easton, MD, USA), Dinko UV2310 (Dinko Instruments, Barcelona, USA) and
Thermo Scientific Nicolet iN10 MX spectrophotometers (Thermo Fisher Scientific, Waltham, MA, USA),
respectively. HR-ESI-MS spectra were obtained on an LC/MSD-TOF (2006) mass spectrometer (Agilent
Technologies) operating in the positive mode, applying 4 kV in the capillary, 175 V in the fragmentor, a
gas temperature of 325 ◦C, and N2 as the nebulizing gas (15 psi) and drying gas (flow = 7.0 L min−1).
Silica gel SDS chromagel 60 A CC (6–35 μm) was used for VLC, and silica gel 60 F254 (Merck, Darmstadt,
Germany) for analytics and prep. Spots on chromatograms were detected under UV light (254 nm)
and by Dragendorff’s reagent stain.

3.3. Extraction

Fresh bulbs (2.2 kg) and leaves (1.3 kg) of C. amabile were collected and macerated with MeOH
(3 × 1.0 L) at room temperature for 4 days. The combined macerate was filtered and the solvent
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evaporated to dryness under reduced pressure. The bulb and leaf crude extracts (485 and 390 g,
respectively) were then acidified to pH 3 with diluted sulfuric acid, H2SO4 (2%, v/v). The neutral
material was removed with Et2O (3 × 200 mL) and extracted with ethyl acetate (EtOAc) (3 × 200 mL)
to obtain the acid EtOAc extracts (4.58 and 2.8 g, respectively). The aqueous solutions were basified
up to pH 9–10 with ammonium hydroxide, NH4OH (25%, v/v) and extracted with n-hexane, n-Hex
(3 × 150 mL) to give the n-Hex extracts (1.16 and 0.40 g, respectively, and finally extracted with EtOAc
(2 × 200 mL) to obtain the EtOAc extracts (5.11 and 1.15 g, respectively).

The extracts were subjected to a combination of chromatographic techniques, including vacuum
liquid chromatography (VLC) [34], Sephadex, thin layer chromatography (TLC) and semi-preparative
TLC. The VLC is an effective methodology to rapidly and inexpensively separate large or small
quantities of compounds from extracts [35]. A silica gel 60 A (6–35 μm) column was used with a height
of 4 cm and a variable diameter according to the amount of sample (2.5 cm for 400–1000 mg; 1.5 cm for
150–400 mg). Alkaloids were eluted with n-Hex containing increasing EtOAc concentrations, followed
by neat EtOAc, which was gradually enriched with MeOH (reaching a maximum concentration
of 20%, v/v). Fractions of 10–15 mL were collected, monitored by TLC (UV 254 nm, Dragendorff’s
reagent), and combined according to their profiles. For semi-preparative TLC, silica gel 60F254 was used
(20 cm × 20 cm × 0.25 mm) together with different solvent mixtures depending on each particular
sample (EtOAc:MeOH, 9:1, v/v; EtOAc:MeOH, 8:2, v/v; or EtOAc:CHCl3:MeOH, 6:4:2, v/v/v), always in
an environment saturated with ammonia. The alkaloids were each identified by GC-MS and the two
new alkaloids had their structure elucidated by NMR.

Exclusion chromatography was carried out using a Sephadex LH-20 column (2.5 cm × 40 cm) to
clean and separate the alkaloids in the n-Hex bulb extract (1.16 g). It was eluted with 100% MeOH,
producing 52 fractions, each one containing about 2 mL, which were monitored by TLC and grouped
in four fractions. Fraction 3 (1.00 g) was subjected to a VLC column (2.5 cm × 4.0 cm), starting the
elution with 100% n-Hex, and gradually increasing the polarity by adding concentrations of EtOAc
up to 100%. The MeOH percentage in the mixture was then increased up to a ratio of EtOAc:MeOH
(80:20, v/v) and finally, keeping the MeOH percentage stable, the EtOAc percentage was decreased
and the CHCl3 percentage increased to a ratio of EtOAc:MeOH:CHCl3 (60:20:40, v/v/v). 48 fractions
(100 mL each) were collected, analyzed by TLC and grouped in twelve fractions.

Fraction B (28.5 mg) - eluted with n-Hex:EtOAc (eluted with 70:30 until 60:40, v/v), fraction D
(26.1 mg)-eluted with n-Hex: EtOAc (40:60, v/v), fraction F (40.0 mg) - eluted with EtOAc:MeOH (eluted
with 96:4 until 92:8, v/v), fraction H (10.5 mg) - eluted with EtOAc:MeOH (eluted with 88:12 until 83:17,
v/v) and fraction J (25.0 mg) - eluted with EtOAc:MeOH:CHCl3 (eluted with 80:20:0 until 71:20:9, v/v/v)
were subject to different semi-preparative TLC using a mobile phase consisting of EtOAc:MeOH:CHCl3
(60:20:40, v/v/v) in an environment saturated with ammonia. 12.0 mg of augustamine (22) was isolated
from fraction B, 9.1 mg of augustine (13) from fraction D, 6.0 mg of buphanisine (8) from fraction F,
2.9 mg of crinine (10) from fraction H, and 4.0 mg of augustine N-oxide (1) and 12.0 mg of buphanisine
N-oxide (2) from fraction J.

3.4. Characterization of Compounds

Augustine N-oxide (1): Amorphous solid; [α]22
D −24.0 (c 0.001, CHCl3); UV (MeOH) λmax (log ε):

292.0 (3.69), 240.5 (5.57) nm; CD (MeOH, 20 ◦C) Δε245 + 5739, Δε295 −5169; IR vmax 3363, 2986, 2851,
1740, 1504, 1489, 1464, 1391, 1374, 1241, 1147, 1079, 1034, 926, 846 and 814 cm−1; 1H-NMR (CDCl3,
400 MHz) and 13C-NMR (CDCl3, 100 MHz) see Table 2; ESI-MS data shown in Table 1; HR-ESI-MS of
[M + H]+ m/z 318.1335 (calcd. for C17H20NO5, 318.1336).

Buphanisine N-oxide (2): Amorphous solid; [α]22
D −1.0 (c 0.001, CHCl3); UV (MeOH) λmax (log ε):

292.0 (3.57), 240.5 (3.45) nm; CD (MeOH, 20 ◦C) Δε245 + 7271, Δε292 −7223; IR vmax 3350, 3037, 2977,
2824, 1652, 1488, 1402, 1377, 1255, 1241, 1097, 1071, 1034, 966, 931 and 854 cm−1; 1H-NMR (CDCl3,
400 MHz) and 13C-NMR (CDCl3, 100 MHz) see Table 2; ESI-MS data shown in Table 1; HR-ESI-MS of
[M + H]+ m/z 302.1385 (calcd. for C17H20NO4, 302.1387).
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3.5. Biological Activities

3.5.1. Antiprotozoal Activities

In vitro tests for the biological activity of the alkaloids isolated from C. amabile against Trypanosoma
brucei rhodesiense (trypomastigotes forms, STIB 900 strain), Trypanosoma cruzi (axenic grown amastigotes
forms, Tulahuen C4 strain), Leishmania donovani (amastigotes forms, MHOM-ET-67/L82 strain),
and Plasmodium falciparum (intraerythrocytic forms, IEF, NF54 strain) and a cytotoxicity test against the
mammalian L6 cell line from rat skeletal myoblasts were carried out at the Swiss Tropical and Public
Health Institute (Swiss TPH, Basel, Switzerland) according to established protocols as described by
Orhan and co-workers [36]. The reference drugs used in these assays were melarsoprol, benznidazole,
miltefosine, chloroquine and podophyllotoxin, respectively.

3.5.2. Acetylcholinesterase and Butyrylcholinesterase Inhibitory Activities

Cholinesterase inhibitory activities were analyzed as by Ellman and co-workers [37] with some
modifications as by López and co-workers [38]. Fifty microliters of AChE or BuChE phosphate buffer
(8m M K2HPO4, 2.3 mM NaH2PO4, 0.15 M NaCl, pH 7.5) and 50 μL of the sample dissolved in the
same buffer were added to the wells. The plates were incubated for 30 min at room temperature
before 100 μL of the substrate solution (0.1 M Na2HPO4, 0.5 M DTNB, and 0.6 mM acetylthiocholine
iodide, ATCI, or 0.24 mM butyrylthiocholine iodide, BTCI, in Millipore water, pH 7.5) was added.
The absorbance was read in a Labsystem microplate reader (Helsinki, Finland) at 405 nm after
10 min. Galanthamine served as positive control. In a first step, samples were assessed at 10, 100 and
200 μg mL−1 towards both enzymes. Samples with an IC50 > 200 μg mL−1 were considered inactive.
Samples with an IC50 < 200 μg mL−1 were further analyzed to determine the IC50 values. Enzyme
activity was calculated as a percentage compared to an assay using a buffer without any inhibitor.
The cholinesterase inhibitory data were analyzed with the software Microsoft Office Excel 2010.

4. Conclusions

Twenty-five alkaloids were identified in C. amabile, including two new alkaloids, augustine
N-oxide and buphanisine N-oxide. This is the first time that augustamine and N-oxide structures have
been described in this species. These alkaloids, together with augustine, buphanisine and crinine,
were isolated, but none showed remarkable biological activity.
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Abstract: In this study, 2,3-dihydro-1H-indolizinium alkaloid-prosopilosidine (PPD), that was
isolated from Prosopis glandulosa, was evaluated against C. neoformans in a murine model of
cryptococcosis. In vitro and in vivo toxicity of indolizidines were also evaluated. Mice were infected
via the tail vein with live C. neoformans. Twenty-four hours post-infection, the mice were treated with
PPD once a day (i.p.) or twice a day (bid) orally, or with amphotericin B (Amp B) intraperitoneally (IP),
or with fluconazole (Flu) orally for 5 days. The brains of all of the animals were aseptically removed
and the numbers of live C. neoformans were recovered. In vitro toxicity of indolizidine alkaloids
was determined in HepG2 cells. PPD showed to be potent in vivo activity against C. neoformans
at a dose of 0.0625 mg/kg by eliminating ~76% of the organisms compared to ~83% with Amp B
(1.5 mg/kg). In addition, PPD was found to be equally efficacious, but less toxic, at either 0.125 or
0.0625 mg/kg compared to Amp B (1.5 mg/kg) when it was administered bid (twice a day) by an i.p.
route. When tested by an oral route, PPD (10 mg/kg) showed potent activity in this murine model of
cryptococcosis with ~82% of organisms eliminated from the brain tissue, whereas Flu (15 mg/kg)
reduced ~90% of the infection. In vitro results suggest that quaternary indolizidines were less toxic
as compared to those of tertiary bases. PPD (20 mg/kg) did not cause any alteration in the plasma
chemistry profiles. These results indicated that PPD was active in eliminating cryptococcal infection
by oral and i.p. routes at lower doses compared to Amp B. or Flu.

Keywords: Cryptococcus neoformans; cryptococcosis; HepG2; Prosopis glandulosa; prosopilosidine;
amphotericin B; fluconazole

1. Introduction

Cryptococcus neoformans is a dimorphic fungus that causes serious infection leading to pneumonia
and life-threatening diseases of the central nervous system (CNS). The virulence of the organism
has been linked to the presence of a thick carbohydrate capsule and its pigment melanin [1,2].
Both immunocompetent and immunocompromised individuals are affected; immunocompetent
patients generally develop pulmonary cryptococcosis as a sole manifestation of the disease [3].
However, in immune compromised and elderly patients, both lung and brain infections cause high
morbidity and mortality [4,5]. In advanced cases of HIV infections, the incidence of cryptococcal
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infection ranged from 10–15% in developed countries and was even higher in the underdeveloped
countries [6,7]. With the advent of antiretroviral therapy (ART), the immune system of patients
with HIV/AIDS became less vulnerable to fungal infections or other infections, and this reduced
the incidence of C. neoformans infections in people with advanced HIV/AIDS, especially those from
developed countries [8]. Thus, fungal infections in HIV/AIDS patients declined significantly in
the U.S. [9,10]. However, it still remains a major problem in developing countries due to limited
healthcare facilities [11]. It is estimated that globally, cryptococcal meningitis is responsible for 15%
of AIDS-related deaths, with an estimate of 220,000 new cases of cryptococcal meningitis each year,
resulting in 181,000 deaths [11]. Hence, cryptococcosis still remains a concern for people living with
HIV/AIDS.

Only a limited number of antifungals are available for the treatment of Cryptococcal infections.
Amphotericin B (Amp B) and fluconazole (Flu) are among the commonly used antifungals for patients
with cryptococcal infections of the CNS. However, the emergence of Flu-resistant fungal pathogens is
a concern [12]. In vitro investigations on various strains of C. neoformans indicate that mutation to Flu
resistance is a dynamic and heterogeneous process that involves multiple mechanisms [13,14]. Recently,
concerns have been raised about the efficacy of initial Flu treatments of cryptococcal meningitis in HIV
patients, as resistance to Flu leads to a relapse of cryptococcal meningitis symptoms [15,16]. In such
cases, a combination of Amp B and Flu or voriconazole has been suggested [17,18].

According to World Health Organization (WHO) guidelines, the treatment for cryptococcal
meningitis should be comprised of a combination of therapies, starting with Amp B and flucytosine
for 2-weeks, followed by Flu [17,18]. All of these anti-fungal agents have different mechanisms of
action against Cryptococcal infections. Amp B makes the yeast membranes porous by binding with
ergosterol [19], flucytosine prevents protein synthesis by intercalating into fungal RNA [20,21], and Flu
acts by binding and inhibiting 14-α demethylase- enzyme which is important for ergosterol synthesis
in fungal cells [22]. Combinational therapy of these drugs with different mechanisms of action makes
it difficult for fungal cells to develop resistance against these drugs during the course of treatment [23].
However, flucytosine is associated with bone marrow suppression [24]. Also, flucytosine is excessively
expensive (>$500/day) and is not licensed in many countries [25]. Therefore, WHO recommended
the use of Flu in place of flucytosine [17]. The emergence of resistance to Flu and the toxicity of
Amp B [26,27] underscore the need to search for new compounds that have anti-cryptococcal activity.

Natural products have played a significant role in building the armory of anti-infectives. However,
natural products of plant origin with anti-infective property have rarely been introduced as drug(s).
Prosopis glandulosa, a medium-sized tree, is one of the two varieties of honey mesquites that is available
in North America [28,29]. The genus Prosopis contains indolizidine alkaloids substituted with alkyl
piperidine unit(s), of which juliprosopine exhibited strong in vitro antimicrobial, anti-dermatophytic,
and amebicidal activities [30,31]. In continuation to our earlier work on indolizidine alkaloids [32],
herein we report the in vivo anticryptococcal activity of PPD, which was isolated from Prosopis
glandulosa, in a murine model. In addition, we also report the in vitro toxicity on HepG2 cells of
indolizidine alkaloids (Prosopilosidine (1), isoprosopilosidine (2), juliprosine (3), prosopilosine (4),
isoprosopilosine (5), and juliprosopine (6) (Figure 1) which were isolated from P. glandulosa that was
collected from Nevada and Texas, USA.
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Figure 1. Chemical structures of indolizidine alkaloids isolated from P. glandulosa var. gladulosa:
prosopilosidine (1), isoprosopilosidine (2/2a), juliprosine (3), prosopilosine (4), isoprosopilosine (5/5a),
and juliprosopine (6).

2. Results and Discussion

2.1. In Vitro Toxicity of 1–6 against HepG2 Cells

In the MTS assay (Abcam, Cambridge, MA, USA), the treatment of HepG2 with tertiary
indolizidine alkaloids, prosopilosine (4), isoprosopilosine (5), and juliprosopine (6) were found to
be toxic at a concentration of >1 μg/mL. On the other hand, the two quaternary indolizidines, PPD
and juliprosine (3), both with symmetrical piperidenyl side chains, did not show any toxicity up to
50 μg/mL, while their non-symmetrical diasterioisomer isoprosopilosidine (2) was found to be toxic at
50 μg/mL (Figure 2). Collectively, the evaluation of the cytotoxicity of indolizidine alkaloids against
HepG2 cells revealed that the quaternary PPD and juliprosine (3) were found to be less toxic to those
of tertiary indolizidine alkaloids (4–6), a phenomenon that is consistent with their toxicities against
VERO cells (Samoylenko et al., 2009) [29].
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Figure 2. The effect of different compounds, prosopilosidine (1), isoprosopilosidine (2), juliprosine (3),
prosopilosine (4), isoprosopilosine (5), juliprosopine (6) and Amphotericin B (Amp B) on cell viability.
HepG2 cells were seeded on 96-well plates and were treated with 1, 10, 20, and 50 μg/mL of the
test compounds or with vehicle only for 24 h. The MTS assay for cell viability and proliferation was
performed with the CellTiter 96®AQueous Non-Radioactive Cell Proliferation Assay Kit (Promega).
Data are shown as mean ± SEM and were analyzed with ANOVA. # p < 0.001 is considered statistically
significant compared to the untreated cells (100%).

2.2. In Vivo Anti-Cryptococcal Activity of PPD

Two 2,3-dihydro-1H-indolizinium alkaloids, PPD and isoprosopilosidine (2), which were isolated
from P. glandulosa, have demonstrated potent in vitro antifungal activity against C. neoformans and
antibacterial activity against methicillin-resistant S. aureus and M. intracellulare [32]. Due to its
potent in vitro activity against C. neoformans and its lower toxicity in mammalian VERO cells [32],
anti-cryptococcal activity was conducted on PPD in vivo. The maximum tolerated i.p. dose in mice
was determined to be 2.5 mg/kg. At this dose, no deaths were observed by the intraperitoneal route.
At 5.0 and 10.0 mg/kg, deaths were observed (Table 1).

Table 1. Mean body weights of the mice injected i.p. with different doses of prosopilosidine (PPD).
All values are expressed as mean ± SD (n = 5).

Dose of 1
Mean Body Weight of Mice on Day

1 2 3 4 5 6

Vehicle 24.40 ± 1.36 24.58 ± 1.4 24.37 ± 1.37 24.47 ± 1.41 24.55 ± 1.39 25.28 ± 0.88
1.0 mg/kg 24.83± 1.79 24.79 ± 1.81 23.66 ± 1.02 23.81 ± 0.95 24.28 ± 0.96 24.39 ± 0.93
2.5 mg/kg 24.8 ± 0.58 25.01 ± 0.68 25.1 ± 0.62 24.89 ± 0.37 24.85 ± 0.29 24.94 ± 0.28
5.0 mg/kg 23.55 ± 0.77 - - - - -
10 mg/kg 25.12 ± 0.66 - - - - -

Based on the MTD results, an exploratory in vivo experiment to determine the anti-cryptococcal
activity of PPD by i.p. route was performed in a rodent model. In this exploratory experiment,
treatment with PPD showed a dose dependent effect at low doses. In order to determine the maximum
anti-cryptococcal effect of PPD, additional experiments were conducted with the addition of Amp B
as a reference standard (1.5 mg/kg; i.p.), with doses ranging between 0.125 and 1.0 mg/kg/day for
5 days. PPD showed potent activity against C. neoformans at 0.125 mg/kg/day, with ~75% of organisms
eliminated from the brain tissue, whereas Amp B at 1.5 mg/kg/day reduced ~83% of infection. Thus,
the dose-dependent antifungal effect at lower doses, as was observed in our preliminary study, was
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reconfirmed in this experiment. Finally, the lowest dose for the maximum inhibitory effect, together
with the dose-response relationships, were determined by another in vivo anti-cryptococcal experiment
with 4 doses of 0.03125, 0.0625, 0.125, and 0.25 mg/kg/day. The maximum activity was observed at
0.0625 mg/kg, followed by 0.125 mg/kg, 0.25 mg/kg, 0.03125 mg/kg, where 80, 76, 71, and 68% of the
organisms were eliminated from the brain tissue, respectively, vs. 83% by Amp B (Figure 3). However,
increasing the dose further to 0.125 mg/kg/day or decreasing it to 0.03125 mg/kg/day did not change
the antifungal activity significantly.

Figure 3. Treatment of Cryptococcus neoformans infection with different doses of prosopilosidine
administered for 5 days in a murine model. Graph showing live colony forming units (CFU) of C.
neoformans per gram of brain tissue with percent reduction in infection by prosopilosidine treatment
given at doses 0.03125, 0.06215, 0.125, 0.25, 0.5, and 1.0 mg/kg body weight as compared to the vehicle
control. Amp B: Amphotericin B (1.5 mg/kg body weight). Data are shown as mean + SEM (n = 5) and
was analyzed with ANOVA. ** p < 0.01, *** p < 0.001 is considered statistically significant compared to
the vehicle control.

The i.p. administration of PPD showed increasing activity against C. neoformans with decreasing
concentration. This phenomenon appears to be similar to the “hormesis hypothesis” which was
reported earlier [33,34], where high doses of a compound showed no observable effect, while at low
doses, the effect was observed. It is unclear from the present study what could be the cause for this
phenomenon. However, explanations can be speculated. It has been reported that certain compounds
at different dose levels can induce different CYP enzymes in mice; at low doses (<0.25 mg/kg),
perfluorodecanoic acid (PFDA) increases Cyp4A14 expression. Whereas, at higher doses (>10 mg/kg),
in addition to CYP4A14, PFDA elevates the expression of Cyp2B10 [35]. It is possible that in our study,
the i.p. administration of PPD at higher doses induced a set of CYP enzymes that metabolized it and
rendered it ineffective against C. neoformans. At a low dose, such enzymes may not be induced and
thus, a beneficial effect was observed at low doses. Another possibility lies in the transport of the
compound inside the fungal cells. The channels by which this compound reaches the cryptococcal cells
may be blocked at higher doses. It is known that many compounds up or down regulate different genes
at different dose levels in yeast organisms [35]. One or more of the above hypothetical explanations
may be responsible for the hormesis phenomenon that was observed in this study.

2.3. Bid Treatment with PPD

In an attempt to see if two doses per day would increase the antifungal effect of PPD, we
considered bid (twice a day) in vivo treatment. Mice were infected via the i.v. route on day 0 and
were then treated with PPD (24 h post infection) via the intraperitoneal route twice a day for 5 days.
Figure 4 shows the comparison of PPD and Amp B in the mice. The number of C. neoformans organisms
was substantially reduced in the brain by a bid dose of 0.0625 or 0.125 mg/kg. At these doses, the
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infection was reduced by 79.21% and 71.87%, respectively, with Amp B showing a 81.16% reduction in
the number of Cryptococcus organisms in the brain tissue. It is important to mention that none of the
animals that were treated with PPD showed any signs of distress during this dose regimen. Amp B
treated animals showed rough hair coat throughout the course of the treatment, which is indicative of
stress. The vehicle control group did not show any other sign of distress.

Figure 4. Cryptococcus neoformans infection in the mice treated with prosopilosidine administered bid.
Graph showing live colony forming units (CFU) of C. neoformans per gram of brain tissue and percent
reduction in infection by prosopilosidine treatment given at doses 0.06215 and 0.125 mg/kg body
weight and amphotericin B (1.5 mg/kg body weight), as compared to the vehicle control. Amp B:
Amphotericin B (1.5 mg/kg body weight). Data are shown as mean + SEM (n = 5) and was analyzed
with ANOVA. *** p < 0.001 was considered statistically significant compared to the vehicle control.

2.4. Oral Administration of PPD

In a separate set of experiments, we attempted oral administration of PPD. These mice did
not show any signs of distress for up to 4 h after PPD administration via the oral route. Then, the
animals were sacrificed by CO2 asphyxiation. At necropsy, all visceral organs appeared to be normal.
No remarkable lesion was seen in the GI tract on gross examination. The blood clinical chemistry
showed no shift in any of the parameters listed in Table 2.

Table 2. Blood chemistry profile of mice administered Prosopilosidine at 20 mg/kg via the oral route.
All values are expressed as mean ± SEM (n = 3).

Parameters Vehicle Prosopilosidine (20 mg/kg)

Albumin (g/dL) 3.5 ± 0 3.1 ± 0
Alanine transaminase (ALT) U/L 35.0 ± 0 54.5 ± 26.5

Total bilirubin (mg/dL) 0.3 ± 0 0.2 ± 0
Blood urea nitrogen (BUN) mg/dL 21.0 ± 1 17.5 ± 0.5

Creatinine (CRE) mg/dL 0.245 ± 0.05 0.3 ± 0
BUN/CRE 89.3 ± 15.97 58.33 ± 1.67

Calcium (mg/dL) 10.65 ± 0.05 10.0 ± 0.3
Phosphate (mg/dL) 7.3 ± 0.1 9.5 ± 0

Glucose (mg/dL) 70.0 ± 9 145.5 ± 29.5
Na+ (mmol/L) 156.5 ± 2.5 150.5 ± 0.5
K+ (mmol/L) 8.4 ± 0.2 5.45 ± 0.25

Total protein (g/dL) 5.4 ± 0 5.0 ± 0
Globulin (g/dL) 1.95 ± 0.05 1.9 ± 0
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This data confirmed that PPD was not toxic if given orally up to 20 mg/kg. We then conducted
an efficacy study with the oral administration of PPD in the infected mice. The mice were infected
by Cryptococcus neoformans inoculum via the i.v. route on day 0 and were then treated with PPD (24 h
post infection) via the oral route once a day for 5 days. Oral administration of PPD showed a dose
dependent activity against C. neoformans. Figure 5 shows the number of live organisms (CFU) that
were recovered from the brains of the mice who were treated with PPD (using doses of 2.5, 5.0, and
10 mg/kg/day), Flu (15 mg/kg/day), or the vehicle. PPD, Flu, and the vehicle were administered
orally in a volume of 100 μL per mouse via oral gavage needle. The vehicle treated group showed an
average of 3.5 × 108 CFUs in their brain tissues. In comparison, orally administered Flu at 15 mg/kg
eliminated the organism in the brain, showing over 93% reduction in infection compared to the
vehicle control. At doses 2.5, 5.0, and 10 mg/kg, a direct dose-effect relationship was observed with a
maximum 82% reduction in infection which was observed at 10 mg/kg. At doses 2.5 and 5.0 mg/kg,
the reduction in infection was 48% and 65%, respectively. It is evident from these results that PPD
reached the target organ after absorption and was able to reduce the C. neoformans load in the brain
tissue. It is also clear from these results that PPD was well tolerated, since no deaths or apparent signs
of toxicity were observed.

Figure 5. Cryptococcus neoformans infection in mice treated with prosopilosidine given via the oral route.
Graph showing live colony forming units (CFU) of C. neoformans per gram of brain tissue and the
percent reduction in infection by prosopilosidine treatment given at doses 2.5, 5.0, and 10.0 mg/kg body
weight and Fluconazole (Flu) (15 mg/kg body weight) as compared to the vehicle control. Data are
shown as mean ± SEM (n = 5) and was analyzed with ANOVA. *** p < 0.001 was considered significant
as compared to the vehicle control.

3. Materials and Methods

3.1. Compounds and Chemicals

Prosopilosidine (1), isoprosopilosidine (2), prosopilosine (4), isoprosopilosine (5), and
juliprosopine (6) were isolated from P. glandulosa (Fam. Leguminosae), which was collected from
Nevada, USA, as described previously by Samoylenko et al. (2009) [29]. In addition, compounds (3)
and (6) were isolated from the P. glandulosa sample that was collected in Texas. Amp B and Flu were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Amphotericin B and PPD were separately
dissolved as a stock solution (1 mg/mL containing 13.3 μL DMSO, 13.3 μL Tween-20, and 973.4 μL
distilled water) as colored and clear solutions, respectively. They were protected from light and were
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stored in the refrigerator. Different doses were prepared from this stock and were used daily. CellTiter
96® AQueous Non-Radioactive Cell Proliferation Assay kit (MTS) was purchased from Promega
(Madison, WI, USA).

3.2. Animals

Female mice (CD-1) weighing 20–25g were obtained from Envigo (Indianapolis, IN, USA).
They were quarantined on arrival for at least 3 days at the University of Mississippi vivarium. All of
the animals were housed in plastic cages with fiberglass filter tops and were provided with food and
water ad-libitum. They were maintained according to the Institutional Animal Care and Use Committee
(IACUC) guidelines of the University. All experiments reported here were approved by the IACUC
protocol number 07-011.

3.3. Inoculum

C. neoformans ATCC 90113 was grown on Saburaud Dextrose Agar (SDA) at 30 ◦C for 48 h to
check for purity. A single colony was inoculated to 20 mL Saburaud Dextrose Broth (SDB) in a 100 mL
flask and was kept at 30 ◦C in a shaker incubator overnight. The broth culture was centrifuged in a
50 mL tube and was washed three times with PBS. The pellet was suspended in 10 mL PBS and was
adjusted to approximately 1–5 × 106 fungal cells/mL. This inoculum was kept on ice until all of the
animal inoculations were completed. Serial dilutions from the inoculum were grown on SDA at 30 ◦C
to confirm the inoculum size by determining the live colony forming units (CFU).

3.4. In Vitro Cytotoxicity Assay

Human hepatoma (HepG2) cells were maintained at 37 ◦C in equilibration with 5% CO2-95% air
in 75-cm2 flasks containing maintenance medium plus 10% fetal bovine serum (FBS). The maintenance
media (DMEM) consisted of 10% fetal bovine albumin, 1% nonessential amino acids, 1% L-glutamine
and 100 U/mL penicillin, and 10 mg/mL streptomycin. Subcultures of the cells for use in the
experiments were obtained from a 1:4 split of the confluent monolayers. The cells were seeded
on a flat bottom 96 well plate (2 × 104 cells per well). The cells were exposed to different doses
of compounds 1–6 and tryptamine for 24 h, and cytotoxicity was determined using MTS assay kit
according to the manufacturer’s instructions (Promega, Madison, WI, USA). Tryptamine was evaluated
as a control, which was found to be non-toxic up to 50 μg/mL.

3.5. Maximum Tolerated Dose

The maximum tolerated dose (MTD) in the mice was determined by giving intraperitoneal (i.p.)
injections of PPD, with doses ranging from 1 to 10 mg/kg, daily for 5 days. The body weights of the
mice and their deaths were recorded. Necropsy was performed on all mice and gross changes were
recorded. In a separate experiment, the mice were administered PPD orally at 20 mg/kg using oral
gavage needles. Blood was collected 4 h later and was subjected to diagnostic profile Vetscan2 (Abaxis,
Union City, CA, USA) to observe any change in the clinical chemistry parameters.

3.6. Experimental Design

Mice were inoculated with 100 μL of the inoculum intravenously (i.v.) via the tail vein and were
distributed in various groups (n = 5/group). Twenty-four hours post inoculation, the mice were
administered their respective treatments (different doses of PPD, Amp B, and vehicle) i.p. or orally
using oral gavage needles for 5 days. The animals were dosed either once a day or twice a day at 12 h
intervals (bid). On day 6 post inoculation, all mice were sacrificed by CO2 asphyxiation, as approved
by the IACUC. Their brains were aseptically removed, weighed, and homogenized in 5 mL of PBS.
Serial dilutions of these homogenates were made in PBS and were cultured in duplicates on SDA.
After 48 h of incubation at 30 ◦C, CFU from each homogenate was enumerated. The number of CFU of
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C. neoformans per gram of brain tissue was determined for each mouse. Percent reduction in CFU’s per
gram of brain tissue was calculated by formula:

% reduction =
Vehicle − Sample

Vehicle
× 100

3.7. In Vivo Clinical Chemistry of PPD

In order to assess the toxic potential of PPD by the oral route, a dose of 20 mg/kg (twice the
maximum oral anti-cryptococcal dose used in this study) was given to mice (n = 5). Blood was sampled
4 h after the oral dose and liver profiles were determined by using VetScan2 (Abaxis, Union City,
CA, USA). The major parameters included albumin, alanine transaminase (ALT), Blood urea nitrogen
(BUN), glucose, total bilirubin, total protein, globulin, and electrolytes. Blood from three mice from
each group was analyzed for clinical chemistry.

3.8. Statistical Analysis

Differences between the groups were analyzed using ANOVA followed by Dunnett’s multiple
comparisons test using Graph Pad Prism 5.0, and the minimum criterion for statistical significance
was set at p < 0.05 for all of the comparisons.

4. Conclusions

This is the first report of in vivo anti-cryptococcal activity of PPD isolated from P. glandulosa.
The results indicate that i.p. administration of PPD against C. neoformans infection showed better
efficacy at lower doses. In addition, no signs of discomfort were observed in the mice who were treated
with PPD, which was administered either once or twice a day. Higher doses of PPD were equally
effective when they were given orally.
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Abstract: Background: The use of resveratrol as a dietary supplement is limited because it is easily
oxidized and, after oral ingestion, it is metabolized into enterocytes and hepatocytes. Thus, new
formulations are needed in order to improve its oral bioavailability. Objective: The objective of
this study was to develop and characterize a gastro-resistant formulation of resveratrol for oral
administration as a dietary supplement. Method: Resveratrol was encapsulated in Eudragit-coated
pectin-alginate microparticles. Results: The microparticle size was about 1450 μm, with an
encapsulation efficiency of 41.72% ± 1.92%. The dissolution assay conducted, as specified in the
European Pharmacopoeia for delayed-release dosage forms, revealed that our microparticles were
gastro-resistant, because the resveratrol percentage released from microparticles in acid medium was
less than 10%. In addition, the high-performance liquid chromatographic (HPLC) method developed
for resveratrol content quantification in the microparticles was validated according to International
Council for Harmonisation (ICH) Q2 (R1) guidelines. Finally, the biological activity of resveratrol was
investigated in 3T3-L1 mature adipocytes, concluding that the encapsulation process does not affect
the activity of resveratrol. Conclusion: In summary, the gastro-resistant microparticles developed
could represent a suitable method of including resveratrol in dietary supplements and in functional
foods used in obesity therapy.

Keywords: resveratrol; dietary supplement; gastro-resistant; microparticles; obesity; HPLC

1. Introduction

Resveratrol (3,5,4’-trihydroxystilbene), a polyphenolic phytoalexin, is naturally produced in the
fruits of several plant species such as grapes, mulberries, and peanuts in response to exogenous stress
factors such as injuries, fungal infections, or UV irradiation [1]. It was first found in 1940 in the roots
of white hellebore (Veratrum grandiflorum). Later, in 1963, it was isolated from the roots of Polygonum
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cuspidatum, a plant used in traditional Chinese medicine. Nowadays, it is mainly extracted from red
grapes, whose fresh skin is estimated to contain about 50−100 μg of resveratrol per gram.

This polyphenol is a stilbene derivate, which exists in cis- and in trans- stereoisomeric forms
(Figure 1). The most common form in nature, the trans form, is relatively stable, but it can undergo
isomerisation to the cis- form when exposed to ultraviolet irradiation [2]. This isomerisation is not
desirable, because the trans- form is the steric form, which is responsible for the beneficial effects of
this compound. Therefore, it is important to maintain its stability in order to retain its biological and
pharmacological activities [1].

Trans-resveratrol Cis-resveratrol 

Figure 1. Chemical structure of trans- and cis-resveratrol.

The pharmacological activity of resveratrol takes the form of an antioxidant and anti-inflammatory
effect on a wide range of disorders associated with inflammation, such as diabetes mellitus, obesity,
cardiovascular disease, neurodegenerative diseases, or cancer [2]. Currently, resveratrol is mainly
used as an antioxidant dietary supplement to protect against cardiovascular problems and some
alterations associated with aging, and as a supplement in the treatment of cancer, obesity, diabetes, or
hypercholesterolemia [3]. The doses of resveratrol used in these supplements range from 50 to 500 mg
per capsule.

Nevertheless, the use of resveratrol is limited by its being easily oxidable and extremely
photosensitive. In addition, its low solubility in water and its rapid metabolism in enterocytes and
hepatocytes (where sulphate and glucuronic conjugates are produced), as well as its rapid elimination,
make the oral resveratrol bioavailability very low [4,5]. As a result, several strategies are being carried
out to increase its bioavailability, such as gastro-resistant microparticles that delay release until it
reaches the distal portions of the intestinal tract [6].

Microencapsulation consists of coating drugs with different materials to obtain particles of
micrometric size. It is a commonly used technique in pharmaceutical, cosmetic, and food industries,
because it increases the stability of the active component and the release of the drug is controlled [1].

In this context, pectin (a natural polysaccharide) may be considered as a suitable substance
for the development of gastro-resistant microparticles, as it is specifically degraded by pectinolytic
enzymes produced by colonic microbiota, while resisting enzymes present in the stomach and intestine.
This natural polysaccharide is composed of partially methoxylated poly (1-4-α-D-galacturonic acids)
with some 1–2 linked L-rhamnose groups [7]. It is present in the cell wall of most edible plants, and so
it is approved for its use as an excipient in oral formulations [8]. Moreover, pectins with low levels of
methoxylation can be cross-linked with calcium ions (Ca2+, divalent cations) to produce Ca-pectinate
networks, therefore, these have been used as vehicles for drug delivery [9].

In addition to pectin, alginate has also been used for the development of microparticles because
of its bio/mucoadhesive properties. Thus, the preparation of ca-pectinate/alginate microparticles is
an interesting approach, because pectin can protect from enzymatic digestion and alginate can prolong
the residence time of particles in the administration site, and so achieve controlled drug release [10].

58



Molecules 2018, 23, 1886

However, the use of pectin and alginate as the sole components of microparticles is not enough to
completely avoid resveratrol release until it reaches the distal intestinal tract. For this reason, in order
to obtain gastro-resistant microparticles, they were coated with Eudragit® FS-30D, a methacrylic acid
copolymer that dissolves at pH 7. This polymer avoids the dissolution of the microparticles in the
first portions of the gastrointestinal tract, and the consequent release of the drug in the portions of the
intestine with a pH ≥ 7 [11].

With these considerations in mind, the objective of this study was to develop and characterize
resveratrol loaded pectin/alginate blend gastro-resistant microparticles to be orally administered as a
dietary supplement.

2. Results

2.1. Validation of the Quantification Technique of Resveratrol by High-Performance Liquid Chromatographic
(HPLC)

Following ICH Q2(R1) guidelines, we have demonstrated that our method meets the linearity
criteria described in Table 1. The results show an excellent correlation between the areas of the
chromatographic peak and the concentration of the analyte in the concentration range of 5–60 μg/mL.

Table 1. Acceptance criteria.

Parameter Especification

Selectivity
Identification -

Resolution Rs > 1.5
Absence of interference no interferences

Linearity

Correlation coefficient r ≥ 0.999
C.V. response factors C.V. ≤ 2%

Relative error percentage ≤2%
Slope linearity test texp > ttable

Slope confidence intervals No include 0
Test of proportionality texp < ttable

Intercept confidence intervals Include 0

Repeatability of Instrumental System C.V. C.V. < 1.37%

Repeatability of the Method C.V. C.V. < 1.94%

Intermediate Precision
C.V. individuals C.V. < 1.94%

C.V. intermediate C.V. < 3.88%

Recovery percentage
Recovery 98.0–102.0%

Relative error percentage ≤2%
Test for equality of variances Gexp < Gtable

Robustness
Influence of analyst C.V. C.V. < 3.88%

Influence of analysis temperature C.V. C.V. < 1.94%

Stability Standard Concentration in relation to time
0

98.0–102.0%Sample

C.V.: Coefficient of variation; Gexp: Experimental G value; Gtable: G value in tables.

We also demonstrated that our method was selective, precise, accurate, and specific because all
parameters met the established acceptance criteria (Table 1).

In addition, we proved that although the resveratrol standard solution was stable for 96 h at room
temperature, the sample test solution was only stable for 24 h, taking into account the established
acceptance criteria (Table 1).

2.2. Particle Size and Morphology

After measuring the diameter of randomly selected fifty dry microparticles, as expected, the mean
particle size was 1443.45 μm ± 126.11 μm, as we expected, as a result of using the ionotropic gelation
method with a 25G needle to prepare the microparticles [9].
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In terms of morphology, the newly prepared microparticles showed a spherical and uniform
shape. However, with dehydration the morphology became more irregular, and particle size was
reduced by about 500 μm, from 2000 to 1500 μm (Figure 2).

 

Figure 2. Comparison of morphology and particle size between newly prepared (left) and dried
(right) microparticles.

2.3. Encapsulation Efficiency (EE)

EE (%) determined by HPLC was 41.72% ± 1.92%. The low EE was most probably linked to
the lipophility of resveratrol, which is why during gelation resveratrol could undergo diffusion from
pectin-alginate mixture to gelation solution (CaCl2). Similar EE results were obtained by other authors
using the same method for encapsulation of Cwp84 antigen [12].

2.4. Drug Release Study: Resveratrol Release from Microparticles

As we can see in the Figure 3, in the first 2 h of the study, when particles were in contact with acidic
medium, the percentage of resveratrol released from microparticles was less than 10%, meeting the
criteria established in the European Pharmacopoeia monograph for gastro-resistant formulations [13].
After 2 h, when the medium pH was changed from acidic to basic, the microspheres showed a faster
drug release rate, until reaching 70% of resveratrol total content in 24 h.
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Figure 3. Percentage of resveratrol release from microparticles. The microparticles were dispersed in
750 mL of an acid medium (pH 1.2) for 2 h, followed by a basic medium (pH 7.4). Values represent the
means (n = 6 for each test) ± the standard error.

2.5. In Vitro Bioactivity Study: Measurement of Triacylglycerol Content in Adipocytes

After incubation of adipocytes with resveratrol for 24 h, a reduction in triacylglycerol content
was observed for both concentrations used (1 and 10 μM). However, a dose-dependent effect was not
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observed. When comparing the effect of resveratrol released from the microparticles with that of free
resveratrol, no differences were found between both compounds (Figure 4).

1 μM 10 μM 1 M 0 μM

Figure 4. Triacylglycerol content in 3T3-L1 mature adipocytes after treatment with 1 and 10 μM free
resveratrol (RSV) and RSV released from microparticles (NP). Values are means ± SEM. Comparison
between each treatment with the control was analyzed by Student’s t-test. The asterisks represent
differences versus the control (* p < 0.05; ** p < 0.01).

3. Discussion

In the present study resveratrol loaded pectin/alginate blend gastro-resistant microparticles
were prepared as a new formulation to improve the oral bioavailability of resveratrol. Pectin resists
the enzymes present in the stomach and intestine, so it could protect resveratrol from metabolism
until it reaches the more distal parts of the intestine. Furthermore, alginate has properties which can
prolong the residence time of the microparticles in the administration site, and achieve a controlled
release, thanks to its bio/mucoadhesive properties [10]. The combination of these compounds is a
good strategy for the development of microparticles because they can be cross-linked with calcium
ions (Ca2+, divalent cations) obtaining Ca-pectinate-Ca-alginate networks. Therefore, the ionotropic
gelation method has been used for the preparation of pectin/alginate blend microparticles [9].
The resulting microparticles were subsequently coated with the enteric polymer Eudragit®FS-30D
to avoid completely the release of resveratrol until it reaches the distal intestinal tract, since this
methacrylic acid copolymer dissolves to pH 7 [11].

In order to demonstrate that we succeeded in producing gastro-resistant microparticles, we
carried out the dissolution assay described in the European Pharmacopoeia for delayed-release
dosage forms [14]. As the release study revealed, when particles were in contact with acid medium,
the percentage of resveratrol released from microparticles was less than 10%, meeting the criteria
established in the European Pharmacopoeia monograph for gastro-resistant formulations. While when
the pH of the medium was changed from acid to basic (pH 7.4), a faster dissolution rate which reached
70% of the total content in 24 h was observed. These results demonstrated that Eudragit FS-30D enteric
coating protected resveratrol loaded microparticles from acid pH, and therefore, that resveratrol will
be released into the distal portions of the intestinal tract after oral ingestion of miroparticles [15].

The advantages of microencapsulation to protect resveratrol and to increase its bioavailability
have been described in this manuscript, but when this strategy is used, it is necessary to check whether
it affects the biological activities of this compound. For his purpose, in the present study the effects of
encapsulated resveratrol and free resveratrol (used as a control) on triacylglycerol content in 3T3-L1
mature adipocytes was analyzed because, according to the results obtained in in vitro and in vivo

61



Molecules 2018, 23, 1886

studies [16–18], resveratrol has been proposed as a potential anti-obesity compound. It seems to mimic
the effects of energy restriction, thus leading to reduced body fat and improved insulin sensitivity [19].
Resveratrol supplements usually provide mg of this compound [20–22]. After absorption, intestinal
and hepatic metabolism, the amounts of resveratrol found in plasma and tissues are in the range of
1–2 μM [23,24]. Taking this is mind, the amounts of resveratrol used in the present study for adipocyte
culture were 1 and 10 μM.

Both forms of resveratrol, free and encapsulated, reduced triacylglycerol content at the two
doses used, and no differences were observed between them, meaning that in fact resveratrol was
not negatively affected by microencapsulation. In both cases the effect of 1 μM was greater than that
of 10 μM comparing to control. Although this seems surprising, the relationship between the dose
and the effectiveness is quite complex in polyphenol studies. In the case of resveratrol, this situation
(greater effects of lower doses than those of higher doses) has been already found in in vivo studies
by other authors. Thus, Cho et al., observed greater anti-obesity effect of resveratrol when mice were
treated with this phenolic compound at a dose of 0.005% in the diet than when they were treated at a
dose of 0.02% [25].

Taken as a whole, the present results show that pectin/alginate gastro-resistant microparticles
protect resveratrol from acid pH, allowing the phenolic compound to be released into the distal
portions of the intestinal tract after oral ingestion of miroparticles. In addition, resveratrol remains
active after the encapsulation process. Consequently, this type of microencapsulation could be a useful
strategy in the development of dietary supplements or functional foods that may be beneficial for the
prevention or treatment of obesity.

4. Materials and Methods

4.1. Materials

Pectin (from apple) (CAS Number: 9000-69-5), alginate (from Brown algae) (CAS Number:
9005-38-3), calcium chloride (CAS Number: 10043-52-4), and pectinase (from Aspergillus aculeatus)
(MDL number: MFCD00131809) were purchased from Sigma-Aldrich Química S.A (Madrid, Spain).
Trans-resveratrol (Resveratrol 95% (HPLC) from Polygonum cuspidatum) was supplied by Monteloeder
(Alicante, Spain). Eudragit FS-30D was obtained from Evonik (Essen, Alemania). Triethyl citrate (TEC)
(CAS Number: 77-93-0) was donated by Morflex. Methanol HPLC grade (CAS Number: 67-56-1),
Formic acid (98–100%, reagent grade) (CAS Number: 64-18-6), HCl 35% w/w (CAS Number: 7647-01-0),
NaOH (CAS Number: 1310-73-2) and tri-Sodium phosphate monohydrate were purchased from
Scharlau (Barcelona, Spain). Dulbecco´s modified Eagle´s medium (CAS Number: 103130-21) was
supplied by GIBCO (BRL Life Technologies, Grand Island, NY, USA). Triacylglcyerols (TG) were
determined by Infinity Triglycerides reagent (Thermo Electron Corporation, Rockford, IL, USA) and
protein concentrations of cell extracts were measured with BCA reagent (Thermo Scientific, Rockford,
IL, USA).

4.2. Preparation of Microparticles

Microparticles were prepared using the ionotropic gelation method [9]. Firstly, pectin (2%, (w/v);
2 g in 100 mL) and alginate (1%, (w/v); 1 g in 100 mL) were dissolved in deionized water and resveratrol
(10%, w/w; 0.3 g) was dispersed in it. This mixture was then added dropwise through a needle of 25G
on a gently agitated CaCl2 dissolution (5%, (w/v); 10 g in 200 mL), using a peristaltic pump (ecoline,
ISMATEC, 0.4 mL/min). Subsequently, microparticles were obtained by the gelation of the pectin and
the alginate and held in magnetic stirring for 3 h. The microparticles were then separated; washed
with distilled water; and dried on a fluidized bed, Mini Glatt 4® (for 10 min at 70 ◦C).

The dried microparticles were coated with a Eudragit® FS-30D (20%, (w/w)) and TEC (1.5%,
(v/w)) solution, on the fluidized bed, Glatt® (70 ◦C, 0.6–0.7 bar). The coating solution was atomized
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into microparticles using a peristaltic pump (0.3 mL/min) until the desired coating thicknesses were
achieved, with an increase in weight of 20%.

Empty microparticles were prepared by the same procedure, but without adding resveratrol to
the pectin and alginate mixture.

4.3. Development and Validation of an HPLC Method for the Quantification of Resveratrol

Quantitative high-performance liquid chromatographic (HPLC) analysis was performed on a
Waters HPLC system (Waters Corporation, Milford, MA, USA) equipped with a binary HPLC pump
(Waters 1525), a dual λ Absorbance UV-visible detector (Waters 2487), a column oven (Waters Column
Heater Module), and an auto sampler (Waters 717 plus Autosampler) controlled by software (Empower
3 Software), which was used for data analysis and processing.

An HPLC method was developed for the quantification of resveratrol in the microparticles. It was
carried out on a XBridge column (4.6 × 75 mm, C18 2.5 μm) with column oven temperature of 35 ◦C
using a gradient elution system consisting of MeOH and Formic acid 0.1%. The proportion of Formic
acid/MeOH in the gradient was 50:50, 50:50, 10:90, 10:90, 50:50, and 50:50, at 0, 0.5, 2, 4.5, 4.51, and
8.5 minutes, respectively. The retention time of trans- and cis-resveratrol were 2.42 min and 3.84 min,
respectively, with a flow rate of 0.7 mL/min. The analysis was carried out at 305 nm and 285 nm
wavelength for trans- and cis-resveratrol, respectively, with a run time of 8.5 min.

The method was validated according to the ICH Q2(R1) guideline [13] in terms of linearity in the
concentration range of 5–60 μg/mL, selectivity, precision, accuracy, specificity and stability. With the
results obtained in each of the trials, it was seen whether the different parameters met the established
acceptance criteria, described in Table 1.

4.4. Characterization of Microparticles

4.4.1. Particle Size

The size of the dry microparticles was measured by an optical microscope (Nikon ECLIPSE
TE2000-S), set at 4X objective. Fifty microparticles were randomly selected, and the diameter of each
one was measured with the help of the scale of the Eclipse Net software, after capturing the images
through a digital camera (Nikon Digital Sight DS-U1) connected with the microscope. The average
size of the microparticles was expressed as the mean diameter (μm) ± standard deviation (SD).

4.4.2. Encapsulation Efficiency (EE%)

Resveratrol EE was determined by a direct method. Briefly, 10 mg of microparticles was added
to a topaz flask of 10 mL with a mix of MeOH–H2O–Formic acid (45:55:0.1) and pectinase (1%, w/v).
The mixture was left in magnetic stirring until the dissolution of the particles, in order to completely
extract the resveratrol from microparticles. The concentration of resveratrol in the flask was determined
by HPLC. The experiment was performed in triplicate. EE was expressed as the actual resveratrol
mass percentage, compared with the total mass of resveratrol added initially.

4.4.3. Dissolution Assay

The assay was conducted as described in the European Pharmacopoeia for delayed-release dosage
forms under Apparatus 1 (Sotax dissolution tester), using the specified media at 37 ◦C and 50 rpm [14].

Firstly, the test was performed in an acid medium (HCl, 0.1 N). For this, seven vessels of the
apparatus were filled with 750 mL of 0.1 N hydrochloric acid, and microparticles were placed in
the baskets (empty microparticles in the first vessel, and resveratrol loaded in the rest). After 2 h of
operation, an aliquot of each vessel was withdrawn and replaced with the same volume of medium.

Immediately, 250 mL of tri-Sodium phosphate monohydrate was added to the vessels and the pH
was adjusted to 7.4 with NaOH 2 N, to continue with the test in a basic medium. At different times
(1 h, 2.5 h, 5 h, and 24 h) aliquots were withdrawn and replaced with the same volume of medium.
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All aliquots were analyzed by HPLC to obtain the concentration of resveratrol, and results were
expressed as cumulative percentage of resveratrol released from the microparticles at a given time,
against the initial resveratrol loading in the microparticle sample.

4.5. In Vitro Bioactivity Assay

4.5.1. Experimental Design

The 3T3-L1 pre-adipocytes, supplied by American Type Culture Collection (Manassas, VA, USA),
were cultured in DMEM containing 10% foetal calf serum (FCS). Two days after confluence (day
0), the cells were stimulated to differentiation with DMEM containing 10% v/v FCS, 10 μg/mL
insulin, 0.5 mM isobutylmethylxanthine (IBMX), and 1 μM dexamethasone for two days. On day
4, the differentiation medium was replaced by FBS/DMEM medium (10%) containing 0.2 μg/mL
insulin. This medium was changed every two days until cells were harvested. All media contained
1% v/v Penicillin/Streptomycin (10,000 U/mL), and the media for differentiation and maturation
contained 1% (v/v) of Biotin and Panthothenic Acid. Cells were maintained at 37 ◦C in a humidified
5% CO2 atmosphere.

4.5.2. Cell Treatment

For the treatment of mature adipocytes, cells grown in six-well plates were incubated with free
resveratrol and resveratrol released from microparticles, at 1 and 10 μM (diluted in 95% ethanol, final
ethanol concentration in the medium 0.1%) on day 12 after differentiation because on that day, >90%
of cells had matured, with visible lipid droplets. After 24 h, supernatant was removed and cells were
used for triglyceride (TG) determination. This experiment was repeated three times.

4.5.3. Measurement of Triacylglycerol Content in Adipocytes

Mature adipocytes were washed extensively with phosphate-buffered saline (PBS) and incubated
three times with 800 μL of hexane/isopropanol (2:1). The total volume was then evaporated by
nitrogen gas and the pellet was resuspended in 200 μL Tritón X-100 in 1% distilled water. Afterwards,
TG were disrupted by sonication and the content was measured by a commercial kit. For protein
determinations, cells were lysed in 0.3 N NaOH, 0.1% SDS. Protein measurements were performed
using the BCA reagent. TG content results were obtained as mmol glycerol/mg protein and were
converted to arbitrary units.

4.5.4. Statistical Analysis

Results are presented as mean + standard error of the mean. Statistical analysis was performed
using SPSS 19.0 (SPSS Inc., Chicago, IL, USA). Statistical analysis was determined by unpaired Student’s
unpaired t-test (two-tailed). Statistical significance was set-up at the p < 0.05 level.

5. Conclusions

Taking into account the results obtained, it may be concluded that the developed gastro-resistant
microparticles can represent an appropriate strategy for the inclusion of resveratrol in dietary
supplements and functional foods with potential beneficial effects in the prevention or treatment
of obesity.
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Abstract: Extensive phytochemical analysis of different root fractions of Jatropha pelargoniifolia
Courb. (Euphorbiaceae) has resulted in the isolation and identification of 22 secondary
metabolites. 6-hydroxy-8-methoxycoumarin-7-O-β-D-glycopyranoside (15) and 2-hydroxymethyl
N-methyltryptamine (18) were isolated and identified as new compounds along with the known
diterpenoid (1, 3, 4, and 7), triterpenoid (2 and 6), flavonoid (5, 11, 13, 14, and 16), coumarinolignan
(8–10), coumarin (15), pyrimidine (12), indole (17, 18), and tyramine-derived molecules (19–22).
The anti-inflammatory, analgesic, and antipyretic activities were evaluated for fifteen of the adequately
available isolated compounds (1–6, 8–11, 13, 14, 16, 21, and 22). Seven (4, 6, 10, 5, 13, 16, and 22) of
the tested compounds showed a significant analgesic effect ranging from 40% to 80% at 10 mg/kg
in two in vivo models. Compound 1 could also prove its analgesic property (67.21%) when it was
evaluated on a third in vivo model at the same dose. The in vitro anti-inflammatory activity was
also recorded where all compounds showed the ability to scavenge nitric oxide (NO) radical in a
dose-dependent manner. However, eight compounds (1, 4, 5, 6, 10, 13, 16, and 22) out of the fifteen
tested compounds exhibited considerable in vivo anti-inflammatory activity which reached 64.91%
for compound 10 at a dose of 10 mg/kg. Moreover, the tested compounds exhibited an antipyretic
effect in a yeast-induced hyperthermia in mice. The activity was found to be highly pronounced with
compounds 1, 5, 6, 10, 13, and 16 which decreased the rectal temperature to about 37 ◦C after 2 h
of the induced hyperthermia (~39 ◦C) at a dose of 10 mg/kg. This study could provide scientific
evidence for the traditional use of J. pelargoniifolia as an anti-inflammatory, analgesic, and antipyretic.

Keywords: Jatropha pelargoniifolia; alkaloids; flavonoids; coumarinolignans; diterpenes;
anti-inflammatory; analgesic; antipyretic

1. Introduction

Euphorbiaceae is considered as one of the largest families of flowering plants which includes
approximately 7800 species that are distributed among 300 genera and five subfamilies in tropical
and subtropical regions [1,2]. Among the main genera of this family, Jatropha L. is represented by
approximately 200 species [2]. Jatropha species are used in folk medicine to treat various diseases,
such as skin inflammation, eye infection, chest pain, stomach pain, itching, and as a vermifuge,
or as ornamental plants and energy crops in Latin America, Africa, and Asia [3]. J. gossypiifolia,
J. elliptica, J. curcas, and J. mollissima, among other species of Jatropha, have been reported for their
chemical constituents, biological activities, and medicinal uses [4]. Jatropha glauca, J. curcas, J. spinose,
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and J. pelargoniifolia are the only four species that are distributed in Saudi Arabia and are employed as
traditional herbal medicines, owing to their anti-inflammatory, antioxidant, antiseptic, and analgesic
properties [5,6].

J. pelargoniifolia Courb. of the current study is grown as a shrub and is widely known as “Obab” in
Arabic. It is widely distributed in East Tropical Africa (Sudan, Eritrea, Ethiopia, Somalia, and Kenya)
and the Arabian Peninsula (Yemen, Oman, and Saudi Arabia) [7]. The plant is sometimes collected
from the wild for local medicinal use, especially the petiole sap which is applied to treat ulcers,
severe skin inflammation, and for wound healing [7].

Previous phytochemical studies on the plants belonging to the genus Jatropha revealed a broad
range of isolated secondary metabolites, such as diterpenoids, triterpenoids, non-conventional
coumarino-lignans, alkaloids, coumarins, flavonoids, cyclic peptides, and steroids [8,9]. However,
accordingly reviewed by Zhang et al. [8], the main compounds isolated from Jatropha genus are
the terpenoids. J. gossypiifolia was subjected to extensive phytochemical studies that resulted in
the isolation of many secondary metabolites, such as propacin, venkatasin, citlalitrione, ricinine,
apigenin, jatropholones A& B, and jatrophone [4]. Moreover, curcusones A–D, taraxerol, nobiletin,
curacyclines A & B, as well uracil, have been isolated from J. curcas. [5,6,8]. Additionally, many reported
studies showed the isolation of multidione, multifidone, multifolone, and multifidol glucoside from
J. multifida, while from J. podagrica, there was japodic acid, erythrinasinate, γ-sitosterol, japodagrin,
and podacyclines A & B [3,8,9]. This is indeed a reflection of the versatility of the enzymatic system that
is present in Euphorbiaceous plants, however nothing was reported regarding J. pelargoniifolia. Thus,
it was of interest to explore the active constituents and their biological activity to provide evidence for
the traditional use of J. pelargoniifolia.

2. Result and Discussion

2.1. Isolation of Compounds

The alcoholic extract of J. pelargoniifolia roots powder was successively partitioned with petroleum
ether (60 ◦C), dichloromethane (DCM), ethyl acetate (EtOAc), and then n-butanol (n-BuOH) to give
the correspondent organic fractions. Each fraction was subjected to chromatographic separation on
normal and reversed phase (RP) silica gel to yield compounds 1, 6, 7, 10, 11, and 16 from petroleum
ether, DCM2, and EtOAc fractions, respectively. Furthermore, the organic extract that was obtained
after an acid-base treatment of the roots powder was isolated on a normal silica gel column which was
followed by purification on RP-HPLC and/or crystallization to afford compounds 17–22 (Figure 1).
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Figure 1. Chemical structures of the compounds isolated from the roots of Jatropha pelargoniifolia.

2.2. Structure Elucidation

The new compound 15 was obtained as white crystals. The NMR and ESIMS (Electronspray
Ionization Mass Spectrometry) data established the molecular formula of 15 to be C16H18O10. The IR
absorption bands at max 3349, 1719, and 1625 cm−1 suggested the presence of hydroxyl, ester carbonyl,
and aromatic functionalities, respectively. Furthermore, the 13C nuclear magnetic resonance (NMR)
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spectrum of 15, which was measured in deuterated methanol (CD3OD, displayed sixteen signals of nine
sp2 and seven sp3 carbons (including that of a methoxyl group). Its 1H NMR spectrum showed a pair of
ortho-coupled protons at δH 6.26 and 7.88 (each, 1H, d, J = 9.5 Hz) as was observed by 1H-1H correlated
spectroscopy (COSY) that was assignable to H-3 and H-4 of an α-pyrone ring system of a coumarin,
respectively [10]. This was further evidenced from the 13C NMR carbon signals of the -pyrone at δC

163.5 (C, C-2), 146.5 (CH, C-4), 144.4 (C, C-8a), 116.2 (CH, C-3), and 112.7 (C, C-4a) (Table 1). Moreover,
the single aromatic singlet appearing at δH 7.00 (1H, s) suggested 15 to be a trisubstituted coumarin.
Six proton signals at δH 3.30–4.99 ppm, a doublet of an anomeric proton at δH 4.99 (1H, d, J = 7.8 Hz),
and six 13C NMR signals at δC 106.2 (CH, C-1′), 75.5 (CH, C-2′), 77.8 (CH, C-3′), 71.0 (CH, C-4′),
78.5 (CH, C-5′), and 62.2 (CH2, C-6′) indicated the presence of a β-D-glucopyranosyl substituent.
An aromatic methoxy substituent (δH/δC 3.91/57.0) was also revealed. The 3JCH correlations that
were observed in the heteronuclear multiple bond correlation (HMBC) spectrum linked these two
substituents to the coumarin carbons at δC 133.2 and 147.5, respectively (Figure 2). Thus, a hydroxy
group should represent the third substituent on the coumarin carbon at δC 145.7. The long-range
correlations (HMBC) that were found from H-5 (δH 7.00, 1H, s) to the carbons at δC 146.5 (C-4),
145.7, C-8a (δC 144.4), and δC 133.2 (C-7) indicated that C-8 (δC 147.5) is the position of the methoxyl
group. To confirm the locations of the glucosyl and hydroxyl groups, the NMR data of 15 were
further compared to those of 5-hydroxy-7-methoxycoumarin-8-O-β-D-glucoside and other closely
related coumarin derivatives that were previously isolated from Daphne pseudo-mezereum [11] and
Tetraphis pellucida [12], respectively. The structure of compound 15 was thus established as a new
natural product and was identified as 6-hydroxy-8-methoxy coumarin-7-O-β-D-glycopyranoside.

Table 1. The 1H (600 MHz, δ in ppm, J in Hz) and 13C NMR (125MHz, δ in ppm) spectral data for
compound 15 in deuterated methanol (CD3OD).

Position δH δC

2 - 163.5
3 6.26 (d, J = 9.5 Hz, 1H) 116.2
4 7.88 (d, J = 9.5 Hz, 1H) 146.5
5 7.00 (s, 1H) 106.1
6 - 145.7
7 - 133.2
8 - 147.5

4a - 112.7
8a - 144.4
1′ 4.99 (d, J = 7.8 Hz, 1H) 106.2
2′ 3.57 (dd, J = 9.4, 9.4, 1H) 75.5
3′ 3.46 (d, J = 1.9, 1H) 77.8

* 4′ 3.47 (brs, 1H) 71.0
* 5′ 3.30 (brs, 1H) 78.5

6′ 3.72 (d, J = 4.9, 1H)
3.80 (d, J = 2.4, 1H) 62.2

OCH3-8 3.91 (s, 3H) 57.0
OH-6 10.53 -

* Overlapped with solvent signal.

Compound 18 was isolated from the organic extract of the acid-base treated root powder as white
needle-shaped crystals. It produced a positive Dragendorff’s test, indicating its alkaloid nature. The IR
absorption band with a spike at max 3309 cm−1 suggested the presence of hydroxyl and/or secondary
amine functionality. The UV absorptions at max 295, 287, 279, 230 nm in MeOH were characteristic to
an indole chromophore. The COSY correlations (Figure 2) disclosed the ABCD system of the aromatic
protons at δH 7.41/7.00 (Table 2), which is consistent with 2,3-disubstituted indole alkaloids. A side
chain of an ethylene and a N-methyl was linked to C-3 of the indole as it was manifested by 2D
NMR correlations. However, comparison of 1H NMR data of 18 with those of N-methyltryptamine
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(17) revealed that the 1H proton singlet at position 2 in 17 was replaced in 18 by a 2H singlet of a
hydroxymethyl proton at δH 3.91 ppm. The 13C NMR spectroscopic and ESIMS data of 18 was thus
consistent with a molecular formula C12H16N2O of 30 mass units more than that of 17 (C11H14N2).
Furthermore, the HMBC correlation that was found from the methylene protons (δH 3.91, 2H, s) to C-2
and C-3 confirmed its C-2 location of the hydroxymethyl group. Finally, a full analysis of th COSY and
HMBC spectral correlations (Figure 2) assigned the structure of compound 18 to be 3-(2-(methylamino)
ethyl)-1H-indol-2-yl) methanol or 2-hydroxymethyl N-methyltryptamine, a new indole alkaloid.

Table 2. The 1H (700 MHz, δ in ppm, J in Hz) and 13C NMR (125 MHz, δ in ppm) spectral data for
compound 18 in deuterated methanol (CD3OD).

Position δH δC

2 - 128.0
3 - 107.2

3a - 130.6
4 7.29 (d, J = 7.8 Hz, 1H) 112.0
5 7.07 (t, J = 7.8 Hz, 1H) 122.4
6 7.00 (t, J = 7.8 Hz, 1H) 120.0
7 7.41 (d, J = 7.8 Hz, 1H) 118.6

7a - 138.1
αCH2 3.10 (t, J = 5.8 Hz, 2H) 54.1
βCH2 3.00 (t, J = 5.8 Hz, 2H) 21.5
CH3 2.69 (s, 3H) 44.9

CH2OH 3.91 (s, 2H) 52.9

Figure 2. Selected heteronuclear multiple bond correlation (HMBC) and correlation spectroscopy
(COSY) correlations of compounds 15 and 18.

Compounds 1–14, 16–17 and 19–22, which were also isolated from J. pelargoniifolia roots,
were found to be identical to the previously reported natural products by comparison of their
spectroscopic (IR, MS, and NMR) data and were identified as jatrophadiketone (1) was isolated from the
roots of J. curcas [13], β-sitosterol (2) isolated from J. curcas seed kernels and from the methanolic extract
of the root bark of Calotropis gigantean (Linn.), [14,15], curcuson D (3) and curcuson C (4) were isolated
from J. curcas root extract [16], naringenin (5) was isolated from the root extract of J. gossypifolia [17,18],
β-sitosterol glucoside (6) was isolated from the leave and twig extract of J. curcas, [19], spruceanol (7)
was isolated from both the aerial extract of J. divaricate and the bark extract of Aleurites moluccana [20,21],
propacin (8), cleomiscosin B (9), cleomiscosin A (10) compounds 8 and 10 were isolated from whole
plant extracts of J. gossypifolia, while compound 9 was isolated from Mallotus apelta [22–26], apigenin
(11) was identified in J. gossypifolia [4,27], uracil (12) was isolated from the leaves of J. curcas [28–30],
cynaroside (13) was identified in Scabiosa atropurpurea aerial parts extract [31], linarin (14) was isolated
from the extracts of aerial parts of both Bupleurum chinense and Valeriana officinalis [32,33], hovetricoside
C (16) was separated from Artocarpus tonkinensis [34], N-methyltryptamine (17) was isolated from

71



Molecules 2018, 23, 1892

Zanthoxylum arborescens [35], N-methyltyramine (19) was isolated from a beer [36], and hordenine (20)
was separated and identified from Ephedra aphylla that was growing in Egypt [37]. Compounds 21

(hordenine HCl) and 22 (N-methyltyramine HCl) were identical to the authentic samples that were
purchased from Sigma-Aldrich (St Louis, MO, USA), and on the basis of their 1H NMR and TLC
co-chromtographic data, they were isolated previously from Ariocarpus kotschoubeyanus [38].

2.3. Biological Activity

The alcoholic extract of J. pelargoniifolia was found to possess significant anti-inflammatory,
analgesic, and antipyretic activities when it was tested on in vivo models in a dose-dependent
manner [39]. This prompted us to extend the study of these activities on the isolated compounds.
The anti-inflammatory, analgesic, antipyretic, and antioxidant activities for the compounds which
have been isolated in good yields (1–6, 8–11, 13, 14, 16, 21, and 22) were thus evaluated for
their analgesic, anti-inflammatory, antipyretic, and antioxidant activities using in vivo and in vitro
models. The analgesic activities were assessed in mice via acetic acid-induced writhing, hot-plate,
and tail-flick methods.

In the acetic acid-induced writhing method, compounds 1, 4, 6, 9, 11, 13, 14, 16, and 22

showed a dose-dependent analgesic activity by the reduction in the number of writhings. However,
the diterpenoids (1 and 4), β-sitosterol glucoside (6), flavonoids (5 and 13), and tryptamine
HCl (22) exhibited the strongest analgesic activity by inhibiting writhing in mice (49.07–65.74%
inhibition) at a dose of 10 mg/kg compared with the standard antinociceptive drug (indomethacin),
which showed 72.68% reduction in the number of writhings at a concentration of 4 mg/kg (Table S9).
The coumarinolignan (8) and hordenine HCl (21) did not show any inhibition either at 5 or at 10 mg/kg.

In the hot plate method, the thermal responses in the mice that were treated with selected
compounds after half, one, and two hours were significantly reduced (p < 0.001). Especially in the mice
that were treated with a dose 10 mg/kg of compounds 22, 10, 6, 4, 5, 13, 16, and 14, the antinociceptive
effects were reduced by 78.57, 76.19, 74.46, 73.33, 65.95, 59.57, 53.48, and 34.88%, respectively (Table S10).
While in the tail-flick method, the tested animals that were treated with 10 mg/kg of compounds 22,

1, 10, 4, 13, 16, 5, 6, 21, 3, and 9 showed a significant (p < 0.001) reduction in antinociceptive activity
(67.32, 67.21, 60.45, 57.59, 54.04, 53.59, 45.58, 40.30, 21.75, 20.39, and 10.87%, respectively) compared
with indomethacin (95.61%), as depicted from Table S11. The obtained results confirmed that the
strong analgesic activity that is exhibited by the roots of J. pelargoniifolia could be due to its bioactive
compounds that may exert their analgesic activities through different CNS (Central Nervous System)
mechanisms (peripheral and central). Therefore, further studies with purified compounds should
be conducted in the future for further pharmacological and toxicological characterization in order to
elucidate the mechanisms that are involved in the central analgesic effect of these compounds.

The anti-inflammatory activities of the major isolated compounds were evaluated by using
the carrageenan-induced paw edema model in rats. It was found that the size of the edema was
significantly reduced (p < 0.05–0.001) in the animals that were treated with the low doses of 5 and
10 mg/kg compared with the standard anti-inflammatory drug (phenylbutazone) at a high dose of
100 mg/kg. The rats that were treated with compounds 10, 16, 1, 5, 6, 22, 4, 13, 3, 8, 9, 14, and 21

exhibited a significant reduction in their hind paw edema in a dose-dependent manner. Therefore, at a
dose of 5 mg/kg, the edema size was reduced by 20.44, 47.23, 17.95, 45.85, 33.97, 44.47, 13.53, 26.51,
7.18, 2.20, 5.52, 6.35, and 6.35, respectively, while at 10 mg/kg, the edema size was reduced by 64.91,
55.24, 54.94, 51.38, 51.10, 50.27, 49.17, 48.61, 13.53, 12.98, 10.22, 10.22, and 8.01%, respectively relative to
that reduced by phenylbutazone at 100 mg/kg (69.06%) which was almost similar to that produced by
a dose of 10 mg/kg of compound 10 (64.91%; Table S12). These anti-inflammatory results were almost
compatible with those of the above mentioned antinociceptive activity for the tested compounds.

In addition, the isolated compounds from the J. pelargoniifolia roots were tested for their antipyretic
activity against yeast-induced hyperthermia in mice. All tested compounds, which were administered
at doses of 5 and 10 mg/kg, showed a considerable reduction in the rectal temperature of the
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hyper-thermic mice, ranging between 36.73 ± 0.13 ◦C and 38.56 ± 0.16 ◦C as compared with the
hypothermic effect (36.33 ± 0.11 ◦C) resulting from indomethacin administration (Table S13). Moreover,
compounds 5, 6, 10, 13, and 16 displayed about a 1 ◦C reduction in temperature less than that of the
yeast-induced hyperthermia control (~38.8 ◦C) in the first 30 min. of the experiment.

The percentage inhibition ± SD of the nitric oxide-scavenging activity was determined for the
selected compounds at concentrations of 20, 40, 60, 80, and 100 μg/mL, and the obtained results were
compared with a standard antioxidant drug (ascorbic acid). Compounds 22, 4, 2, 10, 1, 14, 21, 9, 8, 11,
6, 3, 13, 5, and 16 exhibited significant free radical-scavenging potency when compared with the free
radical-scavenging activity of a strong known antioxidant drug (ascorbic acid) 87.23 ± 0.98. The ability
of the tested compounds to produce antioxidant effects was found to be concentration-dependent.
At a 100 μg/mL dose, the % inhibition ± SD of the tested compounds were 77.60 ± 4.22, 77.36 ± 4.22,
76.83 ± 5.01, 75.26 ± 5.54, 71.66 ± 0.70, 70.36 ± 14.73, 67.67 ± 5.75, 63.67 ± 12.85, 63.67 ± 12.85,
57.00 ± 10.21, 56.54 ± 6.03, 38.30 ± 5.63, 33.06 ± 1.86, 27.00 ± 7.85, and 25.61 ± 5.18, respectively
(Table S14). The significant antioxidant activity that was associated with the administration of
J. pelargoniifolia roots was perhaps due to its content of several phenolic and polyphenolic compounds
which play an important role in free radical-scavenging activity with less cytotoxicity.

It is important to mention here that in our previous study, which was carried out on the
crude alcoholic extract of J. pelargoniifolia roots, we observed a significant anti-inflammatory activity
and analgesic potency [39], likely resulting from the presence of cleomiscosin A, hovetricoside C,
jatrophadiketone, naringenin, β-sitosterol glucoside, N-methyltyramine HCL, curcuson C, cynaroside,
curcuson D, propacin, cleomiscosin B, linarin, and hordenine HCL in good yield. Undoubtedly,
a synergistic effect between these bioactive constituents produces significant antinociceptive and
anti-inflammatory effects. These results justify the use of this plant in folk medicine for the treatment
of pain and several inflammatory conditions. Further study will be conducted on the pure isolated
compounds to investigate the exact mechanisms underlying their promising biological activities.

Our study proved that J. pelargoniifolia roots can be considered as a source of several biologically-
active compounds such as hordenine, which exhibited various biological activities like inhibiting
melanogenesis in human melanocytes, increasing the respiratory and heart rates [40], the stimulation
of gastrin release, inhibition of monoamine oxidase B, and antibacterial properties [41]. Furthermore,
Chrisitine et al. reported that N-methyltyramine increases blood pressure in an anaesthetized rat,
relaxes guinea pig ileum, and increases both the force and the rate of contraction of guinea-pig right
atrium by inducing the release of noradrenaline [42]. Additionally, naringenin has been reported to
have several pharmacological properties, including anti-dyslipidemic, anti-obesity and antidiabetic,
and antifibrotic [43]. Moreover, cleomiscosin A showed strong anti-inflammatory activity and has
analgesic and antipyretic potencies [44]. Curcuson C has been reported to have antipyretic activity
in vivo [45].

3. Materials and Methods

3.1. Chemicals and Analytical Instruments

The high-resolution electron spray ionization-mass spectrometry (HRESI-MS) analyses (Bruker,
Bremen, Germany) were carried out on an Agilent Triple Quadrupole 6410 QQQ LC-MS mass
spectrometer (Central Lab. College of Pharmacy, King Saud University (KSU)). The infra-red spectra
were generally recorded in the potassium bromide pellets, unless otherwise specified, using the FTIR
spectrophotometer (FT-IR Microscope Transmission, company, Waltham, MA, USA). The melting
points were recorded by using a Mettler FP 80 Central Processor that was supplied with a Mettler FP
81 MBC Cell Apparatus. The spectral data for proton and carbon were measured by using Bruker
AVANCE 700, 500, and 600 (College of Pharmacy, KSU and Department of Chemistry in TU Dortmund)
(Bruker, Fallanden, Switzerland), resonating at either 700, 500, and 600 MHz for proton or at 125 MHz
for carbon. The chemical shift values were expressed in ppm with respect to the internal standard
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tetramethyl silane (TMS) or residual solvent peak, and the coupling constants (J) were recorded in
Hertz (Hz). The two-dimensional NMR experiments (COSY, HSQC, and HMBC) were performed
using the standard Bruker program (Bruker, Fallanden, Switzerland). The silica gel 60/230–400 mesh
(Qingdao Oceanic Chemical Co., Qingdao, China), RP C18 silica gel 40–63/230–400 mesh (Merck,
Darmstade, Germany), and sephadex LH-20 with particle size 18–111 μm (GE Healthcare, Chicago,
IL, USA) were used for column chromatography, while the silica gel and reversed phase 60 F254
(Merck, Germany) were used for thin-layer chromatography (TLC). The detection was achieved by
using 10% H2SO4 in ethanol or ceric sulfate followed by heating. Alkaloids were tested with Mayer’s
reagent, Hager’s reagent, and Dragendorff’s reagent. All of the solvents for analytical purposes
(HPLC- and analytical-grade) and the drugs for biological investigation (sodium nitroprusside,
sulphanilamide, λ-carrageenan, acetic acid, ascorbic acid, and phenylbutazone) were procured from
Sigma Chemical Company (Sigma-Aldrich, St Louis, MO, USA), and the solvents were distilled prior
to use. The preparative and semipreparative Shimadzu HPLC were performed, characterized by Rp-18
(ODS-80 TM, TSK, Tokyo, Japan), 10 μm PS, 30 cm L × 2.15 cm i.d. fitted with a guard column (10 μm
PS, 7.5 cm L × 2.15 cm i.d.) (ODS-80 TM, TSK, Tokyo, Japan), and VP 250/10 NUCLEODUR C18 HTec,
6 μm PS, 25 cm L × 2 cm i.d., respectively which both used a PDA detector.

3.2. Plant Material

The roots of J. pelargoniifolia were harvested from Wadi Mojasas, Jazan district (South of Saudi
Arabia) in September, 2015. The plant was authenticated by Dr. Jacob Thomas, a botanist of the Science
College Herbarium, KSU, where a voucher specimen (#23064) was deposited.

3.3. Animals

Male Wistar rats and white male Swiss albino mice with approximate body weights of 200 g
and 20–25 g, respectively, were divided into groups of six animals. The animals were obtained
from the Experimental Animal Care Center, College of Pharmacy, KSU. After a 7-day period in
animal accommodation, they were divided into groups and were maintained at 12 h:12 h light-dark
conditions at 55% humidity. Purina chow rat diet (UAR-Panlab, Barcelona, Spain) and drinking water
were supplied to the animals ad libitum. The protocols for the present study were based on the
recommendations of the Ethical Committee of the Experimental Animal Care Center of KSU (approval
number CPR-7569).

3.4. Extraction, Fractionation, and Purification

The air-dried powder of the J. pelargoniifolia roots (2.5 kg) was divided into two parts—A and
B—and 2.5 kg of part A was subjected to solvent extraction, while the remaining 500 g of the root
powder (part B) was exposed to the acid-base treatment. Part A was extracted by maceration with 80%
ethanol (3 L × 5) for three successive days. This process was repeated until complete exhaustion of the
plant material [46]. The alcoholic extract was then concentrated to dryness under reduced pressure at
40 ◦C using a rotary evaporator to give 270 g of the dried alcoholic extract. The dried alcoholic extract
was suspended in H2O and was successively partitioned with petroleum ether, dichloromethane, ethyl
acetate, and n-butanol (600–700 mL × 3) of each to obtain 13.3, 10.3, 5.1, and 33.6 g, respectively.

A part of the petroleum ether fraction (12.8 g) was chromatographed over silica gel CC (Column
Chromatography) using a gradient of petroleum ether/EtOAc followed by methanol (MeOH).
The 100 mL fractions of each were collected and screened by TLC, and similar fractions were combined
together to give six fractions (A–F). Fraction A which was eluted by 15% EtOAc in petroleum
ether (609.8 mg) was further subjected to CC and was eluted by petroleum ether/acetone gradient
elution, sub fraction A1 (188.9 mg) which was eluted by 6% acetone in petroleum ether was further
purified by preparative HPLC gradient elution using acetonitrile: H2O: TFA) to yield 25.0 mg of
compound 1. Direct crystallization of fraction B, which was eluted by 20% EtOAc in petroleum ether,
yielded 302.7 mg of compound 2. Fractions C and D which were eluted with 30 and 40% EtOAc in
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petroleum ether, respectively, were crystallized with acetone to yield compounds 3 and 4 (14.3 and
25.4 mg, respectively). Additionally, fraction E (287.3 mg) which was eluted by 50% EtOAc was also
crystallized from acetone to give 20.2 mg of compound 5, while fraction F which was eluted with 40%
MeOH in EtOAc yielded 330.4 mg of compound 6, which was purified by crystallization with acetone.

The dichloromethane (DCM) fraction (9.8 g) was subjected to silica gel CC using a column that
was packed by the wet method with petroleum ether. The polarity of the column was gradually
increased by treating it with DCM, followed by MeOH to give 142 fractions, and similar fractions
were pooled together depending on their TLC similarity. Fraction 48–64 which was eluted by 10%
MeOH in DCM was concentrated (4.6 g) and was then subjected to repeated silica gel CC, followed by
a preparative revered phase TLC using MeOH:H2O (3:1) as a solvent system, leading to the isolation of
white crystals of compound 7 (7.5 mg). Moreover, subtractions that were obtained using 90% acetone
in petroleum ether, 100% acetone, and 10% acetone in MeOH, followed by crystallization with MeOH,
afforded compounds 8 (15.1 mg), 9 (15.9 mg), and 10 (16.4 mg), respectively.

The EtOAC extract (4.6 g) was subjected to silica gel CC using a gradient of DCM/MeOH to
give six fractions (I–IV). Fractions I which were eluted with 84% DCM afforded 17 mg of compound
11 after crystallization with MeOH. Fractions II which were eluted with 70% DCM afforded 8.6 mg
of compound 12. The fractions that were eluted with 35% and 40% MeOH in DCM (II and IV) were
further purified by repeated acetone crystallization to give 14.9 and 13.2 mg of compounds 13 and
14, respectively. Fractions V which were eluted with 45% MeOH were further subjected to CC using
DCM/MeOH, followed by a semi-preparative HPLC (Rp-18) using MeOH:H2O:TFA as a solvent
system afforded 8.6 mg white crystals of compound 15. Finally, fractions VI which were eluted
with 50% MeOH in DCM were subjected to further purification over sephadex LH-20 (using water
and methanol as an eluent in the gradient mode). The subfraction VI–A, which was eluted by 20%
H2O/MeOH was further purified over a reversed-phase column to give 12 mg of compound 16.

Furthermore, Part B was subjected to an acid-base treatment according to the Stas-Otto method I
which was described by Mandhumitha and Fowsiya [47]. The crude alkaloidal fraction was subjected
to silica columns using gradient elution with solvent system DCM/MeOH:NH4OH, resulting in five
fractions. The first fraction which was eluted using 17% MeOH in DCM with an addition of 1% NH4OH
was followed by further purification by reversed-phase semipreparative HPLC using MeOH:H2O:TFA
to give compound 17 (6.3 mg). The second fraction which was separated by 20% MeOH in DCM to
afford a subfraction, which was further purified by a semipreparative HPLC gradient elution using
MeOH:H2O:TFA as a solvent system, afforded white needle crystals of compound 18 (9.4 mg). The third
and fourth fractions which were eluted by 23% and 26% MeOH in DCM, followed by an addition
of a few drops of NH4OH, afforded 6.8 and 8.8 mg of compounds 19 and 20, respectively. The fifth
fraction was eluted by 60% MeOH in DCM with an addition of a few NH4OH drops to yield 86.7 mg
of a mixture of two compounds, which were subjected to further purification using the reversed-phase
semipreparative HPLC in gradient mode with MeOH:H2O:TFA as the mobile phase, resulting in the
production of the white crystals of compounds 21 and 22 (20.3 and 21.5 mg), respectively.

6-hydroxy-8-methoxycoumarin-7-O-β-D-glycopyranoside (compound 15): White crystals; m.p.
219–220 ◦C; UV (MeOH) λmax nm 325 and 250; IR (KBr) νmax (cm−1): 3349, 1719, 1625, 1520, 1465,
829; 1H NMR, 13C NMR, and HMBC data, see Table 1 and Figure 2; HRESIMS (positive) m/z 371.0900
[M + H]+ (calculated for C16H18O10, 371.097825).

3-(2-(methylamino)ethyl)-1H-indol-2-yl)methanol (compound 18): White needle crystals; m.p.
179–189 ◦C; UV (MeOH) λmax nm: 295, 287, 279, 230; IR (KBr) νmax (cm−1): 3309,1140, 1120, 1105, 1011,
855. 1H NMR, 13C NMR, and HMBC data, see Table 2 and Figure 2; HRESIMS (positive) m/z 205.1293
[M + H]+ (calculated for C12H16N2O, 205.134088).
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3.5. Antinociceptive Activity Test

3.5.1. Hot-plate Method

The hot-plate method that was described by Turner was used to determine the antinociceptive
activity of the compounds that were isolated from the J. pelargoniifolia root [48].

3.5.2. Acetic Acid-induced Writhing in Mice Test

The method of Koster et al. was used to evaluate the analgesic effect of the pure compounds that
were isolated from the J. pelargoniifolia root [49].

3.5.3. Tail-Flick Method

Acute nociception was induced using the tail-flick apparatus (Tail flick Apparatus Harvard),
following the method that was recommended by D’amour and Smith [50].

3.6. Anti-Inflammatory Activity Test

Carrageenan-Induced Edema in the Rat Paw Method

The method that was described by Winter et al. was used to evaluate the anti-inflammatory
potency of the isolated compounds [51].

3.7. Antipyretic Activity Screening

Yeast-Induced Hyperthermia in Rats

Hyperthermia was induced in the mice followed by the administration of the isolated compounds,
and their hypothermic activity was determined by applying the method described by Loux [52].

3.8. Antioxidant Effect

Nitric Oxide Radical-Scavenging Assay

This assay was carried out according to the procedure that was described by Green et al. [53].

3.9. Statistical Analysis

The values in the tables are given as mean ± SE. The data were analyzed by using one-way analysis
of variance (ANOVA) followed by the Student’s t-test. Values with p < 0.05 were considered significant.

4. Conclusions

The wide traditional use of Jatropha species as anti-inflammatory and analgesics has
prompted us to investigate the chemistry and bioactivity of J. pelargoniifolia growing in Saudi
Arabia. The phytochemical study of the plant roots resulted in the isolation of six terpenoids,
five flavonoids, three coumarinolignans, two tryptamines, and two tyramines (including their HCl
salts), a coumarin, and a pyrimidine. The new compounds were identified as 6-hydroxy-8-methoxy
coumarin-7-O-β-D-glycopyranoside and 2-hydroxymethyl-N-methyltryptamine. To the best of our
knowledge, hovetricoside C and N-methyltryptamine were isolated herein from the Euphorbiaceae
family for the first time, while cleomiscosin B, hordenine, and N-methyltyramine with their salts,
cynaroside, and linarin were characterized in the Jatropha species for the first time.

On the basis of the significant anti-inflammatory, analgesic, antipyretic, and antioxidant activities
that were observed in the experimental animals for the alcoholic extract of J. pelargoniifolia, fifteen of
the adequately isolated compounds were consequently biologically evaluated. Eleven of these
compounds exhibited strong analgesic activity. Twelve out of the fifteen compounds succeeded
to reduce the chemically-induced inflammatory marker in the animals in a dose-dependent manner.
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Moreover, five of the compounds demonstrated an anti-pyretic effect by a reduction about a 1 ◦C
in an induced hyperthermia model. The isolated compounds also exhibited varying degrees of
nitric oxide-scavenging activity. The significant antioxidant activity that was associated with the
administration the extract of J. pelargoniifolia roots was thus perhaps due to its phenolic content
such as flavonoid, coumarins, and coumarinolignans. The synergistic effect between these bioactive
constituents might explain the significant antinociceptive and anti-inflammatory effect of the alcoholic
extract of J. pelargoniifolia roots and may scientifically justify the use of this plant in folk medicine for
the treatment of pain and several inflammatory conditions.

Supplementary Materials: The following are available online. Figures S1–S4: 1H-, 13C-NMR, COSY and HMBC
spectra of compound 15, Figures S5–S8: 1H-, 13C-NMR, HMBC and HSQC spectra of compound 18, Tables S9–S11:
Analgesic effect of isolated compounds by using acetic acid-induced writhing, hot plate and tail flick methods in
mice, Table S12: Effect of isolated compounds on carrageenan-induced paw edema in albino rats, Table S13: Effect
of isolated compounds on yeast-induced hyperthermia in mice, Table S14: % Inhibition of nitric oxide scavenging
activity for isolated compounds at different concentrations.
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Abstract: The sterols β-sitostenone (1), stigmast-4,6,8(14),22-tetraen-3-one (2), β-sitosterol (3) and
stigmasterol (4), the aromatic derivatives antiarol (5) and gentisic acid (6), the phenylpropanes
coniferyl alcohol (7), epoxyconiferyl alcohol (8) and ferulic acid (9), the apocarotenoid vomifoliol
(10), the flavonoids naringenin (11), 7,4′-dimethoxytaxifolin (7,4′-dimethoxydihydroquercetin,
12), aromadendrin (13), kaempferol (14), taxifolin (dihydroquercetin, 15), prunin (naringenin-
7-O-β-D-glucoside, 16), populnin (kaempferol-7-O-β-D-glucoside, 17) and senecin (aromadendrin-
7-O-β-D-glucoside, 18) and the lignans kobusin (19) and pinoresinol (20), were isolated from the
dried bark of Cochlospermum vitifolium Spreng (Cochlospermaceae), a Mexican medicinal plant used
to treat jaundice, liver ailments and hepatitis C. Fourteen of these compounds were isolated for the
first time from this plant and from the Cochlospermum genus. Compounds 3–4, 6–7, 9–11, 13–17 and
20 have previously exhibited diverse beneficial liver activities. The presence of these compounds in
C. vitifolium correlates with the use of this Mexican medicinal plant.

Keywords: Cochlospermum vitifolium; Cochlospermaceae; flavonoids; lignans; aromatic compounds;
carotenoids; sterols; liver activity

1. Introduction

The Cochlospermaceae family comprises seven genera: Amoreuxia, Azeredia, Cochlospermum,
Euryanthe, Lachnocistus, Maximilianea and Wittelsbachia. In turn, the genus Cochlospermum
(syn. Maximilianea and Bixaceae) is composed of 13 species of tropical trees ranging in height
from 3 to 15 m, distributed in deciduous forests worldwide [1]. The bark and roots from the
Cochlospermum species have been the most studied parts of these plants and only six of the
13 species of Cochlospermum have been chemically analyzed. Within Cochlospermum gillivraei the
flavonoids apigenin, naringenin and afzelequin were found [2]; from Cochlospermum gossypium
only carbohydrates were identified [3,4]; Cochlospermum planchonii biosynthesized the flavonoids
miricetin, quercetin, aromadendrin and cianidin [5] and gallic acid, saponins, tannins, glycosides
and carbohydrates [6]. From Cochlospermum regium, the gallic and ellagic acids, the flavonoid
dihidrokaempferol-3-O-β-(6”-galloyl)-glucopyranoside and the lignans pinoresinol and excelsin
have been isolated [7]. From Cochlospermum tinctorium, the triterpene arjunolic acid, along with
tannins and carotenoids, β-bisabolene, 1-dodecanol, 1-hydroxy-3-octadecanone, 2-pentadecanone [8,9],
alphitolic acid, cochloxantin and dihydrocochloxantin were identified [10]. Finally, the composition of
the essential oils obtained from the leaves, root bark and root wood of Cochlospermum vitifolium
has been established by GC/MS. The leaves’ essential oil consist of four major components:
β-caryophyllene (46.5%), α-humulene (26.0%), β-pinene (10.6%) and α-pinene (4.8%), which, together,
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make up 87.9% of the total oil. The essential oil derived from the root’s bark is predominantly
made up of β-bisabolene (29.3%), 1-hydroxy-3-hexadecanone (19.5%) and β-caryophyllene (8.2%),
which corresponds to 57.0%. Furthermore, the root wood’s essential oil is composed of
γ-muurolene (28.4%), 1-hydroxy-3-hexadecanone (16.2%), β-caryophyllene (11.6%), β-bisabolene
(11.5%) and 2-dodecanone (6.3%), which represent 74.0% of the total essential oil [11]. The ethanol
extracts from the root’s bark and wood are composed of gallic acid, the lignans excelsin and
pinoresinol, the flavonoids naringenin and aromadendrin, and the sterols β-sitosterol, stigmasterol,
3-O-β-glycopyranosyl-β-sitosterol and 3-O-β-glycopyranosylstigmasterol while the root’s wood also
contains 1-dodecanoyl-3,5-di(tetradecanoyl)benzene [11]. A second chemical analysis yielded the
apocarotenoids cochloxanthin, dihydrocochloxanthin, vitixanthin and dihydrovitixanthin [12]. On the
other hand, the plant’s flowers contain the flavonoids apigenin, naringenin and dihydroquercetin, and
the carotenoids β-carotene, γ-carotene, lycopene, capsanthin, and zeaxanthin [13]. Finally, the stems
contain naringenin and dihydroquercetin [14]. All of these studies indicate that the Cochlospermum
species are characterized by the presence of sterols, flavonoids, carotenoids, apocarotenoids
and lignans.

Cochlospermum vitifolium (common name panicua, yellow rose or pongolote) is a medicinal tree
which grows up to 5 m in height and is found from México to South America. It is characterized
by its attractive yellow flowers and seed pods. This plant has been used in several countries due
to its medicinal properties. In Cuba, for instance, a decoction of its leaves is used in the treatment
of ulcers. In Costa Rica, the sap of the leaves is used to treat jaundice, and in Guatemala it is used
due to its emmenagogue effects [15]. In some Mexican states, such as Morelos, Oaxaca, Puebla, and
Veracruz, a decoction of its wood and leaves is drunk as an alternative treatment for liver and kidney
ailments [16]. For example, in the state of Morelos, an infusion, prepared by boiling 10 g of its dried
bark in 1 L of water, is used to treat hepatitis C, jaundice, liver diseases, diabetes, metabolic syndrome,
and high blood pressure [17,18].

According to different studies, Cochlospermum vitifolium’s lethal dose 50 (LD50) in its lyophilized
aqueous phase, obtained from the partitioned methanol extract, first with chloroform and then
with ethyl acetate, was greater than 2000 mg/kg when administered intraperitoneally in mice [15].
The pharmacological analysis of the methanol extract from its dried bark demonstrated a decrease
in noradrenaline induced vasoconstriction in rat aortic rings in a concentration and endothelium
dependent manner (NO-cGMP system) [19]. The extract showed in vivo antihypertensive effects
on spontaneously hypertensive rats [20] by inhibiting the [3H]-AT-II binding (angiotensin II AT1
receptor) by more than 50% [21]. In addition, hypoglycemic and antidiabetic effects were also seen in
normoglycemic and STZ-nicotinamide-induced diabetic rats, both, in acute and subchronic models [22].
Additionally, the ethanol extract from the same part of the plant exhibited anti-inflammatory and
immunomodulatory properties [23]. Finally, the dichloromethane extract was evaluated ex vivo using
rat trachea rings to determine its relaxant activity against contractions induced by carbachol, showing
a maximum effect at Emax = 106.58 ± 2.42% and an EC50 = 219.54 ± 7.61 μg/mL [24].

2. Results and Discussion

During our ongoing phytochemical research from the dichloromethane extract of the dried
bark of Cochlospermum vitifolium, the following metabolites were characterized: the sterols
β-sitostenone (1), stigmast-4,6,8(14),22-tetraen-3-one (2), β-sitosterol (3) and stigmasterol (4), the
aromatic derivatives antiarol (5), gentisic acid (6), coniferyl alcohol (7), epoxyconiferyl alcohol (8)
and ferulic acid (9), the apocarotenoid vomifoliol (10), and the flavonoid naringenin (11). On the
other hand, from the methanol extract two types of metabolites were identified: the flavonoids
naringenin (11), 7,4′-dimethoxytaxifolin (7,4′-dimethoxydihydroquercetin, 12), aromadendrin (13),
kaempferol (14), taxifolin (dihydroquercetin, 15), prunin (naringenin-7-O-β-D-glucoside, 16), populnin
(kaempferol-7-O-β-D-glucoside, 17) and senecin (aromadendrin-7-O-β-D-glucoside, 18); along with
the lignans kobusin (19) and pinoresinol (20) (Figure 1). Vomifoliol (10) and naringenin (11) were the
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major constituents of the dichloromethane extract, while the flavonoids naringenin (11) and senecin
(18) were isolated as the major components from the methanol extract. The structures for compounds
1–20 were established by the analysis of their 1H and 13C NMR (1D and 2D experiments) and MS
spectra parameters and its comparison with those reported in the literature. The unequivocal 1H- and
13C- NMR assignments for compound 2 are reported here for the first time.

Figure 1. Chemical contents of the dried bark from Cochlospermum vitifolium.

Six of these 20 compounds (3, 4, 11, 13, 15 and 20) had been previously isolated from
Cochlospermum vitifolium, however all other compounds were isolated here for the first time from
this plant and from this genus. Compounds 1–20 belong to either the sterols; C6, C6–C1 and C6–C3

aromatic compounds; apocarotenoids; flavonoids and lignans groups, which are the most frequently
identified compounds in this genus.

Previous studies have been conducted to demonstrate the antihypertensive [19–21,23],
hypoglycemic and antidiabetic [22], immunomodulatory [23] and anti-inflammatory [24] effects of
Cochlospermum vitifolium extracts. An exhaustive revision of the existing literature indicated that several
of the compounds isolated in this research (Figure 1) can be associated to its popular use as different
liver treatments. Due to the fact that this plant is broadly used as a treatment for jaundice, hepatitis C
and other liver ailments in Mexican traditional medicine, its methanol extract was administrated at
a dose of 100 mg/kg to bile duct-obstructed rats, to determine its hepatoprotective activity, showing
a statistically significant decrease of serum glutamic-pyruvic transaminase (PGT, 45%) and alkaline
phosphatase (APh, 15%) [19].

The importance of such activities lie in the fact that hepatic diseases (which comprise several
conditions, such as: cirrhosis, hepatitis, alcoholic liver disease, non-alcoholic fatty liver disease,
cholestatic and drug-induced liver diseases and liver cancer) are extremely high-priced in terms of
human suffering, loss of productivity, and medical or hospital consultations. In fact, chronic liver
diseases are the major cause of mortality worldwide. In 2013, 29 million people in Europe suffered
from a chronic liver condition [25] and more than 30 million Americans had hepatic disease [26].
In China, liver diseases, viral hepatitis (predominantly hepatitis B virus), non-alcoholic fatty liver
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and alcoholic liver disease affect approximately 300 million people [27]. From a physiopathological
perspective, most chronic liver diseases begin as an inflammatory process which evolves into focal
fibrosis, and afterwards, to complete fibrosis of the gland (hepatic cirrhosis), which increases the risk of
liver cancer. This leads to severe hepatic injury and ultimately to liver failure and other complications.

Thirteen of the twenty compounds isolated from Cochlospermum vitifolium have previously
exhibited in vitro and in vivo beneficial liver effects. β-Sitosterol (3) decreased hepatofibrosis [28],
protecting against CCl4-induced hepatotoxicity [29] in animal models. Stigmasterol (4) induced
apoptosis in hepatocarcimona (HepG2) cells being a potential antineoplastic therapeutic agent [30].
Gentisic acid (6) showed anti-inflammatory and antimutagenic properties, demonstrating protective
effects against induced genotoxicity and hepatotoxicity [31]. On the other hand, coniferyl alcohol
(7) had a moderated anti-hepatitis B virus (HBV) activity [32]. Ferulic acid (9) had an in vivo
hepato-protective effect against the CCl4- and formaldehyde-induced hepatotoxicity [33] and also
a capacity to inhibit the development of hepatic fibrosis by activation of Hepatic Stellate Cells (HSCs)
in the presence of liver damage [34]. Vomifoliol (10) showed moderate activity against human
hepatocarcinoma Hep3B cells [35]. Naringenin (11) had a potent lipid-lowering effect reducing
the hepatic lipogenesis in rats and acting as an insulin sensitizer in vivo [36], thus, preventing rat
liver damage caused by lead acetate, arsenic and high glucose. Furthermore, this same compound
suppresses the metastatic potential of hepatocellular carcinoma [37]. Additionally, aromadendrin (13)
possessed radical scavenging and activity against inflammatory, tumor and diabetic processes [38].
Kaempferol (14) had hepatoprotective effects in CCl4-, drug- and alcoholic-induced liver injury,
constituting a promising therapeutic option for patients with atherosclerotic disease [39]. Taxifolin
(15) had antioxidant and cytoprotective effects that prevent and help treat fulminant hepatitis and
hepatitis caused CCl4 [40]. This natural flavonoid is licensed as Silymarin (Legalon®), a drug used
for the treatment of toxic liver damage, chronic inflammatory liver disease and liver cirrhosis. Prunin
(16) showed activity against the hepatitis B (HBV) virus with an IC50 of 41.59 μM [41]. Administered
at a dose of 25 mg/kg, populnin (17) exhibited in vivo hepatoprotective effects against CCl4- and
D-GalN-induced hepatotoxicity, preventing the development of hepatic lesions [42]. Finally, at 50 and
100 mg/kg, the lignane pinoresinol (20) showed hepatoprotective effects improving CCl4-induced
liver injury [43]. All these liver beneficial effects from the compounds isolated from Cochlospermum
vitifolium directly correlate with its traditional use in Mexican medicine.

3. Materials and Methods

3.1. General Procedures

Compounds 1–20 were purified by successive open column chromatography (CC) using silica gel
(70–230 and 230–400 mesh, Sigma-Aldrich, Toluca, México). The isolation procedures and purity
of compounds were monitored by thin layer chromatography (TLC) using precoated silica gel
60 F254 aluminium sheets, visualizing with UV-light and subsequently spraying the plates with
(NH4)4Ce(SO4)4 in 2 N H2SO4 (Sigma-Aldrich, Toluca, México). All 1H-, 13C- and 2-D NMR
experiments were performed in CDCl3 on a Varian Unity 400 spectrometer (Varian, Inc., Palo Alto,
CA, USA) equipped with a 5 mm inverse detection pulse field gradient probe at 25 ◦C, at 400 MHz
for 1H-NMR and 100 MHz for 13C-NMR. Chemical shifts were referenced to tetramethylsilane as
an internal standard.

3.2. Plant Material

The wood of Cochlospermum vitifolium was collected from “Sierra de Huautla” (20◦26′10” N,
99◦05′42” W, 1915 m above sea level), Morelos, México, in October 2011, and identified by Dr. Rolando
Ramírez Rodríguez, Centro de Investigación en Biodiversidad y Conservación-UAEM. A voucher
specimen (number 14628) was deposited at HUMO Herbarium from the Universidad Autónoma del
Estado de Morelos, México.
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3.3. Extraction and Isolation

Throughout three months the wood of this plant was dried at room temperature. The dried
and ground wood (1.65 kg) was extracted with CH2Cl2 and MeOH. These extracts were dried under
a vacuum to render 11.9 g (0.72% yield) and 25.8 g (1.56% yield) of residue, respectively.

Fractionation of the CH2Cl2 extract by open CC (silica gel, 70–230 mesh; 5 cm i.d. × 20 cm) was
performed with a step gradient of n-hexane-acetone 100:0 to 0:100, collecting 330 fractions of 50 mL
each. Based on TLC analysis, these fractions were pooled into nine groups, namely G-1 (fractions
1–70, n-hexane 100%), G-2 (fractions 71–76, 722 mg, n-hexane:acetone 95:5), G-3 (fractions 77–81,
n-hexane:acetone 95:5), G-4 (fractions 82–89, 131 mg, n-hexane:acetone 95:5), G-5 (fractions 90–166,
780 mg, n-hexane:acetone 95:5), G-6 (fractions 167–188, 620 mg, n-hexane:acetone 9:1), G-7 (fractions
189–265, 639 mg, n-hexane:acetone 8:2), G-8 (fractions 266–324, 540 mg, n-hexane:acetone 1:1) and G-9
(fractions 325–335, acetone 100%). G-1 was made up of fatty acids, G-3 of triglycerides and G-9 of
resins. The rest of the groups were subjected to column chromatography using silica gel 70–230 mesh.
G-2 (2.0 cm i.d. × 30 cm, eluent n-hexane 100% to n-hexane:acetone 8:2) yielded 45 fractions of 40 mL.
Fractions 23–33 (255 mg) were subjected to a second column chromatography (1.0 cm i.d. × 30 cm,
eluent n-hexane:AcOEt 99:1) obtaining 91 fractions of 20 mL to yield β-sitosterone (1, 58 mg, 0.0035%
with respects dry weigh of plant material). G-4 (1.5 cm i.d. × 15 cm, eluent n-hexane:AcOEt 99:1 to
n-hexane:AcOEt 97:3) yielded 132 fractions of 50 mL which rendered stigmast-4,6,8(14),22-tetraen-3-one
(2, 71 mg, 0.0043%), coniferyl alcohol (7, 21 mg, 0.0013%) and ferulic acid (9, 27 mg, 0.0016%).
G-5 (2.0 cm i.d. × 30 cm, eluent n-hexane:AcOEt 97:3 to n-hexane:AcOEt 9:1) yielded 180 fractions of
50 mL resulting in the isolation of a 7:3 mixture of β-sitosterol (3) and stigmasterol (4, 280 mg, 0.0109%).
G-6 (2.0 cm i.d. × 30 cm, eluent n-hexane:AcOEt 9:1 to n-hexane:AcOEt 7:3) yielded 77 fractions of
50 mL resulting in vomifoliol (10, 94 mg, 0.0056%). G-7 (2.0 cm i.d. × 30 cm, eluent n-hexane:AcOEt
9:1) yielded 50 fractions of 50 mL obtaining antiarol (5, 31 mg, 0.0018%) and gentisic acid (6, 29 mg,
0.0017%). Finally, G-8 (2.0 cm i.d. × 30 cm, n-hexane:acetone 8:2) yielded 187 fractions of 50 mL.
Fractions 104–167 (280 mg) were subjected to a second column chromatography (1.0 cm i.d. × 30 cm,
eluent n-hexane:AcOEt 6:4) resulting in 248 fractions of 20 mL to yield naringenin (11, 102 mg, 0.0061%)
and epoxy-coniferyl alcohol (8, 36 mg, 0.0022%).

Fractionation of the MeOH extract by open CC (silica gel, 100–230 mesh; 5 cm i.d. × 30 cm)
was performed with a step gradient of n-hexane-acetone 100:0 to 0:100, collecting 268 fractions of
50 mL each. These fractions were pooled into three groups: MG-1 (fractions 1–93, n-hexane to
n-hexane:acetone 6:4), MG-2 (fractions 94–135, 2.2 g, n-hexane:acetone 1:1) and MG-3 (fractions 136–268,
3.29 g, n-hexane:acetone 1:1 to acetone). MG-1 was a complex mixture including compounds 1, 3, 4, 11

and aromadendrin (13); MG-2 (3.0 cm i.d. × 30 cm, eluent n-hexane:AcOEt 85:15 to n-hexane:AcOEt
75:25) yielded 250 fractions of 50 mL which resulted in the purification of naringenin (11, 214 mg,
0.0129%); and MG-3 (4.0 cm i.d. × 30 cm, eluent n-hexane:AcOEt 7:3 to acetone) yielded 320 fractions
of 50 mL. Fractions 33–51 (181 mg) were subjected to a second column chromatography (1.5 cm i.d. ×
20 cm, eluent with n-hexane:AcOEt 7:3) collecting 56 fractions of 20 mL to yield naringenin (11, 41 mg,
0.0024%) and 7,4′-dimethoxy-taxifolin (12, 21 mg, 0.0013%). Fractions 77–83 (52 mg) were subjected
to a preparative TLC (2 mm × 20 cm, eluent n-hexane:AcOEt 7:3 twice) to yield 30 mg (0.0018%) of
a 6:4 mixture of 13 and kaempferol (14). Fractions 100–111 (49 mg) were subjected to a preparative
TLC (2 mm × 20 cm, eluent n-hexane:AcOEt 7:3 twice) to yield kobusin (19, 19 mg, 0.0011%) and
pinoresinol (20, 17 mg, 0.0010%). Fractions 145–182 (93 mg) were subjected to a preparative TLC (2 mm
× 20 cm, eluent with CH2Cl2:MeOH 93:7) to yield taxifolin (15, 26 mg, 0.0016%). Finally, fractions
289–309 (691 mg) were subjected to a second column chromatography (2.0 cm i.d. × 30 cm, eluent with
CH2Cl2:MeOH 9:1) collecting 140 fractions of 20 mL to yield prunin (16, 32 mg, 0.0019%), and 59 mg
(0.0035%) of a 45:55 mixture of 16, populnin (17), and senecin (18, 47 mg, 0.0028%).

Stigmast-4,6,8(14),22-tetraen-3-one (2). 1H-NMR (CDCl3): δ 6.61 (1H, d, J = 7.2, H-7), 6.04 (1H, d,
J = 7.2, H-6), 5.74 (1H, s, H-4), 5.27 (1H, dd, J = 15.2, 6.8, H-22), 5.20 (1H, dd, J = 15.2, 7.6, H-23),
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2.49 (1H, m, H-2a), 2.57 (1H, m, H-2b), 2.51 (1H, m, H-15b), 2.47 (1H, m, H-15a), 2.16 (1H, m, H-20),
2.15 (1H, m, H-9), 2.10 (1H, m, H-12a), 2.03 (1H, m, H-1a), 2.54 (1H, m, H-1b), 1.88 (1H, m, H-24),
1.83 (1H, m, H-16b), 1.53 (1H, m, H-16a), 1.51 (1H, m, H-25), 1.32 (1H, m, H-12b), 1.30 (1H, m,
H-17), 1.06 (3H, d, J = 6.4, H-21), 1.00 (3H, s, H-19), 0.96 (3H, s, H-18), 0.93 (3H, d, J = 6.8, H-26),
0.85 (3H, d, J = 6.8, H-27), 0.84 (3H, t, J = 6.8, H-29), 0.78 (2H, m, H-28). 13C-NMR (CDCl3): δ 199.76
(s, C-3), 164.67 (s, C-5), 156.35 (s, C-14), 135.25 (d, C-22), 134.28 (d, C-7), 132.78 (d, C-23), 124.71
(d, C-6), 124.66 (s, C-8), 123.23 (d, C-4), 55.95 (d, C-17), 44.57 (d, C-9), 44.24 (s, C-13), 43.13 (d, C-24),
39.55 (d, C-20), 37.02 (s, C-10), 35.84 (t, C-12), 34.37 (t, C-1, C-2), 33.34 d, C-25), 27.98 (t, C-16), 25.63
(t, C-15), 22.98 (t, C-11), 21.48 (q, C-21), 20.25 (q, C-27), 19.92 (q, C-18), 19.21 (q, C-28), 17.90 (q, C-26),
16.91 (q, C-19), 14.38 (q, C-29).

4. Conclusions

Cochlospermum vitifolium biosynthesizes among other compounds the sterols 3 and 4, the aromatic
compounds 6, 7 and 9, the apocatrotenoid 10, the flavonoids 11 and 13–17, and the lignan 20, which
have demonstrated beneficial activity to alleviate different liver diseases. The presence of these
compounds in the plant agrees with its traditional use in Mexican medicine and some are even included
in commercial pharmaceutical formulations used in the treatment of hepatopathies. Their presence
within Cochlospermum vitifolium extracts indicates that this plant could be an active hepatoprotective
agent. However, the human consumption of this plant must be subjected to toxicity, pharmacodynamic
and pharmacokinetic studies to determine how it can be a health contributor.

The isolated metabolites in this study and the chemical composition previously reported for
Cochlospermum vitifolium agree with the metabolic content within other Cochlospermum species.
The flavonoids, sterols, carotenoids, apocarotenoids and lignans isolated here have chemotaxonomic
significance within this genus. This is the first report of compounds 1–2, 5–10, 12, 14, 16–19 from
Cochlospermum vitifolium.
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Abstract: Five new chromone derivatives, arthones A–E (1–5), together with eight known
biogenetically related cometabolites (6–13), were isolated from a deep-sea-derived fungus
Arthrinium sp. UJNMF0008. Their structures were assigned by detailed analyses of spectroscopic data,
while the absolute configurations of 1 and 5 were established by electronic circular dichroism (ECD)
calculations and that of 2 was determined by modified Mosher ester method. Compounds 3 and 8

exhibited potent antioxidant property with DPPH and ABTS radical scavenging activities, with IC50

values ranging from 16.9 to 18.7 μM. Meanwhile, no compounds indicated obvious bioactivity in our
antimicrobial and anti-inflammatory assays at 50.0 μM.

Keywords: Arthrinium sp.; chromone; polyketide; antioxidant activity

1. Introduction

The genus Arthrinium has wide geographic distribution and host range as plant pathogens,
endophytes, saprobes, etc., while Poaceae and Cyperaceae are the major host plant families [1].
Although some Arthrinium species have been reported as phytopathogens [2–4], or even to cause
cutaneous infections in humans [5], many others are known to produce diverse bioactive compounds
with a variety of pharmacological applications. For instance, cytotoxic cytochalasins, pyridone
alkaloids and polyketides, along with naphthalene glycosides with COX-2 inhibitory activity,
were obtained from the sponge-derived fungus A. arundinis ZSDS1-F3 [6–9]; arundifungin with
antifungal property was isolated from another A. arundinis species [10]; griseofulvin derivatives
showing lethality against the brine shrimp Artemia salina were reported from a gorgonian-derived
Arthrinium fungus [11]; antiangiogenic diterpenes were discovered from the marine species
A. sacchari [12]; anti-parasitic dihydroisocoumarins were found in an endophytic Arthrinium sp. from
Apiospora montagnei [13]; and volatile compounds in endophytic Arthrinium sp. MFLUCC16-0042 from
Aquilaria subintegra were also investigated [14].

During the course of our search for new antibiotics from marine resources, an Arthrinium sp.
UJNMF0008 from deep-sea sediment gained our interest owing to its strong inhibitory activity
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against Staphylococcus aureus. Subsequent chemical investigation on this species led to the discovery
of a series of pyridone alkaloids with antibacterial and cytotoxic activities [15]. In addition to
the pyridones, another class of metabolites with strong UV absorption was also revealed by
chemical profiling (HPLC & 1H-NMR). Further study of the remaining fractions have resulted
in the isolation and structural characterization of an array of polyketide compounds, including
five new chromone arthones A–E (1–5) and eight previously reported analogues, AGI-B4
(6) [16], 1,3,6-trihydroxy-8-methylxanthone (7) [17], 2,3,4,6,8-pentahydroxy-1-methylxanthone (8) [18],
sydowinin A (9) [19], sydowinin B (10) [20], conioxanthone A (11) [21], engyodontiumone B
(12) [22], and 8-hydroxy-3-hydroxymethyl-9-oxo-9H-xanthene-1-carboxylic acid methyl ester (13) [23].
Herein, we describe the details of the isolation, structure elucidation, and biological evaluations of
compounds 1–13.

2. Results and Discussion

2.1. Structure Elucidation

Arthone A (1) was isolated as a pale yellow powder and its molecular formula was established
as C16H14O8 by HR-ESIMS analysis (m/z 333.0623 [M − H]−) and NMR data. Detailed analysis
of the 1H- and 13C-NMR data (Tables 1 and 2) showed that 1 possessed the same A and B rings
(5-hydroxy-7-(hydroxymethyl)-4H-chromen-4-one, Figure 1) moiety as those in 9–12 [19–22], which
was further confirmed by the HMBC correlations from 10-OH to C-10, H-10 to C-2, C-3 and C-4, H-4
to C-4a, C-9a and C-10, and 1-OH to C-1, C-2 and C-9a (Figure 2). Two groups of olefinic signals
(δH/δC 5.72 (J = 5.9 Hz)/95.1; 7.33 (J = 5.9 Hz)/157.1) including one oxygenated (δC 157.1, C–6) and
one oxyquaternary sp3 carbon (δC 84.3, C-8) revealed similar features (C ring, Figure 1) to the known
compound euparvione [24] with the absence of one methyl (δH/δC 2.06/20.4 in euparvione), along
with the appearance of a methyl ester moiety (δH/δC 3.70/52.8, 167.9) and one hydroxymethyl group
(δH/δC 3.88, 4.12/63.6). Further HMBC correlations from H-12 to C-8, C-8a and C-11, and OCH3 to
C-11 defined the structure of C ring as shown. The planar structure of 1 was thus established with
only one chiral center. The absolute configuration of 1 was established as 8R by comparison of its
experimental and theoretical ECD spectra (Figure 3) [25].

Figure 1. Chemical structures of compounds 1–13.
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Figure 2. Key 2D-NMR correlations for 1 and 2.

Table 1. 1H-NMR (600 MHz) data for 1–5 (DMSO-d6).

Position 1 2 3 4 Positon 5

2 6.74, brs 6.70, s 6.70, brs 7.27, d (0.9) 2 7.23, brs
4 6.96, brs 6.91, s 6.94 a, brs 7.56, brs 4 7.54, brs

5 5.72, d (5.9) 2.79, dt (18.4, 6.4)
2.71, dt (18.4, 6.4) 6.94 a, s 6.98, d (8.9) 10 2.84, t (7.9)

6 7.33, d (5.9) 1.87, m
1.80, m 7.34, d (8.9) 11 2.08, m

1.93, m
7 3.99, m 12 4.14, m

8 2.61, dd (16.4, 4.2)
2.32, dd (16.4, 5.8) 14 2.44, brs

10 4.56, brd (5.6) 4.54, d (5.8) 4.56, s 2.49, s 13-OCH3 3.62, s

12 4.12, dd (12.5, 5.8)
3.88, dd (12.5, 7.2) 15-OCH3 3.83, s

OCH3 3.70, s 3.83, s 3.89, s 7-OH 9.00, brs
1-OH 12.37, s 12.67, s 12.55, s 12-OH 5.63, d (4.3)
7-OH 4.92, d (3.7) 9.45, s
8-OH 12.05, s
10-OH 5.50, t (5.6) 5.47, t (5.8)
12-OH 5.29, dd (7.2, 5.8)

a Interchangeable assignments.

Figure 3. Experimental and theoretical ECD spectra for 1.

Arthone B (2) was obtained as a pale yellow powder. The molecular formula was deduced as
C14H14O5 based on the HR-ESIMS ion at m/z 263.0916 [M + H]+ (calcd. for C14H15O5, 263.0914),
indicating eight degrees of unsaturation. 1D-NMR data analysis (Tables 1 and 2) revealed that 2 also
had a 5-hydroxy-7-(hydroxymethyl)-4H-chromen-4-one fragment but with larger chemical shifts for
C-5a (δC 165.3) and C-8a (δC 114.1) compared with those of 1 (δC 160.6 and 103.8 for C-5a and C-8a,
respectively). Correlated spectroscopy (COSY) correlations from H-7 (δH 3.99) to H2-6 (δH 1.80/1.87)
and H2-8 (δH 2.32/2.61), and H-5 (δH 2.71/2.79) to H-6 (δH 1.80/1.87), revealed the spin-coupling
system from H2-5–H2-8 (Figure 2). Key HMBC correlations from H-8 to C-5a, C-8a, and C-9 indicated
the connection of C-8 to C-8a, while those from H-5 to C-5a and C-8a identified the connection of C-5
to C-5a (Figure 2). The gross structure of 2 was thus characterized, also bearing only one stereocenter.
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The absolute configuration of 2 was established by modified mosher ester method [26], where analysis
of the 1H-NMR differences between its (R)- and (S)-MTPA esters (Δδ = δS − δR) led to the assignment
of 7R-configuration for 2 (Figure 4).

Table 2. 13C-NMR (150 MHz) data for 1–5 (DMSO-d6).

Position 1 2 3 4 Position 5

1 159.4, C 159.5, C 160.5, C 132.8, C 1 132.7, C
2 108.5, CH 107.6, CH 107.1, CH 124.0, CH 2 124.6, CH
3 152.0, C 151.8, C 152.9, C 147.7 b, C 3 144.4, C
4 104.1, CH 103.8, CH 103.8, CH 119.1, CH 4 119.6, CH
4a 154.7, C 155.6, C 155.3, C 156.0, C 5 155.0, C
5 95.1, CH 25.0, CH2 102.5, CH 106.3, CH 6 152.7, C
5a 160.6,C 165.3, C 155.2, C 147.4 b, C 7 138.8, C
6 157.1, CH 28.80 a, CH2 151.2, C 124.6, CH 8 171.1, C
7 62.9, CH 141.4, C 147.9 b, C 9 117.0, C
8 84.3, C 28.78 a, CH2 117.6, C 140.5, C 10 24.8, CH2

8a 103.8, C 114.1, C 108.6, C 108.7, C 11 31.2, CH2
9 178.2, C 181.9, C 179.1, C 180.9, C 12 69.7, CH
9a 108.8, C 107.9, C 106.3, C 113.7, C 13 174.6, C
10 62.2, CH2 62.3, CH2 62.4, CH2 21.3, CH3 14 21.4, CH3
11 167.9, C 166.8, C 168.8, C 15 169.5, C
12 63.6, CH2 13-OCH3 52.0, CH3

OCH3 52.8, CH3 52.2, CH3 52.7, CH3 15-OCH3 52.8, CH3
a,b Interchangeable assignments.

Figure 4. Δδ (δS − δR) values in ppm for MTPA eaters of 2.

Arthone C (3) was yielded as a yellow powder and displayed an HR-ESIMS peak at m/z 333.0607
[M + H]+ (calcd. for C16H13O8, 333.0605) corresponding to the molecular formula C16H12O8, with
16 amu more than that of its cometabolite sydowinin B (10) [20]. A detailed comparison of their 1H-
and 13C-NMR data (Tables 1 and 2) revealed that 3 incorporated the same skeleton as that of sydowinin
B (10) [20] with the downfield-shifted chemical shift of C-6 (δC 151.2) and upfield-shifted chemical shift
of C-5 (δC 102.5) and C-7 (δC 141.4), implying the presence of a hydroxyl at C-6, and further HMBC
correlations from H-5 to C-6, C-7, and C-8a confirmed this moiety. As mentioned above, the structure
of compound 3 was thus elucidated, as shown in Figure 1.

Arthone D (4) was isolated as a yellow powder with the molecular formula of C16H12O7

(11 degrees of unsaturation) determined by (+)-HR-ESIMS analysis at m/z 317.0664 ([M + H]+, calcd.
for C16H13O7, 317.0656). The 1H- and 13C-NMR spectroscopic data for 4 (Tables 1 and 2) exhibited
a similar skeleton to that of isofusidienol A [27]. However, the methoxycarbonly moiety (δH/δC

3.89/52.7, 168.8) and methyl group (δH/δC 2.49/21.3) were deduced to locate on the same benzene
ring as yicathin A [28] based on the HMBC correlations from OCH3 to C-11, H-2 to C-4, C-10, and
C-11, H-4 to C-2, C-10, C-4a and C-9a, and H-10 to C-2, C-3 and C-4, and the 1D-NMR data (Figure 5).
A proton signal at δH 12.05 in the 1H-NMR accounted for a hydroxyl group at C-8 due to H-bonding
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with C-9 carbonyl. Hence, two olefinic protons (δH 6.98, d, J = 8.9 Hz and 7.34, d, J = 8.9 Hz) were
speculated to be located on C-5 and C-6, respectively. Finally, the hydroxyl resonanced at δH 9.45
could only be assigned to C-7. The seven-membered ring moiety was also supported by the HMBC
correlations from H-5 to C-5a and C-8a and H-6 to C-7 and C-5a, as well as long range J4 correlations
from H-5 to C-8 and H-6 to C-8a.

Figure 5. Key 2D-NMR correlations for 4 and 5.

Arthone E (5) was isolated as a pale yellow powder and had a molecular formula of C17H18O8 as
inferred from its (+)-HR-ESIMS data at m/z 351.1073 [M + H]+. Its NMR data (Tables 1 and 2)
revealed the same 7-methyl-4-oxo-4H-chromene-5-carboxylate moiety as arthone D (4). COSY
correlations from H-11 (δH 1.93/2.08) to H-10 (δH 2.84) and H-12 (δH 4.14), and 12-OH (δH 5.63)
to H-12 (δH 4.14), and HMBC correlations from OCH3 to C-13, and H-11/H-12 to C-13, revealed the
moiety of C-10–C-13–OCH3 (Figure 5). Finally, the side-chain fragment was proved to be located at
C-6, as supported by the HMBC correlations from H2-10 to C-6 and C-7, and a hydroxyl group was
suggested at C-7 as indicated by the HMBC correlation from 7-OH to C-6 (Figure 5). The absolute
configuration of 5 was established as 12R by comparison of its experimental and theoretical ECD
spectra (Supplementary material Figure S31).

All the raw spectroscopic data including 1D/2D NMR and HR-ESIMS spectra for the new
compounds 1 (Figures S1–S5), 2 (Figures S6–S11), 3 (Figures S12–S16), 4 (Figures S17–S21) and 5

(Figures S22–S27), and the 1D/2D NMR spectra for MTPA esters of 2 (Figures S28–S30) have been
provided in the supplementary material.

2.2. Biological Activity

In order to evaluate the biological properties of 1–13, their antioxidant activity was assayed by
DPPH and ABTS radical scavenging methods with curcumin as positive control (IC50 = 24.3 and
9.5 μM, respectively). Only compounds 3 and 8 exhibited significant antioxidant activities, with IC50

values of 16.9 and 22.1 μM for DPPH assay, and 18.7 and 18.0 μM for ABTS assay, respectively,
while others showed no significant effect at 50.0 μM. Meanwhile, the antimicrobial activity against
Gram-positive bacterial strains Mycobacterium smegmatis ATCC 607 and Staphylococcus aureus ATCC
25923, Gram-negative Escherichia coli ATCC 8739, Pseudomonas aeruginosa ATCC 9027, and fungus
Candida albicans ATCC10231, as well as anti-inflammatory activity based on the inhibition effect of NO
production in lipopolysaccharide (LPS)-induced mouse macrophages RAW 264.7 cells, were evaluated
for 1–13. However, no compounds displayed obvious bioactivity in the two assays up to 50.0 μM.

3. Experimental Section

3.1. General Experimental Procedures

NMR spectra were recorded on a Bruker Avance DRX600 NMR spectrometer (Bruker BioSpin
AG, Fällanden, Switzerland), with residual solvent peaks as references (DMSO-d6: δH 2.50, δC 39.52).
ESIMS analyses were carried out on an Agilent 1260-6460 Triple Quad LC-MS instrument (Agilent
Technologies Inc., Waldbronn, Germany). HR-ESIMS data were acquired on an Agilent 6545 Q-TOF
mass spectrometer (Agilent Technologies Inc., Waldbronn, Germany). UV spectra were obtained on
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a Shimadzu UV-2600 spectrophotometer (Shimadzu, Kyoto, Japan) with 1 cm pathway cell. Optical
rotations were measured on a Rudolph VI polarimeter (Rudolph Research Analytical, Hackettstown,
NJ, USA) with a 10 cm length cell. ECD spectra were acquired on a Chirascan circular-dichroism
spectrometer (Applied Photophysics Ltd., Surrey, UK). IR spectra were recorded on an FT-IR VERTEX
70 (Bruker BioSpin AG, Fremont, CA, USA). All HPLC analyses and separations were carried out on
Agilent 1260 series LC instruments (Agilent Technologies Inc., Waldbronn, Germany) and a YMC-Pack
ODS-A column (250 × 10 mm, 5 μm) was used for HPLC separations. Column chromatography (CC)
was performed on Silica gel (200–300 mesh, Yantai Jiangyou Silica Gel Development Co., Yantai, China)
and Sephadex LH-20 gel (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). All solvents used for CC
were of analytical grade (Tianjin Fuyu Fine Chemical Co. Ltd., Tianjin, China) and solvents used for
HPLC were of HPLC grade (Oceanpak Alexative Chemical Ltd., Goteborg, Sweden).

3.2. Fungal Material

The fungus strain UJNMF0008 was isolated from a marine-sediment sample collected in the
South China Sea (17◦55′00” N, 115◦55′31” E; 3858 m depth, Hainan, China). This strain was identified
as an Arthrinium sp. based on morphological traits and a molecular biological protocol by DNA
amplification and comparison of its ITS region sequence with the GenBank database (100% similarity
with Arthrinium sp. zzz1842 (HQ696050.1)). The BLAST sequenced data were deposited at GenBank
(No. MG010382). The strain was deposited at the CGMCC center, Institute of Microbiology, Chinese
Academy of Sciences (Beijing, China).

3.3. Fermentation and Extraction

Arthrinium sp. UJNMF0008 from a PDA culture plate was inoculated in 500 mL Erlenmeyer flasks
containing 150 mL soluble-starch medium (1% glucose, 0.1% soluble starch, 1% MgSO4, 0.1% KH2PO4,
0.1% peptone, and 3% sea salt) at 28 ◦C on a rotary shaker at 180 rpm for 3 days as seed cultures. Then,
each of the seed cultures (20 mL) was transferred into autoclaved 1 L Erlenmeyer flasks with solid-rice
medium (each flasks contained 80 g commercially available rice, 0.4 g yeast extract, 0.4 g glucose,
and 120 mL water with 3% sea salt). After that, the strain was incubated statically for 30 days at 28 ◦C.

After fermentation, the total 4.8 kg rice culture was crushed and extracted with 15.0 L 95% EtOH
three times. The EtOH extract was evaporated under reduced pressure to afford an aqueous solution
and then extracted with 2.0 L ethyl acetate three times to give 80 g crude gum.

3.4. Isolation and Purification

The ethyl acetate extract (80 g) was fractionated by a silica gel column eluting with step gradient
CH2Cl2-MeOH (v/v 100:0, 98:2, 95:5, 90:10, 80:20, 70:30, 50:50 and 0:100) to give 10 fractions (Fr.1–Fr.10)
based on TLC and HPLC analysis. Fr.6 (30.2 g) was applied to CC over D101-macroporous absorption
resin eluted with EtOH-H2O (30%, 50%, 80% and 100%) to afford four subfractions (Fr.6-1–Fr.6-4). Fr.6-3
(11.6 g) was fractionated by the silica gel column with step gradient CH2Cl2-(CH3)2CO (v/v 100:0–0:100)
and divided into nine subfractions (Fr.6-3-1–Fr.6-3-9) and a portion of (32.5 mg) Fr.6-3-3 was further
purified by HPLC eluting with MeOH-H2O (v/v 55:45, 3.0 mL min−1) to give 13 (tR = 29.3 min,
20.6 mg). Fr.6-3-2 (0.67 g), Fr.6-3-4 (510 mg), Fr.6-3-5 (1.04 g), Fr.6-3-6 (3.9 g), and Fr.6-3-7 (2.2 g) were
separated by MPLC with an ODS column eluting with gradient MeOH-H2O (v/v 20:80–100:0) to
obtain five, five, six, six and five subfractions, respectively. Fr.6-3-2-4 (37.0 mg) was further purified by
HPLC eluting with MeOH-H2O (v/v 55:45, 3.0 mL min−1) to give 9 (tR = 22.2 min, 9.8 mg). Fr.6-3-4-3
(37.0 mg) was further purified by HPLC eluting with MeOH-H2O-CH3CO2H (v/v/v 70:30:10−4, 3.0
mL min−1) to afford 4 (tR = 14.4 min, 1.8 mg), while Fr.6-3-4-5 (50.2 mg) was further purified by HPLC
eluting with MeOH-H2O (v/v 84:16, 3.0 mL min−1) to give 7 (tR = 21.9 min, 21.0 mg). Fr.6-3-5-2
(25.0 mg) was further purified by HPLC eluting with MeOH-H2O (v/v 48:52, 3.0 mL min−1) to give 1

(tR = 13.9, 4.5 mg), while Fr.6-3-5-5 (35.2 mg) was further purified by HPLC eluting with MeOH-H2O
(v/v 60:40, 3.0 mL min−1) to give 10 (tR = 7.9 min, 4.0 mg) and 11 (tR = 16.4 min, 11.7 mg), and Fr.6-3-5-6
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(25.1 mg) was further purified by HPLC eluting with MeOH-H2O (v/v 65:35, 3.0 mL min−1) to give 12

(tR = 20.7 min, 2.4 mg). Fr.6-3-6-2 (55.2 mg) was further purified by HPLC eluting with MeOH-H2O
(v/v 34:66, 3.0 mL min−1) to give 6 (tR = 36.9 min, 14.3 mg). Fr.6-3-7-2 (80.1 mg) was further purified by
HPLC eluting with MeOH-H2O (v/v 42:58, 3.0 mL min−1) to give 2 (tR = 11.1 min, 2.7 mg). Fr.7 (15.2 g)
was chromatographed on a silica gel column with step gradient CH2Cl2-(CH3)2CO (v/v 100:0–0:100)
and divided into three subfractions (Fr.7-1–Fr.7-3). Fr.7-1 (3.5 g) was divided into three subfractions
(Fr.7-1-1–Fr.7-1-3) by Sephadex LH-20 CC eluting with MeOH-CH2Cl2 (v/v 1:1), and Fr.7-1-2 (1.2 g) was
fractionated by MPLC with an ODS column eluting with step gradient MeOH-H2O (v/v 20:80 to 0:100)
and further purified by HPLC eluting with MeOH-H2O (v/v 34:66, 3.0 mL min−1) to provide 5 (tR =
46.9 min, 2.6 mg). Fr.9 (7.6 g) was subject to silica gel column with step gradient CH2Cl2-(CH3)2CO
(v/v 100:0–0:100) and divided into five subfractions (Fr.9-1–Fr.9-5). Fr.9-2 (1.6 g) was separated by
Sephadex LH-20 CC eluting with MeOH-CH2Cl2 (v/v 1:1) to obtain four subfractions (Fr.9-2-1–Fr.9-2-4),
and Fr.9-2-2 (42.6 mg) was further purified by HPLC eluting with MeOH-H2O-CH3CO2H (v/v/v
54:46:10−4, 3.0 mL min−1) to give 3 (tR = 17.1 min, 9.3 mg), while Fr.9-2-3 (17.0 mg) was further purified
by HPLC eluting with MeOH-H2O (v/v 54:46, 3.0 mL min−1) to give 8 (tR = 26.4 min, 3.7 mg).

3.4.1. Arthone A (1)

Pale yellow powder; [α]23
D −6.3 (c 0.56, MeOH); ECD (0.20 mg mL−1, MeOH) λ (Δε) 322 (2.76),

291 (0.56), 258 (−15.78), 224 (2.50), 212 (−5.55), 204 (1.71) nm; UV (MeOH) λmax (log ε) 238 (4.35), 259
(4.23), 331 (3.64) nm; IR (KBr) νmax 3404, 2957, 1742, 1658, 1594, 1493, 1451, 1299, 1195, 1051, 1022,
821 cm−1; 1H- and 13C-NMR data, Tables 1 and 2; (−)-ESIMS m/z 332.9 [M − H]−; (−)-HR-ESIMS
m/z 333.0623 [M − H]− (calcd. for C16H13O8, 333.0616).

3.4.2. Arthone B (2)

Pale yellow powder; [α]23
D 1.9 (c 0.16, MeOH); ECD (0.20 mg mL−1, MeOH) λ (Δε) 328 (0.42),

286 (0.01), 276 (0.07), 258 (−0.29), 245 (−0.01), 206 (−2.21) nm; UV (MeOH) λmax (log ε) 239 (5.18),
328 (4.35) nm; IR (KBr) νmax 3431, 2935, 1659, 1625, 1597, 1499, 1459, 1292, 1117, 1041 cm−1; 1H- and
13C-NMR data, Tables 1 and 2; (−)-ESIMS m/z [M − H]− 260.9; (+)-HR-ESIMS m/z 263.0916 [M + H]+

(calcd. for C14H15O5, 263.0914).

3.4.3. Arthone C (3)

Yellow powder; UV (MeOH) λmax (log ε) 233 (4.20), 246 (4.14), 254 (4.13), 296 (3.69), 377 (4.01) nm;
IR (KBr) νmax 3307, 1702, 1651, 1607, 1586, 1499, 1436, 1381, 1366, 1286, 1250, 1011, 830 cm−1; 1H- and
13C-NMR data, Tables 1 and 2; (−)-ESIMS m/z 330.9 [M − H]−; (+)-HR-ESIMS m/z 333.0607 [M + H]+

(calcd. for C16H13O8, 333.0605).

3.4.4. Arthone D (4)

Yellow powder; UV (MeOH) λmax (log ε) 234 (4.27), 267 (4.26), 391 (3.33) nm; IR (KBr) νmax 3427,
1725, 1613, 1501, 1459, 1435, 1297, 1235, 1041 cm−1; 1H- and 13C-NMR data, Tables 1 and 2; (−)-ESIMS
m/z 314.9 [M − H]−; (+)-HR-ESIMS m/z 317.0664 [M + H]+ (calcd. for C16H13O7, 317.0656).

3.4.5. Arthone E (5)

Pale yellow powder; [α]23
D −4.8 (c 0.73, MeOH); UV (MeOH) λmax (log ε) 209 (4.30), 314 (3.64) nm;

IR (KBr) νmax 3413, 2957, 1736, 1611, 1438, 1309, 1227, 1176, 1040, 1037, 861 cm−1; 1H- and 13C-NMR
data, Tables 1 and 2; (+)-ESIMS m/z 351.0 [M + H]+; (+)-HR-ESIMS m/z 351.1073 [M + H]+ (calcd. for
C17H19O8, 351.1074).
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3.5. Antioxidant Assay

The antioxidant activities for compounds 1–13 were determined by DPPH and ABTS methods.
DPPH radical scavenging method was conducted as described formerly [29], while ABTS radical
scavenging assay was performed according to the method developed by Re et al. [30] with some
modifications as below. Briefly, an ABTS radical solution was prepared by mixing equal volumes
of aqueous solutions of 7 mM ABTS and 4.9 mM potassium persulfate for 16 h in the dark at room
temperature. Then the ABTS radical solution was diluted with EtOH to an absorbance of 0.70 ± 0.02 at
734 nm. 10 μL of the tested compounds in ethanol (final concentrations as 3.13 μM, 6.25 μM, 12.5 μM,
25.0 μM, 50.0 μM, and 100 μM) was mixed with 190 μL of the prepared diluted ABTS radical solution
at room temperature, and the absorbance at 734 nm was measured after 6 min in the dark. IC50 values
were defined as the concentrations of tested compounds resulting in 50% loss of the ABTS radical.
All determinations were carried out in triplicate, and curcumin was applied as positive control.

3.6. Antimicrobial Assays

The antimicrobial activity of compounds 1–13 was assayed against the Gram-positive bacterial
strains Mycobacterium smegmatis ATCC 607 and Staphylococcus aureus ATCC 25923, Gram-negative
Escherichia coli ATCC 8739, Pseudomonas aeruginosa ATCC 9027, and fungus Candida albicans ATCC10231
by the two-fold serial dilution method in 96-well microplates as described previously [15]. Penicillin
was used as positive control in the current assay.

3.7. Anti-Inflammatory Assay

Determination of nitric oxide production. Briefly, RAW 264.7 cells were plated into 96-well plates
and pretreated with a series of concentrations of compounds (3.13, 6.25, 12.5, 25.0, 50.0, and 100 μM)
for 1 h before treatment with 1 μg mL−1 LPS. After 24 h incubation, detection of accumulated nitric
oxide in the cell supernatants was assayed by Griess reagent kit (Beyotime Institute of Biotechnology,
Jiangsu, China) according to the manufacturer’s instructions. Equal volumes of culture supernatant
and Griess reagent were mixed, and the absorbance at 540 nm was measured using a Microplate
Reader (Tecan, Grödig, Austria).

Cell viability assay. RAW 264.7 cells were seeded into 96-well plates at 1 × 104 cells well−1 and
allowed to attach for 24 h. The medium was replaced with a 100 μL medium containing the indicated
concentrations of compounds and further incubated for 24 h. 10 μL of MTT (5 mg mL−1 in PBS) was
added into each well and the plates were incubated for 4 h at 37 ◦C. Supernatants were aspirated and
formed formazan was dissolved in 100 μL of dimethyl sulfoxide (DMSO). The optical density (OD)
was measured at an absorbance wavelength of 490 nm using a Microplate Reader (Tecan, Switzerland).

3.8. ECD Calculations

Conformational analysis within an energy window of 3.0 kcal mol−1 was performed using
the OPLS3 molecular mechanics force field via the MacroModel [31] panel of Maestro 10.2.
The conformers were then further optimized with the software package Gaussian 09 [32] at the
CAM-B3LYP/6-311G(d,p) level for 1 and B3LYP/6-311G(d,p) level for 5, respectively, and the harmonic
vibrational frequencies were also calculated to confirm their stability. Then, the 30 lowest electronic
transitions for the obtained conformers in vacuum were calculated using time-dependent density
functional theory (TD-DFT) method at the CAM-B3LYP/6-311G(d,p) level for 1 and B3LYP/6-311G(d,p)
level for 5, respectively. ECD spectra of the conformers were simulated using a Gaussian function with
a half-bandwidth of 0.25 eV for 1 and 0.35 eV for 5. The overall theoretical ECD spectra were obtained
according to the Boltzmann weighting of each conformer.

Supplementary Materials: The following are available online. 1D/2D-NMR and HR-ESIMS spectra of
compounds 1–5, the 1D/2D NMR spectra for MTPA esters of 2, along with experimental and theoretical ECD
spectra for 5.
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Abstract: Genipa americana is a medicinal plant popularly known as “jenipapo”, which occurs
in Brazil and belongs to the Rubiaceae family. It is a species widely distributed in the tropical
Central and South America, especially in the Cerrado biome. Their leaves and fruits are used
as food and popularly in folk medicine to treat anemias, as an antidiarrheal, and anti-syphilitic.
Iridoids are the main secondary metabolites described from G. americana, but few studies have been
conducted with their leaves. In this study, the aim was to chemical approach for identify the main
compounds present at the extract of G. americana leaves. The powdered leaves were extracted by
maceration with EtOH: water (70:30, v/v), following liquid-liquid partition with petroleum ether,
chloroform, ethyl acetate and n-butanol. A total of 13 compounds were identified. In addition
three flavonoids were isolated from the ethyl acetate fraction: quercetin-3-O-robinoside (GAF 1),
kaempferol-3-O-robinoside (GAF 2) and isorhamnetin-3-O-robinoside (GAF 3) and, from n-butanol fraction
more two flavonoids were isolated, kaempferol-3-O-robinoside-7-O-rhamnoside (robinin) (GAF 4) and
isorhamnetin-3-O-robinoside-7-rhamnoside (GAF 5). Chemical structures of these five flavonoids were
elucidated using spectroscopic methods (MS, 1H and 13C-NMR 1D and 2D). These flavonoids
glycosides were described for the first time in G. americana.

Keywords: Rubiaceae; jenipapo; HPLC-ESI-IT-MS/MS; flavonoids glycosides

1. Introduction

Genipa americana L. belongs to Rubiaceae family, which contains approximately 140 genera and
2120 species occurring and in various places around the world, mainly in tropical and subtropical
regions [1,2]. Genipa americana L. is a native Brazilian plant, with perennial foliage and widely
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distributed in tropical Central and South America, including the Cerrado biome [3–5]. It is popularly
known as “jenipapo”, which comes from the indigenous language Tupi-Guarani and means “fruit used
for painting” [6]. Its fruits are usually processed for liqueurs, candies, and ice cream preparations [7],
and are used as tonic against anemia [8]. Ethnopharmacological studies report that different parts of
the species have been used in folk medicine, including leaves as an antidiarrheal and anti-syphilitic
(decoction) [9]; leaf preparation for treatment of fevers (macerated) [10]; and to treat liver diseases [8].

Most of the phytochemical and pharmacological studies reported to G. americana were conducted
with its fruits [4]. Regarding pharmacological studies especially with its leaves there are reports about
anti-inflammatory [11], antiangiogenic [12], antidiarrheal, and anti-syphilis activity [9], inhibition
of larval development and eclosion of sheep gastrointestinal nematodes [13], antidiabetic [14], and
anticonvulsant effects [15].

Concerning the phytochemical composition, it has been reported to G. americana leaves the
presence of secondary metabolites such as tannins [13], monoterpenes [16], and flavonoids [17],
being iridoids the main secondary metabolites described until this moment [4,16,18–21]. Mainly
for the leaves, the presence of following iridoids was already described: geniposidic acid [22],
genipatriol [23], genamesides A–D [19], and our group recently isolated and identified
the iridoids 1-hydroxy-7-(hydroxymethyl)-1,4aH,5H,7aH-cyclopenta[c]pyran-4-carbaldehyde, and
7-(hydroxymethyl)-1-methoxy-1H,4aH,5H,7aH-cyclopenta[c]pyran-4-carbaldehyde [24].

Meanwhile, although flavonoids are a large class of plant secondary metabolites widely
distributed throughout the plant kingdom [24], that is structurally resembling in that most have
a C15 phenyl-benzopyrone skeleton [25], the reports about its presence in G. americana are scarce,
making it a topic that needs further investigation. Our research group detected the presence of
flavonoids for the first time in G. americana leaves through a fingerprint by thin layer chromatography
(TLC) using a specific reagent to detect flavonoids (NP reagent) [24].

In this context, the present study aimed to study the hydroethanolic extract (HE) obtained from
leaves of Genipa americana, in terms of its phytochemical composition, especially with respect to
flavonoid profiles obtained by UHPLC-DAD and LC-IT-ESI-MS/MS.

2. Results and Discussion

2.1. Extraction and TLC Analysis

Despite being a class of secondary metabolites that have shown promising biological activities in
various studies [26], only our study described the presence of flavonoids in G. americana [24]. Therefore,
the phytochemical investigation of this work was conducted to isolate and purify the flavonoids
of G. americana leaf extract. Initially, the extract (HE) was fractioned and TLC analysis of the HE
and fractions, with specific spray reagents, indicated the presence of flavonoids and iridoids [7,27].
The phytochemical screening of the HE, revealed with vanillin sulfuric acid, showed characteristics
yellow spots (Rf = 0.33 until 0.90), suggesting the presence of flavonoids as observed in our previous
work [24]. Afterwards, a liquid-liquid extraction was carried out, affording the following fractions:
petroleum ether (PE), chloroform (CHCl3), ethyl acetate (EtOAc), n-butanol (n-BuOH) and the residual
aqueous fraction (RA). The PE fraction showed no spot in the TLC plate after spraying with vanillin
sulfuric acid; CHCl3 fraction showed two purple spots (Rf = 0.93 and 0.83), suggesting the presence of
iridoids; the EtOAc fraction showed only one zone more evident (Rf = 0.81 —purple), that indicated
the presence of iridoids. When EtOAc fraction was revealed with Natural Product (NP) Reagent (UV
365 nm) a yellow zone was observed (Rf = 0.55), suggesting the presence of flavonoids. TLC analysis
of the n-BuOH fraction showed four yellow and orange spots (Rf = 0.21 until 0.50—NP Reagent/UV
365 nm), suggestive of flavonoids [8].
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2.2. UHPLC-DAD Characterization

The Research Group on Bioactive Natural Products (PNBio) has been studying the leaves of
G. americana and in a recent publication [24] the presence of two new iridoids for its leaves has been
identified, showing the chemical potential of the species.

As described earlier, most of the studies have described the presence of iridoids in the genus
Genipa, being considered a chemotaxonomic marker [2,24]. Only our study identified flavonoids in
leaves [24]. Furthermore, only one article described the presence of leucoanthocyanidins, catechins,
and flavanones in the fruits of G. americana by HPLC analysis [28], and another study described its
presence in fruits by colorimetric methods [13], demonstrating that the presence of flavonoids in leaf
extract was not described previously.

Extract and fractions were analyzed by ultra-performance liquid chromatography (UHPLC).
The chromatogram of the HE, recorded in 254 nm, showed four main peaks (3.5 min, UV: 246, 265 and
350 nm; 3.9 min, UV: 255 and 354 nm; 16.6 min, UV: 242 and 287 nm; 17.2 min, UV: 243 nm). Accordingly,
the UV spectra of each peak observed in the chromatogram can suggest the presence the flavonoids
and iridoids in HE of G. americana leaves (Figure 1).

Figure 1. UHPLC-DAD chromatogram of G. americana leaf extract and fractions. Solvent system: mix of
acetonitrile: water (with 0.3% of acetic acid); Flow rate: 0.3 mL/min; Software LC Solution; Wavelength:
254 nm. column C18 Shim-pack XR-ODS (Shimadzu®, Japan) (30 × 2 mm, 2.2 μm), the temperature
25 ± 2 ◦C. A: EtOAc fraction; B: n-BuOH fraction; C: CHCl3 fraction; D: PE fraction; E: Aqueous
residual fraction; F: Extract HE.

2.3. HPLC-ESI-IT-MS/MS Characterization

Through the TLC and UHPLC-DAD, we can suggest the presence of iridoids and flavonoids in
leaves extract from G. americana. Therefore, it was decided to perform an HPLC-MS/MS study to allow
the identification these compounds.

In this way, we selected of HE, Fr.EtOAc, and Fr.n-BuOH to analyze. The HPLC-MS/MS revealed
the presence of several majority peaks and allowed suggest the structures of 13 compounds—including
five flavonoids (subsequently isolated), using the program DataAnalysis 4.2 (Bruker, Billerica,
MA, USA) (Table 1).
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Coniferin (MM = 342, C16H22O8, Table 1), showed signals at 342 [M − H]−; 179 [M − H − Glc]−.
Already identified in Ginkgo biloba L. (Ginkgoaceae) [29].

Asystasioside D (MM = 536, C22H32O15, Table 1): showed signals at 559 [M + Na]+, 535 [M − H]−;
571 [M + Cl]−, 535, 373 [M − H − Glc]; 210 [M − H − Glc − Glc] [aglycone genipinic acid]. This
compound is a iridoid glucoside and had already been described in Asystasia bella (Harv.) [30].

Geniposidic acid (MM = 374, C16H22O10, Table 1), showed signals at 397 [M + Na]+, 373 [M − H]−,
409 [M + Cl]−, 379 [M + Na − H2O]+, 217 [M + Na − H2O − Glc]+, 210 [M − H − Glc]−, 172 [M +
Na − H2O − Glc − CO2]+, 166 [M − H − Glc − CO2]−, 148 [M − H − Glc − CO2 − H2O]−, 122
[M − H − Glc − C3H4O3]−. It is a iridoid already identified in fruit of Gardenia jasminoides Ellis
(Rubiaceae) [19,22,31,32] and Wendlandia formosana Cowan leaves [33].

Tarenoside (MM = 358, C16H25O9, Table 1): showed signals at 357 [M − H]−; 393 [M + Cl]−, 194 [M −
H − Glc]−. This compound is an iridoid already identified in Wendlandia formosana Cowan leaves and
Genipa americana [2,33].

Loganic acid (MM = 376, C16H24O10, Table 1): showed signals at 375 [M − H]−; 213 [M − H − Glc]; 169,
125. It had already been described in Anthocephalus chinensis (Rubiaceae) and Ophiorrhiza liukiuensis
(Rubiaceae) [2]. Loganic acid is described for the first time to Genipa genus.

Chlorogenic acid (MM = 354, C16H18O9, Table 1), showed signals at 355 [M + H]+, 353 [M − H]−,
162 [caffeic acid], 190 [quinic acid]. It had already been isolated in fruit of Gardenia jasminoides Ellis
(Rubiaceae) [31,34], but the first time is described in the Genipa genus.

Kaempferol-3-O-hexoside-deoxyhexoside-7-O-deoxyhexoside (GAF 4, MM = 740, C33H39O20, Table 1),
showed signals at 741 [M + H]+, 739 [M − H]-, 595, 593 [M − Glc]−, by scission of the robinose
glycan residue to yield the radical anion 433 [M − Glc − Glc]−, 287; radical anion fragments by loss of
the rhamnose glycan residue to yield the radical anion 285 [M − Glc − Glc − Glc]− [25].

Isorhamnetin-3-O-hexoside-deoxyhexoside-7-O-deoxyhexoside (GAF 5, MM = 770, C34H42O21, Table 1),
showed signals at 769 [M − H]−; 771 [M − H]+; 625 [M − Rha + H]+; 463; 623 [M − Rha − H]−; 317;
315 [M − Rha − Rha − Glc-H]− [35].

Quercetin-3-O-hexoside-deoxyhexoside (GAF 1, MM = 610, C27H30O16, Table 1), showed signals at m/z
611 [M + H]+, 609 [M − H]−, 465, corresponding to the loss of rhamnose unit, 301 [M − Glc − Glc]−,
corresponding to the loss of the rhamnosylgalactose unit, and 303. It is suggested that the sugar is
of galactose isomerism, since this form was isolated, and plants usually produces a conformation of
sugar glucose or galactose, not being the rutin.

1,3-Di-O-caffeoylquinic acid (cynarine, MM = 516, C25H24O12, Table 1): showed signals at 515 [M − H]−,
353 [chlorogenic acid]; 190 [acid quinic]; 178. This compound is a chlorogenic acid derivatives. It had
already been isolated in Cynara cardunculus leaves [36].

Teneoside A (MM = 518, C22H30O14, Table 1): showed signals at 519 [M + H]+, 373 [M − Ram + H]+, 211
[M − Ram − Glc + H]+, 517 [M − H]−, 371 [M − Ram − H]–. This is an iridoid glucoside, and it has
already been isolated in Hedyotis tenelliflora Blume (Rubiaceae) [2], but is also described for the first
time in the Genipa genus.

Kaempferol-3-O-hexoside-deoxyhexoside (GAF 2, MM = 594, C27H30O16, Table 1) showed signals at 595
[M + H]+, 593 [M − H]−, and 449 [M − Glc]− due to the loss of rhamnose, and 288 [M − Glc]− due to
the loss of the rhamnosylgalactose unit. Likewise, it is suggested that the sugar is galactose, not being,
therefore the Kaempferol-3-O-rutinosideo.

Isorhamnetin-3-O-hexoside-deoxyhexoside (GAF 3, MM = 624, C28H33O16, Table 1) showed signals at 625
[M + H]+, 623 [M − H]−, 479, 315, and 317 [37].
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The present study contributed to describe a new phytochemical approach for Genipa americana,
considering that until this moment most of the studies reported only the presence of iridoids [2,4,24].

2.4. Isolation of Major Compounds

In order to verify the positions of the sugars of the O-glycosides present in the flavonoids
identified by HPLC-MS/MS (Section 2.3), the major constituents of the EtOAc and n-BuOH fractions
were isolated and identified.

Based on the chromatographic profile observed by TLC and UHPLC analysis, EtOAc fraction
(3.27 g) was chosen initially to be fractionated by vacuum liquid chromatography (VLC) and
then fractions 8 and 9 were gathered and chromatographed by classical column using silica gel
(0.063–0.200 mm) and Sephadex LH-20 gel, which yielded subfractions 134. Then subfraction (61–111)
was gathered and isolated by preparative HPLC and three well-separated peaks were obtained in
the chromatogram. Thereby, the following flavonoids were purified: quercetin-3-O-robinoside (GAF 1,
4.2 mg), kaempferol-3-O-robinoside (GAF 2, 4.0 mg) and isorhamnetin-3-O-robinoside (GAF 3, 6.0 mg).

Since the n-BuOH fraction (5.0 g) also had a flavonoid rich phytochemical profile (Figure 1) and
higher yield, it was submitted to fractionation by VLC with silica gel, which yielded 11 subfractions.
The fraction 4 (1.07 g) was isolated by classical column chromatography, and its sub-fraction 4-E of
chromatography (1.0 g) was dissolved in methanol and chilled to 2 ◦C, for five days, which promoted
the crystallization of a part of the sample, allowed its separation. These fractions were named fraction
4-E.1 (crystallized) and fraction 4-E.2 (not crystallized). The fraction 4-E.1 was submitted to preparative
HPLC and two flavonoids were further separated: kaempferol-3-O-robinoside-7-O-rhamnoside (robinin)
(GAF 4, 10.0 mg) and isorhamnetin-3-O-robinoside-7-O-rhamnoside (GAF 5, 9.0 mg). Under the above
conditions, a satisfactory separation of targeted compounds was obtained.

The chemical structures of these five compounds were elucidated by MS and 1D and 2D 1H- and
13C-NMR spectroscopic analyses. Comparison with literature data allowed to confirm the structures of
the compounds GAF 1, 2, 3, 4, and 5 as flavonoids (Figure 2).

R1 (position 3′) R2 (position 2′′) R3 (position 7′)
GAF 1 Robinoside OH H
GAF 2 Robinoside H H
GAF 3 Robinoside OCH3 H
GAF 4 Robinoside H Rhamnose
GAF 5 Robinoside OCH3 Rhamnose

Figure 2. Chemical structures of flavonoids GAF 1–5 isolated from the leaves of Genipa americana.

In the study, a simple and effective procedure allowed the isolation of flavonoids from the leaves
of G. americana. Previously only two papers described the detection of flavonoids in fruits [13,28] and
one study published by our group identified these compounds in leaves [24] from G. americana.
It is important to mention that this is a new phytochemical approach concerning the leaves of
this species. Flavonoids are products of secondary metabolism in plants and are of interest to the
pharmaceutical and food industries because of their reported wide range of biological effects [26],
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and they have long been associated with good health benefits, which could be attributed to their
antioxidant capabilities [26].

2.5. Identification of the Isolated Compounds

To confirm the positions of the sugars of the O-glycosylated flavonoids identified by HPLC-
MS/MS, major compounds from EtOAc and n-BUOH fractions were isolated, obtaining five flavonoids.
Their structures were identified by comparison of their spectroscopic data reported, including ESI-MS
and NMR data.

Quercetin 3-O-robinoside [38] (GAF 1, Figure 2): λmax 255, 366 nm. It was assigned with a molecular
formula C27H30O16 of ESI-MS, m/z 609.1403 [M − H]−. 1H-NMR (400 MHz, DMSO-d6) δ: 7.66 (1H,
dd, J = 8.5, 2. 2 Hz, H-6′), 7.53 (1H, d, J = 2.2 Hz, H-2′), 6.82 (1H, d, J = 8.5 Hz, H-5′), 6.39 (1H, s, H-8),
6.19 (1H, s, H-6), 5.32 (1H, d, J = 7.7 Hz, galactosyl H-1′ ′), 4.42 (1H, d, J = 1.3 Hz, rhamnosyl H-1′ ′ ′),
3.10 (2H, t, J = 9.5 Hz, H-4′ ′ ′), 1.07 (3H, d, J = 6.2 Hz, H-6′ ′ ′, rhamnosyl-Me). 13C-NMR (100 MHz,
DMSO-d6) δ: 177.35 (C-4), 164.25 (C-7), 161,20 (C-5), 156.38 (C-9), 156.26 (C-2), 148.56 (C-4′), 144.85
(C-3′), 133.47 (C-3), 121.93 (C-6′), 121.03 (C-1′), 115.96 (C-2′), 115.19 (C-5′), 103.77 (C-10), 102.07 (C-1′ ′),
99.99 (C-1′ ′ ′), 98.80 (C-6), 93.58 (C-8), 73.54 (C-5′ ′), 73.06 (C-3′ ′), 71.92 (C-4′ ′ ′), 71.10 (C-2′ ′), 70.62 (C-3′ ′ ′),
70.43 (C-2′ ′ ′), 68.28 (C-5′ ′ ′), 68.04 (C-4′ ′), 65.09 (C-6′ ′), 17.92 (C-6′ ′ ′). The 13C-NMR spectrum showed
the sugars to be in the β-D-galactopyranose and α-L-rhamnopyranose forms.

The compounds GAF 1 has already been identified in: Alternanthera brasiliana (L.) Kuntze
(Amaranthaceae) [37]; Strychnos variabilis (Loganiaceae) leaves; Robinia pseudacacia (Fabaceae) fruits;
Lespedeza hedysaroides (Fabaceae) epigeal part; Costus sanguineus (Costaceae)leaves; Crataegus pinnatifida
(Rosaceae) flowers; Brickellia chlorolepis (Asteraceae) leaves [38]; Lysimuchia vulgaris (Primulaceae) [39];
and Aspalathus linearis (Fabaceae) [40]. No reports were found for the Rubiaceae family.

Kaempferol-3-O-robinoside [38,41] (GAF 2, Figure 2): λmax 265, 355 nm. It was assigned with a molecular
formula C27H30O16 by ESI-MS, m/z 593.1508 [M − H]−. 1H-NMR (400 MHz, DMSO-d6) δ: 8.05 (2H,
d, J = 8.8 Hz, H-2′, H-6′), 6.86 (2H, d, J = 8.8 Hz, H-3′, H-5′), 6.41 (1H, s, H-8), 6.19 (1H, s, H-6), 5.31
(1H, d, J = 7.7 Hz, galactosyl H-1′ ′), 4.40 (1H, s, rhamnosyl H-1′ ′ ′), 3.09 (1H, t, J = 9.5 Hz, H-4′ ′ ′), 1.06
(2H, d, J = 6.1 Hz, H-6′ ′ ′). 13C-NMR (100 MHz, DMSO-d6) δ: 177.39 (C-4), 164.58 (C-7), 161.18 (C-5),
159.97 (C-3′), 156.54 (C-2), 156.47 (C-9), 149.41 (C-4′), 133.29 (C-3), 130.96 (C-6′), 121.2 (C-2′), 120.85
(C-1′), 115.07 (C-5′), 103.79 (C-10), 100.06 (C-1′ ′ ′), 102.07 (C-1′ ′), 98.85 (C-6), 93.79 (C-8), 73.52 (C-5′ ′),
72.97 (C-3′ ′), 71.90 (C-4′ ′ ′), 71.10 (C-2′ ′), 70.61 (C-2′ ′ ′), 70.42 (C-3′ ′ ′), 68.29 (C-5′ ′ ′), 68.00 (C-4′ ′), 65.30
(C-6′ ′), 17.93 (C-6′ ′ ′).

The compounds GAF 2 has already been identified in: Strychnos variabilis (Loganiaceae) leaves;
Atropa beladona (Solanaceae) leaves [38]; Blackstonia perfoliata (L.) (Gentianaceae) aerial parts [42];
Gynura formosana Kitam. (Asteraceae) [43]; Astragalus tana Sosn. (Fabaceae) [37]; Caragana chamlagu
Lam. (Fabaceae) [37]; Alternanthera brasiliana (L.) Kuntze (Amaranthaceae) [37]; and Rumex chalepensis
Mill (Polygonaceae) [41]. No reports were found for the Genipa genus.

Isorhamnetin-3-O-robinoside [37] (GAF 3, Figure 2): λmax 255, 370 nm. It was assigned with a molecular
formula C28H33O16 by ESI-MS, m/z 623.1596 [M − H]−. 1H-NMR (400 MHz, DMSO-d6) δ: 8.00 (1H,
d, J = 2.3 Hz, H-2′), 7.51 (1H, dd, J = 8.4, 2.1 Hz; H-6′), 6.90 (1H, d, J = 8.3 Hz, H-5′), 6.42 (1H, s, H-8),
6.19 (1H, d, J = 1.8 Hz, H-6), 5.45 (1H, d, J = 7.7 Hz; H-1′ ′), 4.42 (1H, d, J = 1.7 Hz; H-1′ ′ ′), 3.85 (3H,
s, H-3′-O-CH3), 3.08 (2H, t, J = 9.4 Hz, H-4′ ′ ′), 1.05 (3H, d, J = 6.1 Hz, H-6′ ′ ′). 13C-NMR (100 MHz,
DMSO-d6) δ: 177.29 (C-4), 164.65 (C-7), 161.19 (C-5), 156.46 (C-9), 156.33 (C-2), 149.45 (C-4′), 146.99
(C-3′), 133.08 (C-3), 121.96 (C-6′), 121.05 (C-1′), 115.16 (C-5′), 113.44 (C-2′), 103.84 (C-10), 101.85 (C-1′ ′),
100.06 (C-1′ ′ ′), 98.92 (C-6), 93.82 (C-8), 73.56 (C-5′ ′), 72.94 (C-3′ ′), 71.14 (C-2′ ′), 70.6 (C-4′ ′ ′), 70.4 (C-2′ ′ ′),
68.3 (C-5′ ′ ′), 67.98 (C-4′ ′), 65.18 (C-6′ ′), 55.94 (C-3′-O-CH3), 17.90 (C-6′ ′ ′).
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The compounds GAF 3 is a diglycoside that has already been identified in: Gomphrena martiana
Moquin (Amaranthaceae) [39]; Blackstonia perfoliata (L.) (Gentianaceae) aerial parts [42]; NitrariaRetusa
(Nitrarioideae) leaves [40]; and Calotropis procera R. Br. (Asclepiadaceae) leaves [44]. No reports were
found for the Rubiaceae family.

Kaempferol-3-O-robinoside-7-O-rhamnoside (robinin) [45] (GAF 4, Figure 2): λmax 266, 346 nm. It was
assigned with a molecular formula C33H39O20 by ESI-MS, m/z 739.2062. [M − H]−. 1H-NMR
(400 MHz, DMSO-d6) δ: 8.10 (2H, d, J = 9.0 Hz, H-2′, 6′), 6.88 (2H, d, J = 9.0 Hz, H-3′, 5′), 6.81 (1H, d, J
= 2.1 Hz, H-8), 6.46 (1H, d, J = 2.1 Hz, H-6), 5.56 (1H, d, J = 1.4 Hz, H-1′), 5.36 (1H, d, J = 7.6 Hz, H-1′ ′),
4.40 (1H, d, J = 1.7 Hz, H-1′ ′ ′), 3.09 (1H, dd, J = 12 Hz, 6.5, H-4′ ′ ′), 1.12 (2H, d, J = 6.1 Hz, H-6′ ′ ′ ′), 1.05
(2H, d, J = 6.2 Hz, H-6′ ′ ′). 13C-NMR (100 MHz, DMSO-d6) δ: 177.66 (C-4), 161.64 (C-5), 160.19 (C-4′),
157.08 (C-2), 156.04 (C-9), 133.57 (C-3), 131.11 (C-6′), 120.71 (C-1′), 115.14 (C-5′), 105.60 (C-10), 103.29
(C-1′ ′), 100.03 (C-1′ ′ ′), 99.73 (C-6), 98.39 (C-1′ ′ ′ ′), 94.88 (C-8), 73.61 (C-5′ ′), 72.96 (C-3′ ′), 71.92 (C-4′ ′ ′),
71.62 (C-4′ ′ ′), 71.10 (C-2′ ′, 2′ ′ ′ ′), 70.60 (C-3′ ′ ′), 70.43 (C-2′ ′ ′), 70.27 (C-3′ ′ ′ ′), 69.85 (C-5′ ′ ′ ′), 68.28 (C-5′ ′ ′),
68.00 (C-4′ ′), 17.93 (C-6′ ′ ′).

The compounds GAF 4 is a flavone triglycoside of the well-studied has already been identified
in: Alternanthera brasiliana (Amaranthaceae) leaves [37]; Strychnos variabilis (Loganiaceae) leaves;
Atropa beladona (Solanaceae) leaves [38]; Astragalus falcatus Lam. (Leguminosae) flowers [45]; Robinia
pseudoacacia (Leguminosae) leaves [46]; and Melilotus elegans Salzm. ex Ser. (Leguminosae) leaves [47].
No reports were found for the Rubiaceae family.

Isorhamnetin-3-O-robinoside-7-O-rhamnoside [35] (GAF 5, Figure 2): λmax 255, 354 nm. It was assigned
with a molecular formula C34H42O21 by ESI-MS, m/z 769.2220 [M − H]−. 1H-NMR (400 MHz,
DMSO-d6) δ: 8.02 (1 H, d, J = 2.1 Hz, H-2′), 7.60–7.57 (1H, m, H-6′), 6.93–6.90 (1H, m, H-5′), 6.46 (1H, d,
J = 2.2 Hz, H-8), 5.57 (1H, d, J = 2.1 Hz, H-1′ ′ ′ ′), 5.48 (1H, d, J = 7.7 Hz, H-1′ ′), 3.87 (3H, s, H-3′-O-CH3),
3.12–3.05 (1H, m, H-4′ ′ ′), 1.13 (3H, d, J = 6.1 Hz, H-6′ ′ ′ ′), 1.06 (3H, d, J = 6.1 Hz, H-6′ ′ ′). 13C-NMR
(100 MHz, DMSO-d6) δ: 178.01 (C-4), 162.08 (C-7), 161.34 (C-5), 157.35 (C-9), 156.46 (C-2), 150.12 (C-4′),
147.50 (C-3′), 133.84 (C-3), 122.69 (C-6′), 121.33 (C-1′), 115.64 (C-5′), 113.87 (C-2′), 106.08 (C-10), 102.16
(C-1′ ′), 98.81 (C-6), 95.18 (C-8), 73.38 (C-5′ ′), 72.34 (C-4′ ′ ′), 71.58 (C-4′ ′ ′ ′), 71.05 (C-2′ ′), 70.73 (C-3′ ′ ′ ′),
70.30 (C-3′ ′ ′), 56.40 (C-3′-O-CH3), 18.38 (C-6′ ′ ′ ′), 18.34 (C-6′ ′ ′).

The compounds GAF 5 is a triglycoside that has already been identified in Rhazya stricta Decaisne
(Apocynaceae) leaves [35]; and Blackstonia perfoliata (L.) (Gentianaceae) aerial parts [42].

Only after the isolation was it possible to analyze the compounds by 1H- and 13C-NMR and
to differentiate the types of sugar present, being possible to identify the final portion as galactose.
In addition, it can be confirmed that the sugars are present in positions-3 (GAF 1–5) and-7 (GAF 4–5).

Compound GAF 1 exhibited in vitro inhibitory activities against leukemia K562 cells in different
extents [47], and cytotoxic activity against HepG-2cells.The hydroxylation pattern of the C-rings of
the flavonoid compounds like quercetin aglycone, play an essential role in their cytotoxic activities,
especially the inhibition of protein kinase antiproliferation activity [48].

Kaempferol-3-O-robinoside (GAF 2) significantly inhibited the human lymphocyte proliferation
in vitro, to a greater extent (IC50 ∼= 25 μg mL−1) and were twice more active than crude extract
of Alternanthera brasiliana [37]. The compound GAF 2 showed radical scavenging activities when
evaluated using the DPPH method. The IC50 values of the DPPH radical were 286.7 mM [43].

The isorhamnetin 3-O-robinoside (GAF 3) showed a protective effect against lipid peroxidation
induced by H2O2 and antigenotoxic potential on human chronic myelogenous leukemia cell
line K562 [49].

Flavonoids are considered as a class of natural products of high pharmacological potency but,
unfortunately, many of them have a low solubility in water. We have also isolated one flavonol
glycosides very soluble in water: robinin (GAF 4). Similar compound have been previously isolated
from leaves of Atropa belladonna [38] but your structure have not been fully elucidated. Robinin (GAF 4)
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displayed a marked activity, inhibiting edema (38.8%) at a concentration of 0.0027 mmol/kg of body
weight, four hours after injection of carrageenin [47]. GAF 4 was also able to inhibit lymphocyte
proliferation to a greater extent (IC50 ∼= 25 μg mL−1) and were twice more active than crude extract of
Alternanthera brasiliana [37].

No reports about pharmacological activities were found for GAF 5.
This work described the first time the isolation and identification of flavonoids in leaves at

G. americana. This is an important finding for subsequent studies aimed at the standardization of
leaf extracts.

3. Materials and Methods

3.1. Plant Material

The leaves of Genipa americana L., Rubiaceae, were collected in Natal City, Rio Grande do Norte
State, Brazil, at coordinates lat: −6.1278 long: −35.1115 WGS22, in May 2012. The plant was identified
by botanist Alan de Araújo Roque (UFRN) and a voucher specimen was deposited at the Herbarium
of the Federal University of Rio Grande do Norte (UFRN), Brazil, with an identification number 12251.

The collection of the plant material was conducted under authorization of Brazilian Authorization
and Biodiversity Information System (SISBIO) (process number 35017) and National System for
the Management of Genetic Heritage and Associated Traditional Knowledge (SISGEN) (process
number A618873).

3.2. Extraction and TLC Characterization

The leaves of G. americana was evaporated at 40 ◦C in a circulating air oven and powdered leaves
(600 g) were extracted by maceration with ethanol:water (70:30, v/v) for five days (plant:solvent, 1.5:10,
w/v; 4 L; at room temperature). Then, the organic solvent was evaporated under reduced pressure
in rotary evaporator (temperature below 45 ◦C) and water residue was freeze-dried, obtaining the
hydroethanolic extract (HE).

The HE was submitted to a liquid-liquid extraction with organic solvents in order of increasing
polarity: petroleum ether (PE) (3 × 200 mL), was sequentially partitioned with chloroform (3 × 200 mL),
ethyl acetate (3 × 200 mL) and n-butanol (3 × 200 mL). The fractions were evaporated under reduced
pressure (temperature below 45 ◦C) and respectively afforded the PE (0.70 g), CHCl3 (2.9589 g), EtOAc
(3.27 g), and n-BuOH (14.51 g) fractions of the leaves of G. americana.

In the phytochemical screening the HE and fractions were analyzed by TLC using aluminum
sheets, coated with silica gel F254 as absorbent and chromatographed with ethyl acetate:formic
acid:water: methanol (10:1.6:1.5:0.6, v/v/v/v) as mobile phase. The TLC was analyzed under 254 and
365 nm ultraviolet (UV) light and then sprayed with vanillin sulfuric acid (4%) or natural product
reagent (0.5%)—NP reagent.

3.3. UHPLC Characterization

The samples were analyzed by ultra-high performance liquid chromatography coupled with a
diode array detector (UHPLC/HPLC-DAD), model UFLC (Shimadzu, Kyoto, Japan), containing a
quaternary pump system (LC-20A3 XR), equipped with a degasser (DGU-20A3), auto-sampler (SIl-20AC
XR), column oven (CTO-20AC), and diode-array detectors (SPD-M20A), with Software LC Solution
(Shimadzu, Kyoto, Japan) controlled system. A C18 column Shim-pack XR-ODS 30 × 2 mm, 2.2 μm
(Shimadzu, Kyoto, Japan); a temperature of 25 ± 2 ◦C was used for the analysis and separation of the
compounds and was achieved using a solvent system mixture of acetonitrile: acidified water (with 0.3%
formic acid) as the mobile phase with a flow rate of 0.3 mL/min, and a detector was set at 254 nm.
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3.4. HPLC-ESI-IT-MS/MS Characterization

The hydroethanolic extracts and EtOAc and BuOH fractions were analyzed by HPLC-IT-MS/MS.
UFLC (Shimadzu, Kyoto, Japan) containing two LC20AD solvent pumps, a SIL20AHT auto sampler, a
SPD-M20A detector and a CBM20A system controller, coupled with an ion-trap mass spectrometer
(AmaZon X, Bruker, Billerica, MA, USA). LC experiments were performed using a C18 column
(Kromasil—250 mm × 4.6 mm × 5 μm) and the following gradient elution: solvent A: water and
formic acid (0.1%, v/v); solvent B: acetonitrile; injection volume of 20 μL, and flow rate of 0.6 mL/min.

The ion-trap analysis parameters are as follows: capillary 4.5 kV, ESI in positive mode, final plate
offset 500 V, 40 psi nebulizer, dry gas (N2) with flow rate of 8 mL/min and a temperature of 300 ◦C.
CID fragmentation was achieved in auto MS/MS mode using advanced resolution mode for MS and
MS/MS mode. The spectra (m/z 50–1000) were recorded every two seconds.

The data obtained were interpreted with the help of the following: Metlin, MassBank
and Scienfinder.

3.5. Isolation of Major Compounds

According to their profiles by TLC, the EtOAc and n-BuOH fractions were gathered for subsequent
isolation. Fractionation of the compounds of G. americana started with the EtOAc fraction (3.27 g),
which was submitted to vacuum liquid chromatography (VLC) (10 × 15 cm) on a sintered funnel
filled with silica gel 60 (0.063–0.200 mm) and eluted with n-hexane (50:10):methanol (50:50):water
(10:100) v/v, 150 mL. This procedure yielded in 10 fractions. In this step, the fractions that showed
the presence of flavonoids in TLC analysis were chosen for isolation. Fractions 8 and 9 of VLC were
gathered (1.5 g) and further subjected to classical column chromatography (25 × 3 cm) in a Sephadex
LH-20(GE Healthcare Bio-Science AB, Uppsala, Sweden), eluted with chloroform:water:methanol
(9:0.1:0.9; v/v; 2.0 mL/min) affording 134 fractions. Fractions 61–111 were gathered (Fr. 61–111,
153 mg) and submitted to purification by HPLC (mobile phase: acetonitrile (21–23%) using a Shimadzu
Shimpack ODS (H) kit, C18 column (200 mm × 20 mm, 5 μm), flow rate 10 mL/min and UV 254 nm,
270 nm and 340 nm) (for details, see Section 3.6). This procedure yielded compounds GAF 1 (4.2 mg),
GAF 2 (4.0 mg) and GAF 3 (6.0 mg).

The n-BuOH fraction (5.0 g) was submitted to VLC (10 × 15 cm) on silica gel 60 (0.063–0.200 mm)
and eluted with gradient-mode methanol:EtOAc (0–100%; v/v). This procedure resulted in 11 fractions.
Fraction 4 (1.07 g) was subjected to classical column chromatography (25 × 3 cm) on silica gel 60
(0.063–0.200 mm) and eluted with EtOAc:formic acid:water:methanol (6.5:1.4:1:1; v/v), sub-fraction 4-E
showed greater intensity of phenolic compounds in analysis by TLC, being selected for isolation steps.
The fraction 4-E of chromatography (1.0 g) was dissolved in methanol and chilled to 2 ◦C, for five days,
which promoted the crystallization of a part of the sample, which was separated and named fraction
4-E.1 (crystallized, 60 mg) and fraction 4-E.2 (not crystallized, 440 mg). The sub-fraction 4-E.2 was
submitted to preparative HPLC developed with water:acetonitrile (0–30 min, 18%; 10 mL/min)
(for details, see Section 3.6) using C18 column (200 mm × 20 mm, 5 μm), and UV 254 nm, 270 nm, and
340 nm. This procedure yielded compounds GAF 4 (10.0 mg) and GAF 5 (9.0 mg).

3.6. Preparative HPLC Optimization and Analyses

In order to obtain the isolate compounds, these fractions were subjected to preparative HPLC
for further purification. The preparative HPLC separations were used with a C18 column (200 mm ×
20 mm, 5 μm); and mobile phase was selected based on the polarity of the likely compounds and the
analytical HPLC conditions. Several mobile phases composed of acetonitrile (B)–water(A) in various
concentrations of acetonitrile (15%, 18%, 20%, 21%, 23%, 24%, 25%, 30%) were tested. The results
indicated that the best separation conditions were achieved using acetonitrile in a gradient mode
(0–28 min, 21–23%) for the ethyl acetate fraction and isocratic mode (0–30 min, 18%) for n-BuOH
fraction and a flow rate of 10 mL/min and a monitoring wavelength of 254 nm, 270 nm and 340 nm,
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with LabSolutions software (Shimadzu, Kyoto, Japan). Under the above conditions, a satisfactory
separation of each the targeted compounds was achieved.

3.7. MS/MS of Isolated Compounds

The isolated compounds were analysis by MS-MS in positive and negative modes were by mass of
direct infusion the microTOF II-ESI-TOF—Bruker Daltonics (Bruker, Billerica, MA, USA), with a drying
gas flow rate o f4 L/min at 180 ◦C, nebulizer gas 0.4 bar (pressure), internal calibration standard: TFA,
and syringe flow: 10 μL/min.

3.8. Nuclear Magnetic Resonance Spectroscopy (NMR) of Isolated Compounds

The nuclear magnetic resonance (NMR) spectra were performed on a (Bruker, Billerica, MA, USA)
(400 MHz for 1H and 100 MHz for 13C) and chemical shifts are given in ppm relative to residual
DMSO-d6 (2.5), and to the central peak of the triplet related to DMSO-d6 carbon (39.5 ppm).

4. Conclusions

Through characteristic fragmentation patterns of substances obtained by MS/MS data,
13 compounds were identified. The flavonoids were isolated and identified.

In contrast to literature, which describes mainly the presence of iridoids for the fruit and
leaf extracts of G. americana, in this paper the leaves showed to be rich in O-glycosidic flavonoids.
The isolation was carried out in few steps and allowed the identification of five flavonoids glycosides
not described until this moment to the G. americana leaf extract. These flavonoids GAF 1, 3, 4, and 5

were identified for the first time in the Rubiaceae family and flavonoid GAF 2 is unknown for genus
Genipa. All flavonol aglycones have sugars units, attached only at the 3-position. The similarities of
the compounds of five chemical structures suggest a common biosynthetic pathway in this species.
The present article was conducted to evaluate the chromatograph profiles of the leaf extract from
Genipa americana, to be used in future to the quality control for this species. It can also be suggesting that
flavonoids identified for this species may be associated, at least in part, to pharmacological properties
of the plant.
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Abstract: This paper provides a comparative account of the essential oil chemical composition
and biological activities of five Brazilian species of Baccharis (Asteraceae), namely B. microdonta,
B. pauciflosculosa, B. punctulata, B. reticularioides, and B. sphenophylla. The chemical compositions
of three species (B. pauciflosculosa, B. reticularioides, and B. sphenophylla) are reported for the first
time. Analyses by GC/MS showed notable differences in the essential oil compositions of the five
species. α-Pinene was observed in the highest concentration (24.50%) in B. reticularioides. Other major
compounds included α-bisabolol (23.63%) in B. punctulata, spathulenol (24.74%) and kongol (22.22%)
in B. microdonta, β-pinene (18.33%) and limonene (18.77%) in B. pauciflosculosa, and β-pinene (15.24%),
limonene (14.33%), and spathulenol (13.15%) in B. sphenophylla. In vitro analyses for antimalarial,
antitrypanosomal, and insecticidal activities were conducted for all of the species. B. microdonta
and B. reticularioides showed good antitrypanosomal activities; B. sphenophylla showed insecticidal
activities in fumigation bioassay against bed bugs; and B. pauciflosculosa, B. reticularioides, and
B. sphenophylla exhibited moderate antimalarial activities. B. microdonta and B. punctulata showed
cytotoxicity. The leaves and stems of all five species showed glandular trichomes and ducts as
secretory structures. DNA barcoding successfully determined the main DNA sequences of the
investigated species and enabled authenticating them.

Keywords: Baccharis; antimalarial activity; antitrypanosomal activity; insecticidal activity; GC/MS;
DNA barcoding; microscopy

1. Introduction

Baccharis L. (Asteraceae) is an important genus comprising 435 species distributed from Argentina
to the United States (USA). In Brazil, the genus is represented by 179 species [1]. Several species of
Baccharis are frequently used in traditional medicine as analgesic, antidiabetic, anti-inflammatory,
digestive, diuretic, and spasmolytic agents [2,3]. These properties provide an excellent rationale for
systematically studying their therapeutic properties. However, the correct identification of different

Molecules 2018, 23, 2620; doi:10.3390/molecules23102620 www.mdpi.com/journal/molecules112
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Baccharis species is challenging due to their morphological similarities. Moreover, many different
species of Baccharis are collectively called “vassouras” in Brazil, causing further confusion [4].

Baccharis species have also provided valuable biomolecules in the discovery of new medicinal
natural products [5]. Species of the genus produce essential oils (EOs) that are composed mainly of
monoterpenoids and sesquiterpenoids. Several such EOs are used in the fragrance industry and for
pharmaceutical purposes [3,6–8].

Many of the medicinal properties described for Baccharis are attributed to their EOs [3]. The EOs of
the genus have been reported to have several biological activities, including antibacterial, antifungal [9,10],
antiprotozoal, antiviral, antioxidant, anti-inflammatory, antimutagenic, antiulcer, chemopreventive,
repellent, sedative [7,11–13], schistosomicidal [14], and larvicidal against Aedes aegypti [15] and cytotoxic
properties [16]. B. microdonta DC. has shown antibacterial activity against Salmonella typhi [17] and
anti-inflammatory properties [18]. Another species, B. pauciflosculosa DC., has exhibited antimicrobial
activities [17,19].

However, few studies have been carried out on the chemical analysis of the EOs of Baccharis
species [20]. Thus, the major aims of this study were to identify the marker compounds and compare the
chemical profiles of the EOs of five Baccharis species, namely B. microdonta, B. pauciflosculosa, B. punctulata
DC., B. reticularioides Deble and A.S.Oliveira, and B. sphenophylla Dusén ex Malme, collected from Brazil.
To the best of our knowledge, no previous reports exist on the antitrypanosomal, antimalarial, or
insecticidal activities of these five species. The study also analyzes the micromorphology of secretory
structures, in which the EOs are stored by microscopy and discriminate the species by DNA barcoding.

2. Results and Discussion

2.1. Yield and Chemical Composition of Essential Oils

Essential oils are liquid, volatile, clear, and rarely colored substances that are soluble in organic
solvents and usually of lesser density than water. EOs extracted by hydrodistillation from the
vegetative aerial parts of the Baccharis species presented a strong and characteristic aroma. The EO of
B. punctulata was green, whereas it was yellow in B. microdonta and light yellow in the other species.
The yield of EO was 0.58% (v/w) in B. microdonta, 0.93% (v/w) in B. pauciflosculosa, 0.29% (v/w) in
B. punctulata, 0.59% (v/w) in B. reticularioides, and 0.53% (v/w) in B. sphenophylla. As per the literature,
the yield of EOs in the Baccharis species ranged between 0.08–2.82%. B. obovata Hook. and Arn.
presented the highest yield [21], whereas the lowest content was achieved for B. lateralis Baker (syn.
B. schultzii Baker) [22], which were collected in Argentina and Brazil, respectively.

The yield of EOs can be influenced by the physiological variations inherent in the plant,
environmental conditions, phenological factors, genetic characteristics of the cultivars, drying
conditions applied to the plant material prior to extraction, the process employed for grinding, the
storage conditions, and the EO extraction methods [23–25]. Different yields of EOs extracted from the
leaves of B. microdonta collected in São Paulo, Brazil were reported. Sayuri et al. [26] showed yields
between 0.06–0.35%, whereas Lago et al. [22] presented yields of 0.08–0.21% for B. microdonta. However,
these authors extracted the EOs only from the leaves of B. microdonta. In the present work, mixtures of
leaves and stems were used for extraction. The anatomical study of Baccharis species revealed several
large secretory cavities in the cortex of the stems, which may have contributed to the increased yield,
as observed by Saulle et al. [27] for Eucalyptus saligna Sm. (Myrtaceae).

Chemically, EOs are complex mixtures that can contain 20–60 compounds in different
concentrations, and are characterized by two or three main components with higher concentrations
compared to others present in lower concentrations. In general, the major compounds that are present
in EOs are responsible for the biological activities [28,29].

The chemical compositions of EOs from the five species of Baccharis were investigated, and their
profiles (Figure 1) were compared. Table 1 compares relative retention indices (RRIs) using non-polar
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and polar columns, the literature-reported retention indices (RI lit), chemical identity, and relative
peak area percentage (%) concentration of the chemical constituents of the five species.

Figure 1. GC chromatograms of Baccharis species obtained for non-polar column. Compound identification
is consistent with Table 1.

Monoterpenoids and sesquiterpenoids are frequently found in the EOs of Baccharis [3,30].
Sesquiterpenoids seemed to be more abundant in the majority of the species [3,6,7,16,22,30–33].
However, the EO of some species contained more monoterpenoids than sesquiterpenoids, such
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as in B. obovata [21], B. schultzii, B. regnelli Sch. Bip. ex Baker, B. uncinella DC. [22], B. darwinii Hook. &
Arn. [34], B. tridentata Vahl. [33] and B. trimera (Less.) DC. [35]

Considering that raw percentages of volatile compounds are usually reported by the use of
the non-polar GC column, in the present work, only these percentages were discussed. Both
monoterpenoids and sesquiterpenoids were found in the EOs of all of the Baccharis species that were
analyzed, although in different concentrations. Higher concentrations of monoterpenoids (60.78%)
were found in B. reticularioides, which was formed by 27.45% of monoterpenoids hydrocarbons and
33.33% of oxygenated monoterpenoids. In the case of sesquiterpenoids, B. microdonta showed the
highest concentrations (41.66%), comprising 18.33% of sesquiterpenoids hydrocarbons and 23.33% of
oxygenated sesquiterpenoids. The sesquiterpenoid cyclic alcohols found in the present study, such as
ledol, spathulenol, viridiflorol, and palustrol, are not only important in the perfume industry due to
their agreeable aromatic notes, but also have taxonomic value [33].

A recent bibliographic review reported around 60 compounds identified in the EOs of 16
species of Baccharis that showed biological activities. The main components that were found in these
species were α-thujene, β-caryophyllene, β-pinene, camphor, caryophyllene, caryophyllene oxide,
limonene, nerolidol, thymol, thymol acetate, thymol methyl ether, sabinene, and spathulenol [3]. In the
present study, α-pinene, β-pinene, limonene, trans-pinocarveol, pinocarvone, myrtenal, α-terpineol,
cis-carveol, carvone, β-selinene, δ-cadinene, spathulenol, caryophyllene oxide, and δ-cadinol were
found in all of the species of Baccharis studied. However, significant differences in their concentrations
were observed.

The compounds’ identification is given in Table 1. B. microdonta contained spathulenol (22.74%)
(Figure S2) and kongol (22.22%) (Figure S1), B. pauciflosculosa showed β-pinene (18.33%) and limonene
(18.77%), B. punctulata contained α-bisabolol (23.63%), B. reticularioides presented α-pinene (24.50%),
and B. sphenophylla showed α-pinene (10.74%), β-pinene (15.24%), limonene (14.33%), and spathulenol
(13.15%) as the major compounds. It is important to highlight that kongol and α-bisabolol were found
only in B. microdonta and B. punctulata, respectively. These compounds can be considered chemical
markers for these species.

Differences in the EO chemical compositions have been reported for B. punctulata collected
from different geographical locations. The EOs of the samples collected from Uruguay have shown
β-phellandrene (5.2%), bornyl acetate (5.2%), α-cadinol (4.2%), δ-elemene (3.7%), and the ketone
shyobunone (3.5%) as the major compounds [36], whereas the EOs sourced in Guaíba, Brazil have
comprised bicyclogermacrene (9.73%), cis-cadin-4-en-7-ol (6.77%), and (Z)-ocimene (6.33%) [23].
Of these compounds, only bornyl acetate (1.32%) and bicyclogermacrene (3.10%) were found in
the present study in B. punctulata and in low concentrations. α-Bisabolol was not reported in the
previous studies, but it was found in higher concentration (23.63%) in the present work.

For B. microdonta, Lago et al. [22] reported 24% of caryophyllene oxide, whereas Sayuri et al.
recorded 31% of elemol, 34% of spathulenol, 19% of β-caryophyllene, and 24% of germacrene D as
the major compounds. Both of these studies used samples collected from Campos do Jordão, Brazil.
None of the earlier studies have reported kongol from any of the five Baccharis species, whereas this
compound was found in high quantity (22.22%) in B. microdonta in the present study. Even though the
chemical composition of EOs is frequently associated to environmental and phenological influences,
it is necessary to investigate whether these variations in B. punctulata and B. microdonta are possibly
linked to different chemotypes. Not only the compositions of EOs, but also the quantities of the
compounds vary throughout the life of the plant. This is related to the circadian rhythms, seasonal
conditions, and environmental influences that impact the development of the species [24]. To avoid
some of these factors, in the present work, all five species were grown in the same locality and collected
on the same day and at the same time. Additionally, the sample preparation, hydrodistillation, and
characterization of the EOs by GC/MS analysis of all of the materials were performed under the same
experimental conditions.
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Retta et al. [8] analyzed five species of Baccharis, namely B. gaudichaudiana DC., B. microcephala
(Less.) DC., B. penningtonii Heering, B. phyteumoides (Less.) DC., and B. spicata (Lam.) Baill., and
reported that they were qualitatively, but not quantitatively, similar. In the present study, although the
five species presented similar qualitative patterns, some compounds were found only in one specific
species. Qualitative similarities in these species were expected, as they belonged to the same genus.
However, they were classified into two different taxonomic groups: B. punctulata belonged to subgenus
Molina, whereas the other four species belonged to the subgenus Baccharis.

By comparing the GC chromatograms of the EOs of the five species of Baccharis, it is possible to
distinguish them by the quality and quantity of their major constituents (Figure 1).

2.2. Antimalarial Activity

In order to explore the antimalarial properties of the five species of Baccharis, their EOs were
investigated against chloroquine-sensitive (D6) and chloroquine-resistant (W2) strains of Plasmodium
falciparum (Table 2). The EOs of B. microdonta and B. punctulata were cytotoxic to Vero cells (selectivity
control), and because of this result, they were not indicated to be used in cellular media as an
antimalarial. These two EOs differed from other studied species due to the presence of the chemical
markers spathulenol (22.74%) and kongol (22.22%) for B. microdonta and α-bisabolol for B. punctulata
(23.63%). Due to their cytotoxic properties, these EOs can be further explored in other cytotoxicity or
anticancer studies, as previously reported by Pereira et al. for B. milleflora DC. [16]. Otherwise, the
EO of B. pauciflosculosa showed moderate antimalarial activity against both P. falciparum clones (lower
than 15 μg/mL), while B. reticularioides and B. sphenophylla demonstrated discrete antimalarial effects.
Significant differences in the quality and quantity of the chemical components of the five EOs can be
strongly related to these data. In particular, the variation in the quantities of the main components e.g.,
monoterpenes β-pinene (18.33%) and limonene (18.77%), might be responsible for the antimalarial
effect of the EO of B. pauciflosculosa.

Table 2. Activities of essential oils of Baccharis species against Plasmodium falciparum.

Sample Name
P. falciparum (D6 Clone) P. falciparum (W2 Clone) Cytotoxicity

(Vero Cells)
IC50 (μg/mL)IC50 (μg/mL) SI IC50 (μg/mL) SI

B. microdonta 14.75 ± 3.80 2.4 23.93 ± 4.64 1.5 35.80 ± 7.29
B. pauciflosculosa 10.90 ± 0.98 >4.3 14.20 ± 1.08 >3.3 NC

B. punctulata 17.26 ± 0.83 2.2 19.73 ± 4.11 1.9 37.81 ± 6.36
B. reticularioides 20.32 ± 4.37 >2.3 34.35 ± 10.15 >1.4 NC
B. sphenophylla 27.58 ± 1.64 >1.7 32.53 ± 16.5 >1.5 NC
Chloroquine 0.014 >17 0.117 >2 NC
Artemisinin 0.004 >31.8 0.003 >71.3 NC

NC: No cytotoxicity up to 47.6 μg/mL of essential oils and 0.238 μg/mL for chloroquine and artemisinin; SI:
selectivity index (IC50 for cytotoxicity/IC50 for antimalarial activity); values were measured in triplicate (n = 3).
They are presented as mean ± SD.

In the genus Baccharis, antimalarial studies were carried out for a few species using their plant
extracts or isolated compounds. B. dracunculifolia DC. is the most important plant source of the
Brazilian green propolis, and showed antimalarial activities against P. falciparum (D6) using crude
hydroalcoholic green propolis extract (13 μg/mL) and hautriwaic acid lactone with IC50 values of
0.8 μg/mL (D6 clone) and 2.2 μg/mL (W2 clone) [39]. The extracts of leaves from B. rufescens Spreng.
and B. genistelloides (Lam.) Pers. also showed in vitro antimalarial activity, achieving 100% of inhibition
at 100 μg/mL against a P. falciparum chloroquine-resistant strain [40]. In spite of the antiplasmodial
activity of plant EOs widely reported in the literature [28], the present work represents the first study
involving the antimalarial effect using the EOs of the Baccharis species.

Additionally, the selectivity index (SI) was calculated to predict how toxic the samples were to
normal cells. The calculated selectivity indices showed that B. pauciflosculosa had better selectivity to
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P. falciparum clones than for Vero cells. This EO was safer than other examined samples, making it a
candidate for further development as an antimalarial agent, mainly via the inhalation route.

2.3. Antitrypanosomal Activity

Trypanosoma brucei is a protozoan that causes human African trypanosomiasis (HAT). There are
currently only four drugs available for its treatment, namely pentamidine, melarsoprol, suramin, and
eflornithine. Considering the lack of phytochemical and pharmacological data available for plants
with efficacy against trypanosomes and aiming at proposing alternative treatments for HAT, an initial
screening of the EOs of the five species of Baccharis were carried out against T. brucei (Table 3).

All five species presented remarkable antitrypanosomal activities at concentrations ranging from
0.31–1.69 μg/mL (IC50) and 0.52–2.68 μg/mL (IC90). B. pauciflosculosa demonstrated the highest effect,
0.31 μg/mL (IC50) and 0.52 μg/mL (IC90), followed by B. reticularioides, which showed 0.96 μg/mL
(IC50) and 2.49 μg/mL (IC90), and B. sphenophylla, which presented 1.14 μg/mL (IC50) and 2.38 μg/mL
(IC90). This is the first report on the antitrypanosomal activities for these species. Good EO activity was
also reported for other species, such as Cymbopogon giganteus Chiov. (Poaceae) (IC50 of 0.25 μg/mL) [41]
and Juniperus oxycedrus L. (Cupressaceae) (IC50 of 0.9 μg/mL) [42].

Costa et al. [42] investigated some isolated monoterpenoids (1,8-cineole, borneol, camphor,
carvacrol, citral, eugenol, linalool, thymol, and α-pinene) against T. brucei. α-Pinene and citral
exhibited the highest activities with IC50 values of 2.9 μg/mL and 18.9 μg/mL, respectively. Therefore,
the activities observed in this work could be attributed to the presence of α-pinene in the EOs of
B. pauciflosculosa (10.45%), B. reticularioides (24.50%), and B. sphenophylla (10.74%). B. microdonta and
B. punctulata demonstrated a lower antitrypanosomal effect than other species, and contained low
concentrations of α-pinene (0.72% and 3.55%, respectively).

Table 3. In vitro antitrypanosomal activity of essential oils of Baccharis species against T. brucei.

Sample Name IC50 (μg/mL) * IC90 (μg/mL) *

B. microdonta 1.688 ± 0.354 2.683 ± 0.123
B. pauciflosculosa 0.306 ± 0.056 0.516 ± 0.043

B. punctulata 1.054 ± 0.211 1.969 ± 0.201
B. reticularioides 0.955 ± 0.121 2.484 ± 0.165
B. sphenophylla 1.143 ± 0.113 2.378 ± 0.201
Pentamidine 0.007 ± 0.001 0.011 ± 0.002

α-Difluoromethylornithine (DFMO) 5.506 ± 0.412 12.052 ± 0.613

* Values were measured in triplicate (n = 3). They are presented as mean ± SD.

2.4. Insecticidal Studies with Bed Bugs

Most of the plant-based insecticides and repellents are derived from plants containing EOs [43].
In addition, receptors responding to DEET (N,N-diethyl-3-methylbenzamide) can also respond to
volatile terpenes [44]. Therefore, this exploratory study was aimed at investigating the insecticidal
potential of EOs of Baccharis species against bed bugs because of the increasing demands for information
about effective control tactics and their public health risks.

The results of fumigation studies involving bed bugs are illustrated in Figure 2. Out of the
five EOs analyzed, only B. sphenophylla produced 66.67 ± 3.33% mortality in the insecticide-resistant
strain ‘Bayonne’, while producing 83.33 ± 3.33% mortality in the susceptible strain ‘Ft.Dix’, 24 h
after treatment. All of the other EOs showed less than 15% mortality. In particular, B. sphenophylla
EO exhibited a wide range of volatile compounds with no specific chemical markers. In that
sense, its fumigation effect could be attributed to the synergic effects of terpenes, as previously
reported in the literature [45]. Several monoterpenes were isolated and demonstrated fumigation
effects on different insects, e.g., α-pinene, β-pinene, 3-carene, limonene, myrcene, α-terpinene, and
camphene [43]. Of these compounds described in the literature, only camphene was not present in
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the EO of B. sphenophylla, which reinforces the hypothesis that its effect was based on a synergism of
various volatile compounds present in the EO.
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Figure 2. Mean percent mortality (±SE) caused by the essential oils of five species of Baccharis against
two strains of bed bugs (Cimex lectularius) 24 h after treatment in a fumigation bioassay. Essential
oil dose: 250 μg/125 mL of air, 2,2-dichlorovinyl dimethyl phosphate (DDVP) used as standard
(2 μg/125 mL of air). Mean and standard error were calculated in John´s Macintosh Project (JMP) 10.0.

None of the EOs showed high mortality when applied topically at 50 μg/bug. Only in B. punctulata
did the mortality reach 20% seven days after the treatment (Figure 3). In residual study, none of the
EOs produced mortality in bed bugs seven days of exposure at 100 μg/cm2.
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Figure 3. Mean percent mortality (±SE) caused by the essential oils (EOs) of five species of Baccharis
applied topically on bed bug Cimex lectularius. Essential oil dose: 50 μg/bug, deltamethrin (standard)
produced 100% (Ft. Dx.) and 56.67% (Bayonne) mortality at 2.4 ng/bug 24 h after treatment. Mean and
standard error were calculated in JMP 10.0.
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2.5. Secretory Structures

In Asteraceae, EOs are biosynthesized and accumulated in various secretory structures, such as
idioblast oil cells, oil cavities, secretory ducts, and glandular trichomes [46]. In Baccharis, EOs can be
found in roots, stems, leaves and flowers [35,47,48], and are stored in secretory ducts and glandular
trichomes [4].

In the present study, the leaves and stems of all of the Baccharis species showed glandular
trichomes, either isolated or in clusters (Figure 4a–d), and frequently inserted in small epidermal
depressions. There were three types of glandular trichomes, namely biseriate (Figure 4a,c,d),
flagelliform with straight body (Figure 4a,b,d), and flagelliform C-shaped (Figure 4c). Biseriate
glandular trichomes were present in all of the species, except for B. pauciflosculosa. The flagelliform
trichomes with straight body were found in all of the species except B. punctulata, and only this species
had flagelliform C-shaped trichomes (Figure 4c).

 

Figure 4. Anatomy of Baccharis [light (a,b,c,f,h,i) and scanning electron microscopy (d,e,g)]. Leaf
epidermis in surface view (a–d), cross-sections of the leaf (e–g) and of the stem (h,i). B. microdonta (a),
B. pauciflosculosa (b,e,f), B. punctulata (c,h), B. reticularioides (d,g), B. sphenophylla (i). [bt–biseriate
glandular trichome, ct—cuticle, cx—cortex, eo—essential oil, ep—epidermis, fi—fibers, ft—flagelliform
trichome, ph—phloem, pp—palisade parenchyma, sd—secretory ducts, sp—spongy parenchyma,
xy—xylem]. Scale bars: b, c, d, f, g, i = 50 μm; e = 100 μm; a, h = 200 μm.

All the studied Baccharis species presented secretory ducts in the mesophyll (Figure 4e,f) and
midrib of the leaves (Figure 4g), and in the cortex of the stems (Figure 4h,i). They showed a uniseriate
epithelium formed by four to 20 cells with large nuclei and dense cytoplasm containing EO droplets,
and were found next to the parenchyma sheath near the phloem (Figure 4e–i). These secretory ducts
could also sometimes release other chemical compounds such as resins and tannins beside EOs [49].
Essential oils in the trichomes and ducts, and lipophilic compounds in the cuticle reacted positively
with Sudan III in the histochemical tests (Figure 4i).
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2.6. Identification of the Samples by DNA

Classical methods for the identification of medicinal plants include organoleptic, macroscopic,
and microscopic methods and chemical profiling. Modern techniques, such as DNA barcoding, have
emerged recently and are often used in plant identification [50]. Considering the morphological
similarities among Baccharis species [4], all four genomic regions, namely ITS, ETS, psbA-trnH, and
trnL-trnF were subjected to amplification and sequencing in order to provide molecular data for
the differentiation of the species. Only two samples (ECT0000641, ECT0000642) resulted in an ETS
PCR product and consequently sequence data. Only a single sequence per authenticated species was
available for sequence comparison. Table 4 shows KP2 distances between five Baccharis samples and
authenticated species. The KP2 value determines the genetic distance between samples and the lowest
KP2 value of 0.000 indicates a 100% match. The psbA-trnH sequences of samples B. reticularioides
(ECT0000642) and B. sphenophylla (ECT0000647) matched 100% to three different species, indicating that
the genomic region has not much variation in its sequence to be helpful to distinguish between species.

Table 4. KP2 distances between five Baccharis samples and authenticated species.

Lowest Kp
Distance (ITS)

Lowest Kp
Distance (trnL-trnF)

Lowest Kp Distance
(ETS)

Lowest Kp
Distance (psbA-trnH)

Sample Species Match Value Species Match Value Species Match Value Species Match(es) Value

B. pa. B. pa 0.000 B. il 0.000 B. pa 0.003 B. pa B. il B. re B. sp 0.004
B. re B. re 0.000 B. il 0.001 B. re 0.001 B. pa B. il B. re 0.000
B. mi B. mi 0.001 B. mi 0.000 NA B. mi 0.000
B. pu B. pu 0.006 B. pu 0.000 NA B. pu 0.000
B. sp B. sp 0.000 B. il 0.004 NA B. pa B. il B. re 0.000

A KP2 distance of 0.000 represents a 100% identity match of a sample with a species. Authenticated samples B. mi:
B. microdonta (GH1599), B. pa: B. pauciflosculosa (GH1558), B. il: B. illinita (GH1586), B. pu: B. punctulata (GH1892),
B. re: B. reticularioides (GH1426), B. sp: B. sphenophylla (GH1438), NA: not analyzed due to low sequence quality.

The samples analyzed were morphologically identified. The ITS sequences of samples
B. pauciflosculosa, B. reticularioides, B. sphenophylla, and the trnL-trnF sequences of samples B. microdonta
and B. punctulata support the species identification based on morphology as the sequences 100%
matched the sequences from previously authenticated samples.

Only single sequences of authenticated samples were available for the sequence alignments.
To achieve a more reliable way of sample identification based on genomic regions, more authenticated
samples should be analyzed to get a better representation of the intraspecific sequence variations of a
certain species.

3. Materials and Methods

3.1. Plant Material

Fresh samples of vegetative aerial parts were collected, in triplicate, from B. microdonta,
B. pauciflosculosa, B. punctulata, B. reticularioides, and B. sphenophylla in March 2016 from open and
sunny habitats in Campos Gerais, Ponta Grossa, Paraná, Southern Brazil (coordinates 25◦5′11′ ′ S
and 50◦6′23′ ′ W). The specimens were registered as ECT0000644 (B. microdonta), ECT0000641
(B. pauciflosculosa), ECT0000645 (B. punctulata), ECT0000642 (B. reticularioides), and ECT0000647
(B. sphenophylla), and deposited in the Herbarium of Embrapa Clima Temperado (ECT) in Rio Grande do
Sul, Brazil. The access to the botanical material was authorized and licensed by the Conselho de Gestão
do Patrimônio Genético (CGEN/SISGEN) registered under number A429DA6. The collected plant
materials were selected and standardized in order to obtain leaves and stems with the same pattern.
Then, the materials were dried in the shade at room temperature and cut into small pieces (~1 cm).
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3.2. Extraction of Essential Oil (EO)

Dried plant material (100 g) was subjected to hydrodistillation for 3 h, in triplicate, using a
Clevenger-type apparatus for the extraction of EOs. The EOs obtained were dried using anhydrous
Na2SO4, stored in glass vials with Teflon-sealed caps, and kept under −4 ± 0.5 ◦C with no light until
analysis. The yield of EO was calculated in volume/mass % [51].

3.3. Chemicals

GC-grade n-hexane (>99%) was purchased from Sigma Aldrich (St. Louis, MO, USA).
The reference standards of α-pinene, β-pinene, camphene, sabinene, α-thujone, β-myrcene,
p-cymene, limonene, γ-terpinene, α-terpineol, terpinolene, trans-pinocarveol, terpinen-4-ol, verbenone,
β-elemene, carveol, bornyl acetate, caryophyllene oxide, viridiflorol, α-bisabolol, and myrtenal were
also purchased from Sigma-Aldrich.

Kongol (Figure S1) and spathulenol (Figure S2) were isolated from EO of B. microdonta and
identified by NMR spectroscopy in the present study. Briefly, 180 mg of EO of B. microdonta was
subjected to a Biotage ZIP KP-SIL 45-g cartridge, and the isolation was performed on a Biotage
IsoleraTM system (Biotage, Charlotte, NC). Hexanes-ethyl acetate was used for eluting with increasing
proportions of ethyl acetate from 0% to 20%. The eluted fractions (12 mL each) were collected and
detected by using thin layer chromatography. Kongol (23.8 mg) and spathulenol (25.3 mg) were
obtained from the fractions 102–106 and 95–99, respectively. The proton and carbon NMR spectra of
the two isolates were recorded using an Agilent DD2-500 NMR spectrometer (Agilent, Santa Clara,
CA) equipped with a One NMR probe operating at 499.79 MHz for 1H and 125.67 MHz for 13C. The
spectrum of spathulenol was identical to that of the reference standard. The spectral data of isolated
kongol was also in agreement with that reported in the literature [52].

3.4. Gas Chromatography-Mass Spectrometry (GC/MS) Analysis

The EOs of B. microdonta, B. pauciflosculosa, B. punctulata, B. reticularioides, and B. sphenophylla were
analyzed by GC/MS using an Agilent 7890A GC system equipped with a 5975C quadrupole mass
spectrometer and a 7693 autosampler (Agilent Technologies, Santa Clara, CA, USA). Ten microliters
of EOs were dissolved in 1 mL of n-hexane for each oil sample, and 1 μL of the sample solution was
injected. Helium was used as the carrier gas at a flow rate of 1 mL/min. The inlet temperature was
set to 250 ◦C with a split injection mode for a split ratio of 50:1. Separation was performed on two
columns with different polarity, non-polar DB-5MS (column 1) and polar DB-WAX (column 2) capillary
columns (Agilent J&W Scientific, Folsom, CA, USA) with the same dimensions of 30 m × 0.25 mm
i.d. × 0.25 μm film thickness. The oven temperature program was as follows: (1) Column 1: the initial
temperature was 45 ◦C (held for 2 min); it then increased to 130 ◦C at a rate of 2 ◦C/min (held for
10 min), to 150 ◦C at a rate of 2 ◦C/min, and finally to 250 ◦C at a rate of 2 ◦C/min and isothermal for
10 min at 280 ◦C with a total experiment time of 70 min; (2) Column 2: the initial temperature was
40 ◦C (held for 4 min); it then increased to 200 ◦C at a rate of 3 ◦C/min, and to 240 ◦C at a rate of
20 ◦C/min. Triplicate injections were made for each sample.

Mass spectra were recorded at 70 eV at a scan mode from m/z 35 to 500. The transfer line
temperature was 260 ◦C. The ion source and quadrupole temperatures were 230 ◦C and 130 ◦C,
respectively. Data acquisition was performed with Agilent MSD Chemstation (F.01.03.2357).

Compound identification involved the comparison of the mass spectra with the databases (Wiley
and the National Institute of Standards and Technology (NIST) using a probability-based matching
algorithm. Further identification was based on the relative retention indices compared with the
literature [38] and the reference standards purchased from commercial sources or isolated in-house.

The raw percentage from the peak area of each compound was obtained in full-scan GC/MS
analyses (DB-5MS and DB-WAX columns). Further standardization was not carried out, since our aim
was focused on identifying the essential oil compounds for species differentiation.
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3.5. Antimalarial Activity

The antimalarial activity of EOs from Baccharis species was determined using a colorimetric
assay based on plasmodial lactate dehydrogenase (LDH) activity as described by Kumar et al. [53].
A suspension of red blood cells infected with D6 or W2 strains of P. falciparum was added to the wells
of a 96-well plate containing test samples diluted in medium at several concentrations. Parasitic LDH
activity was determined according to the method described by Makler and Hinrichs [54]. Chloroquine
and artemisinin were included as the drug controls. IC50 values were calculated from the dose-response
curves using Excelfit®. DMSO (0.25%) was used as the vehicle control. For calculating the selectivity
index of the antimalarial activity of EOs, their toxicity to Vero cells (monkey kidney fibroblasts) was
also determined. Essential oils at different concentrations were added, and plates were again incubated
for 48 h. The number of viable cells was determined using a vital dye (WST-8). Doxorubicin was used
as a positive control.

3.6. Antitrypanosomal Activity

The screening that was employed to test the antitrypanosomal activity of the EOs of Baccharis
species against T. brucei was detailed in a previous paper by Jain et al. [55]. Briefly, the samples were
tested against trypomastigotes cultures of T. brucei. The cell cultures of T. brucei were treated with
varying concentrations of the samples, and the growth of the parasite cells were monitored with
Alamar blue assay. The results were analyzed with ExcelFit® to determine the IC50 and IC90 values.

3.7. Insecticidal Studies against Bed Bugs

The bed bug strains (Bayonne ‘Insecticide resistant’ and Ft. Dix ‘Susceptible’) were provided by
Dr. Changlu Wang, Department of Entomology, Rutgers University, New Brunswick, NJ, and their
colony was raised as explained by Montes et al. [56] using blood feeders (CG-1836-75 ChemGlass).
The insecticidal activity of EOs against bed bugs was evaluated by fumigation, topical application, and
residual studies. For fumigation test, the bed bugs were subjected to vapor toxicity in 125-mL clear
glass jars using two microliter aliquots of 125 μg/μL EO stock solution that was injected directly onto
inner bottle wall ~4 cm from the bottom. The jars were covered immediately with a screw cap and
then sealed with parafilm ‘M’. The jars were then placed in the growth chamber, and data for mortality
was recorded 24 h after treatment. Solutions were made in acetone, and the control treatment received
acetone only. 2,2-Diclorovinil-dimetilfosfato (DDVP) was used as the standard.

Studies in topical application were performed with adult bugs, which were separated in the
Petri dishes and anesthetized with CO2. Using a hand-held repeating dispenser, 1 μL of treatment
solution (50 μg/bug) in acetone was delivered onto the dorsal surface of the abdomen. Control bugs
received 1 μL of acetone alone. Data for the mortality of the bed bugs was recorded for seven days
after treatment. There were three replicates with 10 bugs (mixed sex)/replicate. Deltamethrin was
used as the standard (2.4 ng/bug).

For residual studies, the method described by Campbell and Miller [57] was used with minor
modifications. A 100-μL aliquot of treatment (diluted in acetone) was applied on 20-cm2 Whatman
#1 filter paper achieving 100 μg/cm2 of residues. The treated filter papers were then placed in the
Petri dish. Control treatments received only acetone. Ten adult bugs were released on the filter paper
and mortality was recorded as mentioned in topical application. Deltamethrin was used as standard.
Data of insecticidal investigations were analyzed for means, standard error, and one-way ANOVA in
JMP 10.0.

3.8. Microscopic Procedure

The methods employed for light and scanning electron microscopy analysis of leaves and stems
of Baccharis species are fully detailed in a previous paper by Budel et al. [4].
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3.9. DNA Extraction, PCR, Sequencing

To extract genomic DNA from Baccharis, 100 mg of freeze-dried leaves were ground to fine powder.
Genomic DNA from Baccharis samples was extracted using the DNeasy Plant Mini Kit (Qiagen Inc.,
Valencia, Spain). Four genomic regions—namely ITS, ETS, psbA-trnH, and trnL-trnF—were amplified
in 25-μL reactions.

The PCR consisted of a 25-μL reaction mixture containing 2 μL of the DNA solution, 1x PCR
reaction buffer, 0.2 mM of dNTP mixture, 0.2 μM of each forward and reverse primers (Table 5), 1.5 mM
of MgCl2 and 1 U of Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA, USA). The program
comprised of one initial denaturation step at 94 ◦C for 3 min, followed by 35 cycles at 94 ◦C for 30 s,
X ◦C for 30 s, and 72 ◦C for X s (see Table 5 for annealing temperature and extension time).

Table 5. List of primers, TM, and extension time.

Genomic Regions Sequence in 5′-3′ Source TM
Extension Time

at 72 ◦C

ETS1f CTTTTTGTGCATAATGTATATATAGGGGG
Linder et al. [58] 45 ◦C 60 s

18S-2L TGACTACTGGCAGGATCAACCAG

ITS4 TCCTCCGCTTATTGATATGC
White et al. [59] 52 ◦C 30 s

ITS5 GGAAGTAAAAGTCGTAACAAGG

trnL-F-trnC CGAAATCGGTAGACGCTACG
Taberlet et al. [60] 52 ◦C 60 s

trnL-F-trnF ATTTGAACTGGTGACACGAG

psbA CGAAGCTCCATCTACAAATGG
Hamilton et al. [61] 56 ◦C 30 s

trnH (GUG) ACTGCCTTGATCCACTTGGC

TM = Melting temperature.

After amplification, each PCR reaction was analyzed by electrophoresis on a 1.5% borate agarose
gel and visualized under UV light. The sizes of the PCR products were compared to the molecular size
standard 1 kb plus DNA ladder (cat no.: 10787-018, Invitrogen, Carlsbad, CA, USA).

Successfully amplified PCR products were isolated with NucleoSpin® Gel and a PCR Clean-up
kit (MACHEREY-NAGEL, cat no. 740609.50) and eluted with 30 μL of Buffer AE from the DNeasy
Plant Mini Kit (Qiagen Inc., Valencia, Spain). PCR products were sequenced in both directions at
GeneWiz (South Plainfield, NJ, USA). Sequences were analyzed with DNASTAR (DNASTAR, Madison,
WI, USA) and Clone manager 9 (Scientific and Educational Software, Cary, NC, USA) and visually
inspected. Contiguous sequences were screened against previously sequenced authenticated samples.

4. Conclusions

In the present work, profiles of EOs from five species of Baccharis were analyzed and compared.
The chemical compositions of EOs of B. pauciflosculosa, B. reticularioides, and B. sphenophylla are reported
for the first time. Although the qualitative compositions of the EOs of these species were more or
less similar, they showed distinctive differences in the quantity of the components. Some compounds
were unique to these species, and hence can be used as chemical markers for species identification and
authentication. B. microdonta differed from the other species by having kongol and spathulenol in high
concentrations. B. pauciflosculosa showed β-pinene and limonene as major compounds. α-Bisabolol
was found only in B. punctulata. B. reticularioides showed α-pinene, while B. sphenophylla presented
α-pinene, β-pinene, limonene, and spathulenol as major compounds.

B. microdonta and B. punctulata exhibited cytotoxicity, whereas B. pauciflosculosa, B. reticularioides,
and B. sphenophylla showed moderate antimalarial activities. Only B. sphenophylla EO showed strong
toxicity to bed bug viz., and 66.67% and 83.33% mortality in ‘Bayonne’ and ‘Ft.Dix’ in the fumigation
bioassay. B. pauciflosculosa and B. reticularioides showed good antitrypanosomal activities.

The leaves and stems of all five Baccharis species possessed glandular trichomes and ducts as
secretory structures. All three types of glandular trichomes that were observed in this study contained
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EOs. DNA barcoding using ITS and trnL-trnF sequences were useful for the authentication of the
studied Baccharis species.

Supplementary Materials: The supplementary materials are available online, Figure S1: Proton and Carbon
NMR spectra of kongol, Figure S2: Proton and Carbon NMR spectra of spathulenol.
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Abstract: Enteric septicemia of catfish, columnaris disease and streptococcosis, caused by Edwardsiella
ictaluri, Flavobacterium columnare and Streptococcus iniae, respectively, are the most common bacterial
diseases of economic significance to the pond-raised channel catfish Ictalurus punctatus industry.
Certain management practices are used by catfish farmers to prevent large financial losses from
these diseases such as the use of commercial antibiotics. In order to discover environmentally benign
alternatives, using a rapid bioassay, we evaluated a crude extract from the roots of muscadine Vitis
rotundifolia against these fish pathogenic bacteria and determined that the extract was most active
against F. columnare. Subsequently, several isolated compounds from the root extract were isolated.
Among these isolated compounds, (+)-hopeaphenol (2) and (+)-vitisin A (3) were found to be the most
active (bacteriostatic activity only) against F. columnare, with 24-h 50% inhibition concentrations of
4.0 ± 0.7 and 7.7 ± 0.6 mg/L, respectively, and minimum inhibitory concentrations of 9.1 ± 0 mg/L
for each compound which were approximately 25X less active than the drug control florfenicol.
Efficacy testing of 2 and 3 is necessary to further evaluate the potential for these compounds to be
used as antibacterial agents for managing columnaris disease.

Keywords: antibacterial; channel catfish; columnaris disease; Flavobacterium columnare; stilbenes;
muscadine; pyranoanthocyanin

1. Introduction

Two common diseases of channel catfish Ictalurus punctatus grown in ponds in the southeastern
part of the United States of America (USA) are columnaris disease and enteric septicemia of catfish
(ESC) [1,2]. The etiological agent for columnaris disease is the Gram-negative rod-shaped bacterium
Flavobacterium columnare in the family Flavobacteriaceae [3]. The disease usually results in severe
necrosis of gill tissue and skin ulceration from systemic infection. The Gram-negative bacterium
Edwardsiella ictaluri (Enterobacteriaceae) is the etiological agent for ESC [2]. Gross lesions in channel
catfish with ESC can include hemorrhaging at the base of the fins, on the belly, under the jaw and on
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the backs of infected fish, with small ulcers and/or depigmented lesions. Both diseases have high
mortality rates and cost catfish producers millions of U.S. dollars annually [2].

Another common problem in fish species is the bacterial disease Streptococcosis. It can cause
heavy economic losses of farmed freshwater fish including hybrid striped bass and tilapias [4].
The Gram-positive bacterium Streptococcus iniae is attributed as the cause of streptococcosis, which can
result in very high mortality rates in freshwater fish. Catfish producers may manage columnaris
disease and ESC by the application of medicated feed containing the antibiotic florfenicol (Aquaflor®;
Intervet Inc., Millsboro, DE, USA), live attenuated vaccines [5] and nonantibiotic therapeutants such
as 35% Perox-Aid® for external columnaris [2]. The potential treatments for columnaris disease
with other inorganic agents such as potassium permanganate and copper sulfate pentahydrate have
been cited [6]. The disadvantages of these therapeutants are their broad-spectrum toxicity towards
non-target organisms (such as channel catfish) [7].

In the USA, only florfenicol (Aquaflor®) is approved for the treatment of streptococcal septicemia
caused by S. iniae in freshwater-reared warm water finfish. Vaccinations may also be a good method
for protection against this bacterial infection in Nile tilapia [8].

Because of the limitations of available management approaches for controlling the bacterial
species responsible for ESC, columnaris disease and streptococcosis and due to public concerns about
environmental impacts from the use of antibiotic-containing feed in agriculture, the discovery of
environmentally safe, natural antibacterial compounds would benefit aquaculturists. Previous studies
indicated that the Vitis species (muscadine) contain large amounts of bioactive phenolics, such as
stilbenes, anthocyanins and flavonoids, with some of these compounds possessing antibacterial
activities [9,10]. As part of our ongoing efforts to identify such active compounds against isolates of F.
columnare, E. ictaluri and S. iniae, we evaluated crude extract and natural compounds from the roots of
muscadine (Vitis rotundifolia Michx., family Vitaceae) using a rapid bioassay.

2. Results and Discussion

Among the three species of fish pathogenic bacteria tested, the crude extract from the roots of V.
rotundifolia was found to be most active against F. columnare, with a 24-h 50% inhibition concentration
(IC50) of 16.5 ± 6.4 mg/L (clumping of cells can sometimes occur and result in larger variations of
results between repeated bioassays) and a minimum inhibitory concentration (MIC) of 10.0 ± 0 mg/L
(Table 1). Because the activity was an order of magnitude less active against S. iniae compared to F.
columnare based on the MIC results (100.0 mg/L and 10.0 mg/L, respectively), the bioassay was not
repeated for this test bacterial species. The crude extract was not toxic against E. ictaluri at the highest
test concentration of 100.0 mg/L, therefore, the standard deviation was not calculated. While the
relative-to-drug-control-florfenicol (RDCF) values for the 24-h IC50 and MIC of the crude extract against
F. columnare (60.8 mg/L and 100.0 mg/L, respectively) did not indicate strong activity compared to
florfenicol, these results are typical for extracts that are compared to isolated pure active compounds
because the active compounds are expected to be at lower concentrations in the initial crude extract.
Because the crude extract was most active against F. columnare, isolated test compounds from the
extract were only evaluated against F. columnare using the bioassay for the remainder of the study.
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Table 1. Results of the bioassay evaluation of the crude extract from the roots of Vitis rotundifolia against
fish pathogenic bacteria.

Bacteria Species 24-h IC50
a (mg/L) MIC b (mg/L) 24-h IC50 RDCF c MIC RDCF c

F. columnare 16.5 (6.4) 10.0 (0) 60.8 (32.9) 100.0 (0)

E. ictaluri >100.0 >100.0 ND d ND d

S. iniae 22.0 (0) 100.0 (0) 220.0 (0) >1000.0
a 24-h IC50 = 50% inhibition concentration, b MIC = Minimum inhibitory concentration, c RDCF = Relative-to-drug-control
florfenicol; values below 1.0 indicate higher antibacterial activity compared to florfenicol. Mean 24-h IC50 and MIC
values ± standard deviation (SD) for florfenicol were 24-h IC50 = 0.4 ± 0.1 mg/L and MIC = 0.1 ± 0 mg/L. d ND = not
determined. Numbers in parentheses are the SD of the mean.

Four compounds were isolated from the root crude extract and identified as (+)-ampelopsin A (1),
(+)-hopeaphenol (2), (+)-vitisin A (3) and the (+)-enantiomer of vitisin B (4) (Figure 1). Based on 24-h
IC50 results, compounds 2 and 3 were the most active against F. columnare, with 24-h IC50 of 4.0 ± 0.7
and 7.7 ± 0.6 mg/L, respectively (Table 2). Based on the 24-h IC50 results, compound 2 was found to
be slightly more active against the pathogenic bacterium F. columnare than 3. Subsequently, the 24-h
IC50 RDCF value of 6.8 for 2 also indicated strong activity and the 24-h IC50 MTT of 8.9 ± 0.3 mg/L for
2 indicated less viable cells remaining compared to 3 (24-h IC50 MTT = 16.3 ± 0 mg/L). Compound 1,
stilbene oligomer (viniferin), was not active against F. columnare at the highest test concentration of
47.0 mg/L. Compound 4 was less active than 2 and 3 against F. columnare based on 24-h IC50 results
and the MTT bioassay indicated no reduction in viable cells even at the highest test concentration of
90.7 mg/L.

 
Figure 1. The chemical structures of (+)-ampelopsin (1), (+)-hopeaphenol (2), (+)-vitisin A (3) and
(+)-vitisin B (4).
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Table 2. The bioassay evaluation of compounds isolated from the crude extract of the roots of V.
rotundifolia against F. columnare.

Test Compound 24-h IC50
a MIC b 24-h IC50 RDCF c MIC RDCF c 24-h IC50 MTT d

Florfenicol 0.6 (0) 0.4 (0)

1 >47.0 >47.0 ND e ND e ND e

2 4.0 (0.7) 9.1 (0) 6.8 (0) 25.3 (0) 8.9 (0.3)
3 7.7 (0.6) 9.1 (0) 13.1 (0) 25.3 (0) 16.3 (0)
4 41.3 (5.8) 9.1 (0) 70.0 (0) 25.3 (0) >90.7

a 24-h IC50 = 50% inhibition concentration in mg/L, b MIC = Minimum inhibitory concentration in mg/L,
c RDCF = Relative-to-drug-control florfenicol; values below 1.0 indicate higher antibacterial activity
compared to florfenicol, d MTT (cell viability) portion of the bioassay, e ND = not determined. Numbers in
parentheses are the standard deviation of the mean.

The minimum bactericidal concentration (MBC) results for each test compound indicated no
bactericidal activity against F. columnare at even the highest test concentrations (i.e., MBC > 100 μM).
Therefore, the activity of compound 2 can be considered as bacteriostatic rather than bactericidal at the
concentrations evaluated.

Stilbenes from the Vitaceae are thought to play a role in both animal and human health
including their antimicrobial activity. Therefore, these compounds have been the subject of numerous
studies during the past decade. They were reported to have activities against various pathogens,
such as Plasmopara viticola, Cladosporium cuccumerinum, Plasmopara viticola and Sphaeropsis sapinea [11].
The hopeaphenol class of polyphenols are tetramers of resveratrol which is a trans-stilbene demonstrated
to possess antibacterial activity against certain human pathogenic bacteria [12]. A previous study
evaluated the antibacterial activity of (−)-hopeaphenol against ten animal and plant pathogenic
bacteria (e.g., Gram-negative Yersinia pseudotuberculosis and Pseudomonas aeruginosa) but found no
significant growth inhibition at test concentrations as high as 90.7 mg/L (100 μM) [13]. However,
our current study demonstrated growth inhibition of F. columnare by (+)-hopeaphenol (2) at 9.1 mg/L
(Table 2). The researchers in the previous study [13] suggested that low cell permeability due to the
size and molecular weight of (−)-hopeaphenol and its subsequent interaction with bacterial secretion
systems (e.g., toxin delivery system T3SS) at the cell surface rather than growth inhibition as the
approach for targeting bacterial virulence. Our results with F. columnare indicate growth inhibition can
occur at lower concentrations of (+)-hopeaphenol (2).

The pyranoanthocyanin vitisin A (3) has previously been isolated and identified from extracts
of the grapevines Vitis coignetiae Pulliat. and Vitis vinifera L. (Vitaceae) [14] and from extracts of
the roots of the grapevine Vitis thunbergii Siebold & Zucc. (Vitaceae) [15]. Although the antiplatelet
and antioxidative activities of vitisin analogs were reported, specific antibacterial activities were
not studied [15].

Efficacy studies of (+)-hopeaphenol (2) and (+)-vitisin A (3) as additives to fish feed and/or
as therapeutants still needs to be performed to further evaluate their potential use in managing
columnaris disease. Vitisin A (3) has been cited as a strong hepatoxic constituent of Vitis coignetiae [14],
therefore, careful examination of the potential adverse health effects of vitisin A (3) on fish prior to
any potential efficacy studies as an antibacterial compound against columnaris disease would need to
be performed.

3. Materials and Methods

3.1. Plant Material

The crude root extract of Vitis rotundifolia in 95% EtOH (NPID 127513, 50 mg) was provided
through the repository of the National Center for Natural Products Research, School of Pharmacy,
University of Mississippi, University, MS, USA. The original specimen was collected in 2007 from
a forest near Leon, FL, USA.
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3.2. Extraction and Isolation

Samples of root from V. rotundifolia were placed in cells of an accelerated extraction system (ASE
300; Thermo Fisher Scientific, Waltham, MA, USA) and extracted with 95% EtOH three times and for
10 min per extraction. Approximately 250 mg of the 95% EtOH root extract was dissolved in 2000 μL of
methanol and then exposed to HPLC separation which was conducted using Waters Prep 4000 HPLC
system equipped with a UV-Diode detector (2996, Agilent Technologies, Inc., Santa Clara, CA, USA)
controlled by Empower software (Rev. A. 10.02, Agilent Technologies, Inc., Santa Clara, CA, USA).
The analysis of the extract was carried out on a RP-C18 column (250 × 21.2 mm; particle size 10 μm;
Luna) at 25 ◦C and using the gradient system of eluent water, 0.1% AcOH (A) and acetonitrile, 0.1%
AcOH (B) for the separation of target compounds. The gradient condition was as follows: 0–2 min
(10% B), 2–45 min (10% B to 60% B) and 45–50 min (60% B to 100% B). The flow rate of the solvent was
10.0 mL/min and the injection volumes were 400 μL. All separations were carried out at wavelengths
of 254, 280 and 325 nm with a run time of 50 min. Compounds 1–4 eluted at 28, 35, 38 and 42 min,
respectively. NMR spectra were acquired on a Bruker 400 MHz NMR spectrometer (Bruker, Billerica,
MA, USA) at 400 (1H) and 100 MHz (13C) in CD3OD using the residual solvent as an internal standard
(Supporting Information). Multiplicity determinations (DEPT) and 2D NMR spectra (HMQC, HMBC,
NOESY) were obtained using standard Bruker pulse programs (Bruker III HD, Billerica, MA, USA).
Acquisition of high-resolution mass data was acquired using AccuTOF (JMS-T100LC). Comparing the
NMR data of the isolated metabolites with the previously reported has confirmed their identities as
(+)-ampelopsin A (1), (+)-hopeaphenol (2) and (+)-vitisin A (3) [14,16,17]. The NMR data of compound
(4) matched with the reported data for vitisin B [18], however it showed positive optical rotation
indicating its identity as the (+)-enantiomer of vitisin B (4).

(+)-Ampelopsin A (1). For 1H and 13C-NMR data, see Supporting Information [17]. High-resolution
ESI/MS: m/z 493.13312 [M + Na]+; calculated for C28H22NaO7, 493.12185. [α]25

D + 183 (c 0.1, MeOH).
(+)-Hopeaphenol (2). For 1H and 13C-NMR data, see Supporting Information [16]. High-resolution

ESI/MS: m/z 929.26922 [M + Na]+; calculated for C56H42NaO12, 929.25293. [α]25
D + 201 (c 0.1, MeOH).

(+)-Vitisin A (3). For 1H and 13C-NMR data, see Supporting Information [14]. High-resolution
ESI/MS: m/z 930.26681 [M + Na + H]2+; calculated for C56H43NaO12, 930.26522. [α]25

D + 204 (c 0.1, MeOH).
(+)-Vitisin B (4). For 1H and 13C-NMR data, see Supporting Information [18]. High-resolution

ESI/MS: m/z 930.26734 [M + Na + H] 2+; calculated for C56H43NaO12, 930.26522. [α]25
D + 55 (c 0.1, MeOH).

3.3. Microorganisms and Culture Material

The bacterial isolate of F. columnare [isolate ALM-00-173 (genomovar II)] was obtained from
Dr. Covadonga Arias (Department of Fisheries and Allied Aquacultures, Auburn University, Auburn,
AL, USA). In order to assure purity, cultures of F. columnare ALM-00-173 were maintained separately
on modified Shieh (MS) agar plates (pH 7.2–7.4) at 29 ± 1 ◦C [19]. Prior to conducting the bioassay,
individual colonies of F. columnare ALM-00-173 were used to prepare assay culture material by culturing
in 75 mL of MS broth for at least 24 h at 29 ± 1 ◦C at 150 rpm on a rotary shaker (model C24KC;
New Brunswick Scientific, Edison, NJ, USA). After overnight incubation, a 0.5 McFarland standard of
F. columnare ALM-00-173 culture material was made by micropipetting cells from the broth culture to
fresh MS broth [20].

The isolate of E. ictaluri (isolate S02-1039) was obtained from Mr. Tim Santucci (formerly with the
College of Veterinary Medicine, Mississippi State University, Stoneville, MS, USA), and cultures of
E. ictaluri were maintained at 29 ± 1 ◦C on 3.8% Mueller-Hinton (MH) agar plates (pH 7.3) (Becton,
Dickinson and Company, Sparks, MD, USA) in order to assure purity. Prior to performing the bioassay,
single colonies of E. ictaluri S02-1039 were used to prepare assay culture material by aseptically
transferring bacterial cells from colonies on agar plates to 45 mL of 3.8% MH broth in order to produce
a bacterial cell density of 0.5 McFarland standard.

A culture of S. iniae (isolate LA94-426) was provided by Dr. Ahmed Darwish (formerly with the
U.S. Department of Agriculture, Agricultural Research Service, Harry K. Dupree Stuttgart National
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Aquaculture Research Center, Stuttgart, AR, USA). In order to assure purity, cultures of S. iniae
LA94-426 were maintained at 29 ± 1 ◦C on agar plates of Columbia CNA containing 5% sheep blood
(Remel, Inc., Lenexa, KS, USA). The bioassay culture material of S. iniae LA94-426 was prepared in
the same manner used for F. columnare ALM-00-173, except 3.8% MH broth was utilized and broth
cultures were incubated for 18 h prior to preparing the 0.5 MacFarland standard.

3.4. Antibacterial Bioassay

The crude extract from the roots of V. rotundifolia and isolated test compounds were evaluated
for antibacterial activity using a rapid 96-well microplate bioassay [20]. Florfenicol was utilized
as a positive drug control and control wells were included in which no test material was added.
The crude extract and test compounds were dissolved separately in technical grade 100% methanol
while florfenicol was dissolved in technical grade 100% ethanol. The final test concentrations of the
crude extract were 0.001, 0.01, 0.1, 1.0, 10.0, and 100.0 mg/L. Final concentrations of test compounds
and florfenicol were 0.01, 0.1, 1.0, 10.0 and 100.0 μM. Three replications were used for each dilution of
the crude extract, each test compound and florfenicol. Final results were converted to units of mg/L to
allow comparisons with previous studies.

The 24-h 50% inhibition concentration (IC50) and minimum inhibitory concentration (MIC) were
determined using sterile 96-well polystyrene microplates (Corning Costar Corp., Acton, MA, USA) with
flat-bottom wells. Crude extract, dissolved test compounds and florfenicol were initially micropippeted
into separate microplate wells (10 μL/well), and the solvent was completely evaporated before
0.5 MacFarland bacterial culture was added to the microplate wells (200 μL/well). Microplates were
incubated at 29 ± 1 ◦C (VWR model 2005 incubator; Sheldon Manufacturing Inc., Cornelius, OR, USA).
A Packard model SpectraCount microplate photometer (Packard Instrument Company, Meriden, CT,
USA) was used to measure the absorbance (630 nm) of the microplate wells at time 0 and after 24 h
of incubation.

After 24 h of incubation, the cell viability of F. columnare was determined for the test compounds
by using 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (GenScript, Piscataway,
NJ, USA) and previous procedures [20]. For the MTT bioassay, 40 μL of culture material from each
growth-assay microplate well were aseptically micropipetted to a corresponding well in another sterile
96-well polystyrene microplate containing 10 μL of MTT (50 mg/10 mL phosphate buffered saline) per
well. Each microplate was maintained for 4 h at 29 ± 1 ◦C and then 50 μL of lysing buffer [20% sodium
dodecyl sulfate in 50% N,N-dimethylformamide (pH 4.7)] was added to each well. Microplates were
then incubated for 20 h after which absorbance (570 nm) was measured (without mixing) using
a Packard model SpectraCount microplate photometer. Microplate wells containing 3.8% MH broth,
MTT and lysing buffer were used as blanks.

Means and standard deviations of absorbance measurements were calculated, graphed and compared
to controls to determine the 24-h IC50 and MIC for the crude extract and each test compound [20]. The 24-h
IC50 and MIC results for the crude extract and each test compound were divided by the respective 24-h
IC50 and MIC results obtained for the drug control florfenicol to determine the relative-to-drug-control
florfenicol (RDCF) values.

The minimum bactericidal concentration (MBC) of isolated compounds was determined as
outlined previously [20]. Briefly, 5 μL of culture material were aseptically transferred from each growth
bioassay microplate well to 3.8% MH agar plates and these plates were incubated at 29 ± 1 ◦C for 24 h.
Plates were visually evaluated for growth and the MBC was determined to be the lowest concentration
in which no growth was present on the agar plate.

4. Conclusions

We isolated four compounds from the root extract of V. rotundifolia. Among these compounds,
(+)-hopeaphenol and (+)-vitisin A were found to possess the strongest activity against the fish
pathogenic bacterium F. columnare. Although these two compounds possess bacteriostatic activity only,
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efficacy testing will determine the potential of these two compounds for use in the management of
columnaris disease.
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Abstract: In the present study, 45 maleimides have been synthesized and evaluated for anti-leishmanial
activities against L. donovani in vitro and cytotoxicity toward THP1 cells. All compounds exhibited
obvious anti-leishmanial activities. Among the tested compounds, there were 10 maleimides with
superior anti-leishmanial activities to standard drug amphotericin B, and 32 maleimides with superior
anti-leishmanial activities to standard drug pentamidine, especially compounds 16 (IC50 < 0.0128 μg/mL)
and 42 (IC50 < 0.0128 μg/mL), which showed extraordinary efficacy in an in vitro test and low
cytotoxicities (CC50 > 10 μg/mL). The anti-leishmanial activities of 16 and 42 were 10 times better
than that of amphotericin B. The structure and activity relationship (SAR) studies revealed that
3,4-non-substituted maleimides displayed the strongest anti-leishmanial activities compared to those
for 3-methyl-maleimides and 3,4-dichloro-maleimides. 3,4-dichloro-maleimides were the least cytotoxic
compared to 3-methyl-maleimides and 3,4-non-substituted maleimides. The results show that several of
the reported compounds are promising leads for potential anti-leishmanial drug development.

Keywords: anti-leishmanial activity; Leishmania donovani; maleimides; cytotoxicity; SAR

1. Introduction

Leishmaniasis, which is caused by several species of Leishmania, is one of the major tropical diseases
defined by the World Health Organization (WHO), affecting about 12 million people [1,2]. A wide range
of clinical manifestations are encompassed, including visceral leishmaniasis, cutaneous leishmaniasis,
and mucocutaneous leishmaniasis. Among them, visceral leishmaniasis is the most severe form of the
disease. Visceral leishmaniasis, also called black fever or Kala-azar, has a fatality rate as high as 100%
within two years if untreated, and spontaneous cure is extremely rare [3,4]. Visceral leishmaniasis is
found throughout the intertropical and temperate regions, and threatens around 350 million people in
88 countries. Up to now, few medicines have been available for leishmaniasis. Pentostam is the most
widely used drug, which contains the heavy metal antimony. Other medicines, such as amphotericin B
and its derivatives [5], liposomal amphotericin B [5], paromomycin [6], and miltefosine [7], have their
individual problems, such as toxicity, poor efficacy, or high cost. Meanwhile, the emerging drug-resistant
parasites have caused further problems for therapy of the disease. Therefore, the discovery of new types of
medicines with novel chemical structures is highly desirable.

Recently, other candidate compounds, including buparvaquone [8], aminoquinolines [9], peptoids [10],
(4-arylpiperazin-1-yl)(1-(thiophen-2-yl)-9H-pyrido[3,4-b]indol-3-yl) methanone derivatives [11], amino
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acid-triazole hybrids [12], biscoumarins [13], triazolyl quinoline derivatives [14], benzopiperidine,
benzopyridine and phenyl piperazine based compounds [15], 2,5-diarylidene cyclohexanones [16],
natamycin [17], piperazinyl-β-carboline derivatives [18], thiosemicarbazones [19], and so on, were
evaluated and investigated. But for most of them, the IC50s of anti-leishmanial activities still remained to
be in micromolar ranges except thiosemicarbazones (two compounds had the IC50s of 0.060 μg/mL and
0.068 μg/mL against promastigotes of L. major.) [19].

Maleimides, including natural products with maleimide core moiety, had excellent
biological activities, including antimicrobial [20–28] and enzyme inhibition activities [29–31].
N-(4-Fluorophenyl)-dichloro-maleimide, significantly inhibiting fungal growth, was first developed
and used to control the diseases of apple scab, rice blast and tomato late blight [32]. The MICs
of N-butyl-maleimide and N-(4-phenylbutyl)-maleimide against 10 fungi were in the range of
0.48–15.63 μg/mL, similar to that of ampicillin, and had little toxicity to humans [33]. The antimicrobial
mechanism was investigated and found that maleimides could interact preferably with the hydrophobic
domains of target enzymes resulting in inactivation of sulfhydryl groups [29], which were essential for their
catalytic activities. The activities were greatly affected by the structure of C=C double bond in the circle of
diimide. For instance, N-ethyl-maleimide (NEM) and N-tert-butyl-maleimide inhibited β-(1,3)-glucan
synthase with IC50 values 8.5 ± 1.1 μg/mL, 13.7 ± 2.3 μg/mL, respectively, and then influenced microbial
growth [34]. In addition to great antimicrobial activities, maleimides had also been widely researched in
medicine as antianxiety [35], anti-inflammatory [36], anticancer [37,38] and neuroprotective agents.

However, it should be noted that the reported studies were mainly focused on antimicrobial
activity. No anti-leishmanial activity of maleimides has been reported before this. In the present
work, a series of N-substituted maleimides, methyl-maleimides, and dichloro-maleimides were
synthesized, and their anti-leishmanial effects in vitro and cytotoxicity toward THP1 cells were
investigated. The results suggest that some of the synthesized maleimides might be developed as the
anti-leishmanial drugs in the future.

2. Results and Discussion

2.1. Chemistry

All maleimides were synthesized employing two methods according to an improved procedure
based on the reported methods [22,32,33], using amines and maleic anhydrides as starting materials
(Scheme 1). Path A was a facile method by one-step reaction to prepare 3,4-dichloromaleimides and
3-methylmaleimides with shorter reaction time, especially for synthesis of the former. However, path B
was used to prepare N-alkylmaleimides (1–4) by two-step reactions, dehydration and ring-closing
reaction. Furthermore, path A had higher yields and an easier isolation method when compared to
path B. The desired compound could be easily synthesized in good yield (more than 70%) in one or
two steps, as either crystalline or oily compound.

.

Scheme 1. Synthesis of N-substituted maleimide derivatives. Path A: a. CH3COOH. Path B: b. toluene,
25–65 ◦C, 2–8 h; c. CH3COONa, (Et)3N, 101 ◦C, 10–24 h.
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2.2. Biological Evaluations

2.2.1. Anti-leishmanial Activity

45 maleimides [20,29,32,33] (Figure 1) and two drugs, pentamidine (Figure 2) and amphotericin
B (Figure 3), were evaluated against L. donovani, to identify the most active compounds that are
worthy of further investigation (Table 1). Anti-leishmanial activity in vitro was described in terms of
IC50, which is the effective concentration (μg/mL) required to achieve 50% growth inhibition, with
promastigotes in their exponential growth phase. Most of tested compounds had good anti-leishmanial
activities (IC50s for 41 compounds were less than 1 μg/mL). Among them, the IC50s of 16 and 42

were less than 0.0128 μg/mL, much less than those of amphotericin B (IC50 = 0.12 μg/mL) and
pentamidine (IC50 = 0.64 μg/mL), which reached nanogram grade. These activities were stronger than
most compounds in literature [8–19]. There were another eight candidate compounds (1, 3, 6, 7, 8, 13,
14, and 41) which had better activities than amphotericin B.

Figure 1. Chemical structures of the studied N-substituted maleimides.
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Figure 2. The chemical structure of pentamidine.

 

Figure 3. The chemical structure of amphotericin B.

Table 1. Anti-leishmanial activities and cytotoxicity of maleimides 1–45, pentamidine and amphotericin B.

Compound L. donvani IC50 (μg/mL) THP1 CC50 (μg/mL) SI LogP

1 0.08 >10 >125.0 0.72
2 0.36 >10 >27.8 1.14
3 0.11 >10 >90.9 1.56
4 0.27 >10 >37.0 2.39
5 2.21 >10 >4.5 4.06
6 0.08 4.56 57.0 1.21
7 0.10 4.13 41.3 1.49
8 0.11 8.25 75.0 1.91
9 0.24 >10 >41.7 1.14

10 0.15 >10 >66.7 1.63
11 0.32 >10 >31.3 1.30
12 1.02 >10 >9.8 1.70
13 0.10 3.65 36.5 2.12
14 0.08 3.89 48.6 2.95
15 0.21 >10 >23.2 1.62
16 <0.0128 >10 >781.3 0.70
17 0.26 >10 >38.5 1.03
18 0.58 7.64 13.2 1.07
19 0.81 5.89 7.3 1.91
20 0.96 8.10 8.4 2.74
21 0.58 7.94 13.7 1.56
22 1.22 5.99 4.9 1.84
23 13.17 >10 >0.8 2.47
24 0.55 4.39 8.0 3.30
25 0.34 0.80 2.4 2.61
26 0.64 >10 >15.6 1.05
27 0.89 7.15 8.0 1.38
28 0.47 >10 >21.3 0.80
29 0.65 >10 >15.4 1.22
30 0.49 >10 >20.4 1.63
31 0.48 >10 >20.8 2.47
32 1.64 >10 >6.1 1.57
33 0.40 >10 >25.0 1.99
34 0.76 >10 >13.2 1.22
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Table 1. Cont.

Compound L. donvani IC50 (μg/mL) THP1 CC50 (μg/mL) SI LogP

35 0.66 >10 >15.2 1.71
36 0.36 >10 >27.8 1.38
37 0.59 >10 >16.9 1.78
38 0.45 >10 >22.2 2.19
39 0.13 >10 >76.9 3.03
40 0.13 >10 >76.9 2.27
41 0.11 >10 >90.9 2.27
42 <0.0128 >10 >781.3 1.70
43 0.99 >10 >10.1 2.34
44 0.43 >10 >23.3 0.78
45 0.26 >10 >38.5 1.10

pentamidine 0.64 ND - 2.84
amphotericin B 0.12 ND - 2.30

2.2.2. Cytotoxicity

In order to verify the safety of maleimides, they were tested for cytotoxicity against human
monocytic leukemia cells (THP1) 50% cytotoxic concentration values represent the concentration of
compound required to kill 50% of the THP1 cells were calculated (CC50). The selectivity indices were
calculated using the formula SI = CC50 /IC50, against promastigotes. Interestingly, CC50s of 31 out
of 45 maleimides were greater than 10 μg/mL, which highlighted their safety on mammalian cells
(Table 1). SIs of 16 and 42 were greater than 781.3.

2.3. Structure-Activity Relationships

2.3.1. Influences of Substituents at the 3- and 4-Positions of the Maleimide Ring

As shown in Table 1, the introduction of substituents at the 3- and 4-positions on the maleimide
ring had different influences on the anti-leishmanial activities against L. donovani, depending on
the type of introduced substituents. In general, 3,4-non-substituted maleimides (1–17) displayed
very strong anti-leishmanial activities, with IC50 values ranging from 0.0128 to 2.21 μg/mL,
0.336 on the average, comparing to 1.774 μg/mL for 3-methyl-maleimides and 0.501 μg/mL for
3,4-dichloro-maleimides. Especially, 1, 3, 6, 7, 8, 13, 14, and 16 showed more interesting anti-leishmanial
activities than the corresponding 3-methyl-maleimides and 3,4-dichloro-maleimides, which were
superior or much superior to amphotericin B (IC50 = 0.12 μg/mL). In them, 15 compounds
had better activities than pentamidine (IC50 = 0.64 μg/mL) except 5 (IC50 = 2.21 μg/mL) and
12 (IC50 = 1.02 μg/mL). Moreover, 16 and 42 displayed the strongest anti-leishmanial activity
(IC50 < 0.0128 μg/mL). However, there was no apparent regularity for the influences of variation in
substituents at the 3- and 4-positions on the maleimide ring. As to cytotoxicity, 3,4-dichloro-maleimides
were least cytotoxic, whose CC50s were all higher than 10 μg/mL. Furthermore, 3-methyl-maleimides
(18–27) were the most cytotoxic, whose CC50s were all less than 10 μg/mL.

2.3.2. Influences of the N-Substituents

Influences of variation in the alkyl chain length. Results in Table 1 show that the N-alkyl substituents
(1 to 5, 18 to 20 and 28 to 31) had influences on anti-leishmanial activity. As the length of the N-alkyl
chain increased, the anti-leishmanial activity decreased significantly. However, 1 exhibited the
highest anti-leishmanial activity, with an IC50 of 0.08 μg/mL, which was one of the compounds
with the best activity. It could possibly be explained that with the change in the polarity and
N-alkyl chain length, their ability to connect enzymes differs. Therefore, with variation in chain
length, 1 to 5, 18 to 20 and 28 to 31 had different influences on anti-leishmanial activities. It was
observed that N-phenylalkyl substituents (6 to 8, 21 to 22 and 32 and 33) showed a correlation with the
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anti-leishmanial activity against L. donovani. As the alkyl chain length of N-phenylalkyl substituents
increased, the anti-leishmanial activities decreased gradually (except for 33), which might be explained
by the N-C distance between the two rings playing an important role in the anti-leishmanial activities
of these compounds.

Influences of the substituted benzene ring. As for compounds with a mono-substituent on position 4
of phenyl ring, such as 10 to 12, and 35 to 37, it was obvious that the different groups had different
influences on the inhibition. However, there was no apparent regularity for the effects of variation with
a mono-substituent on position 4 of phenyl ring. Furthermore, compounds 13 to 14, 24 to 25 and 38 to
43 with double substituents on benzene ring displayed much stronger anti-leishmanial activity against
L. donovani. However, positions of the substituents had apparent influences on the inhibition behavior.
For example, N-2-methyl-3-nitro-substituted compound (42) exhibited the highest anti-leishmanial
activity (IC50 < 0.0128 μg/mL). And 13, 14, 39, 40, and 41 also showed very strong anti-leishmanial
activity (IC50 ranged from 0.08–0.13 μg/mL). In spite of these factors, steric hindrances might affect
anti-leishmanial activity. From the results in Table 1, it can be concluded that the logP value (predicted
by Chemoffice 2014) is an important parameter influencing the anti-leishmanial activities against
L. donovani. However, there was no apparent regularity between the IC50 values and log P values on
the whole.

3. Experimental Section

3.1. Chemistry General Details

Starting materials were obtained from Aldrich and used as received. Melting points (MP)
were measured with a WRS-1A melting point apparatus, and were uncorrected. 1H-NMR spectra
were recorded on a Bruker AVANCE III 500 spectrometer (Bruker, London, UK) at 500 MHz
using tetramethylsilane (TMS) as an internal standard. Electrospray ionization-mass spectra (EIMS)
were measured on a mass spectrometer (Thermo Fisher Scientific, LCQ/ADVANTAGE, 81 Wyman
Street, Waltham, MA, USA). IR spectrum was recorded in KBr pellets on a Nicolet 6700 infrared
spectrophotometer (Thermo Fisher Scientific, 81 Wyman Street, Waltham, MA, USA).

The structures of all the compounds were determined by IR, EI–MS, 1H-NMR. Note that
compounds 1–12, 17, 21, 22, 28–37 had been previously reported [27,33,39–43], which were coincident
with the previous report by EI MS and 1H-NMR. Physical and spectroscopic data of the other
compounds were shown in the supplementary material.

3.2. Biology

In vitro anti-leishmanial assay. The antileishmanial activity of the compounds was tested in vitro
against a culture of L. donovani promastigotes [44]. The promastigotes were grown in RPMI 1640
medium supplemented with 10% fetal calf serum (Gibco Chem. Co., 81 Wyman Street, Waltham,
MA, USA) at 26 ◦C. A three day old culture was diluted to 5 × 105 promastigotes/mL. Drug dilutions
were prepared directly in cell suspension in 96-well plates. Plates were incubated at 26 ◦C for 48 h
and the growth of Leishmania promastigotes was determined by the Alamar blue assay as described
earlier [45]. Standard fluorescence was measured on a Fluostar Galaxy plate reader (BMG Lab
Technologies, Offenburg, Germany) at an excitation wavelength of 544 nm and an emission wavelength
of 590 nm. Pentamidine and amphotericin B were used as the standard anti-leishmanial agents. IC50

values were computed from dose-response curves as above. The tested compounds were diluted
with six concentrations (from 40–0.0128 μg/mL). Cytotoxicity assay. The in vitro cytotoxicity was
determined against human monocytic leukemia cells (THP1) with a simple colorimetric method using
the dye Alamar Blue [45]. THP1 suspensions were grown in RPMI-1640 medium supplemented with
10% FBS, 2 mM glutamine, 50 μg/mL gentamicin and 0.0025 mg/L of amphotericin B (Sigma) at 37 ◦C
in a 5% CO2 atmosphere. Cells were grown to a density between 0.2 and 1 × 106 cells/mL. Culture
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medium was replaced every 2–3 days with fresh growth medium. DMSO was used as the solvent, and
the test compounds was with six concentrations from 10–0.0032 μg/mL.

4. Conclusions

In summary, a series of maleimides have been synthesized and evaluated for inhibitory activities
against L. donovani. All compounds exhibited obvious anti-leishmanial activities, especially with
compounds 16 and 42 showing extraordinary potency in an in vitro test and low cytotoxicity.
The anti-leishmanial activities of the two compounds were 10 times better than that of amphotericin
B. Therefore, further preclinical studies of 16 and 42 aimed at leishmaniasis are important for the
therapy of this neglected disease. The cytotoxicity of these compounds was low, with nearly no
toxicity (>10 μg/mL). Thus, compounds 16 and 42 are promising candidates for visceral leishmaniasis.
Among the tested compounds, there were 10 maleimides with superior anti-leishmanial activities to
amphotericin B, and 32 maleimides with superior anti-leishmanial activities to pentamidine. The SAR
study showed that 3,4-non-substituted maleimides displayed the strongest anti-leishmanial activities
compared to those 3-methyl-maleimides and 3,4-dichloro-maleimides. When the length of the alkyl
side chain (N-alkyl and N-phenylalkyl) increased, the anti-leishmanial activities decreased significantly.
There was no obvious regularity for the influences of variation with a mono-substituent on phenyl ring
position 4. And the position of the substituent had an obvious influence on the inhibition behavior.
As to cytotoxicity, 3, 4-dichloro-maleimides were least cytotoxic compared to 3-methyl-maleimides
and 3,4-non-substituted maleimides.

Supplementary Materials: The following are available online, the structure data of all maleimides and the
biological methods in detail.
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Abstract: The natural product phloroglucinol-based derivatives representing monoacyl-, diacyl-,
dimeric acyl-, alkylated monoacyl-, and the nitrogen-containing alkylated monoacylphloro- glucinols
were synthesized and evaluated for inhibitory activities against the inflammatory mediators such as
inducible nitric oxide synthase (iNOS) and nuclear factor kappaB (NF-κB). The diacylphloroglucinol
compound 2 and the alkylated acylphloroglucinol compound 4 inhibited iNOS with IC50 values
of 19.0 and 19.5 μM, respectively, and NF-κB with IC50 values of 34.0 and 37.5 μM, respectively.
These compounds may serve as leads for the synthesis of more potent anti-inflammatory compounds
for future drug discovery.

Keywords: phlorogluciniol; acylphloroglucinol; anti-inflammatory; iNOS; NF-κB

1. Introduction

The natural product phloroglucinol (1) and its derivatives have found a wide range of
applications as pharmaceuticals, cosmetics, textiles, paints, and dyes due to their diverse biological
activities [1,2]. More than 700 naturally occurring phloroglucinol derivatives have been reported,
of which acylphloroglucinol derivatives comprise the largest group [1,3]. Structurally fascinating
acylphloroglucinols possess antidepressant, antimicrobial, antiviral, antitumor, antioxidant, and
anti-inflammatory activities [4–7]. The synthetic antispasmodic drug flopropione (3-propionyl-
phloroglucinol) is a representative of this chemical class [8,9].

The anti-inflammatory activity of the naturally occurring phloroglucinol derivatives acting on
diverse molecular targets has drawn our particular attention. For example, complex phlorotannins
from edible brown algae showed strong inhibitory effects on nitric oxide (NO) production in
lipopolysaccharide (LPS)-induced RAW 264.7 macrophage cells [10]. Purified oligomeric phlorotannins
containing fucodiphlorethol A, tetraphlorethol B, tetrafucol A, tetraisofuhalol, and phlorofucofuroeckol
A (Figure 1) also demonstrated the ability to inhibit NO production and suppressing iNOS and
cyclooxygenase (COX)-2 [11]. The acylphloroglucinol hyperforin (Figure 1) from St. John’s wort
suppressed prostaglandin E2 formation in vitro and in vivo through inhibition of microsomal
PGE2 synthase-1 [12]. 2-Acetyl-4-geranylphloroglucinol (Figure 1) isolated from the Rutaceaous
plant Melicope ptelefolia is a strong dual inhibitor of 5-lipoxygenase (LOX) and COX-2 [13].
2,4-Diacetylphloroglucinol (2) (Figure 1), a microbial metabolite of Pseudomonas aeruginosa, exhibited
antimetastatic activity by mediating inhibition of reactive oxygen species (ROS), nuclear factor kappaB
(NF-κB), B-cell lymphoma 2 (Bcl-2), matrix metalloproteinase-2 (MMP-2), vascular endothelial growth
factor (VEGF) and primary inflammatory mediators such as tumor necrosis factor (TNF)-α, interleukin
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(IL)-6, IL-1β and NO [14]. In an effort to identify synthetically available phloroglucinol-based
anti-inflammatory compounds, we synthesized several acylphloroglucinols and evaluated their iNOS
and NF-κB inhibitory activities.

 

Figure 1. Representative phloroglucinol derivatives with anti-inflammatory activities.

2. Results and Discussion

Based on the concept that both natural and synthetic acylphloroglucinols possess potent biological
activities [6,7,13–17], seven compounds representing monoacyl-, diacyl-, dimeric acyl-, alkylated
monoacyl-, and the nitrogen-containing alkylated monoacylphloroglucinols were synthesized
(Scheme 1). Diacylphloroglucinol (2) and monoacylphloroglucinol (3) were prepared first according to
the procedures described previously [18–20]. Using 3 as a starting material, compounds 4 and 6 were
synthesized, respectively, in a one-step reaction adapted from a previously reported procedure [17].
Blocking the two non-hydrogen bonding hydroxyl groups in 4 using MOMCl afforded compound
5. This synthesis was intended to assess the role of the hydroxyl groups on the phloroglucinol
ring for activity. The nitrogen-containing compound 7 was designed to alter chemical nature of
the target molecule based on previous reports [21–23]. It was synthesized by reacting 3 with
1-(4-(bromomethyl)benzyl)-piperidine that was prepared from commercially available piperidine
and p-xylylene dibromide in the presence of CH2Cl2 and K2CO3. As can be seen from Scheme 1, the
reaction conditions for the synthesis of these compounds were mild as all the reactions were conducted
at room temperature.

The identification of all the synthetic compounds was achieved by interpretation of NMR and
MS data. Compounds 4–7 have not been reported prior to this study. It was noted that compound
7 produced an unusual 1H-NMR spectrum in CD3OD, displaying two sets of 1H-NMR signals in a
ratio of approximately 1.5:1 associated with the para-substituted phenyl ring and some protons of the
piperidine ring (Supplementary Materials). However, when the compound was measured in CDCl3
(with poor solubility), a single set of 1H-NMR signals appeared. Use of the weakly basic NMR solvent
C5D5N afforded a 1H-NMR spectrum showing two sets of signals in a ratio of approximately 4:1 for the
aromatic protons of the phenyl ring and the methylene attached to the piperidine ring. This interesting
phenomenon can be explained by the fact that compound 7 is, to some extent, a zwitterionic molecule
due to the presence of the acidic phenolic hydroxyl group on the phloroglucinol core and the basic
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amine functionality on the side chain. While CD3OD can strongly induce the protonation/deuteriation
of the nitrogen atom, C5D5N has the ability to facilitate the formulation of a zwitterion, thereby
resulting in the presence of an additional set of NMR signals. The 1H- and 13C-NMR signals of 7

in C5D5N were unequivocally assigned using 2D NMR of 1H-1H correlation spectroscopy (COSY),
heteronuclear single quantum coherence (HSQC) and hetero- nuclear multiple bond correlation
(HMBC) experiments.

Scheme 1. Synthesis of compounds 2–7. Reagents and conditions: (i) nitrobenzene, AlCl3, rt for 0.5 h,
then isobutyryl chloride, 65 ◦C for 21 h; (ii) NaOH, H2O, TBAI, 1-bromo-4-(bromomethyl)benzene,
hexane, rt for 48 h; (iii) acetone, K2CO3, CH3OCH2Cl, rt for 24 h; (iv) NaOH, H2O, TBAI, p-xylylene
dibromide, toluene, rt for 6 h; (v) piperidine, CH2Cl2, K2CO3, p-xylylene dibromide, NaOH, H2O,
MeOH, rt for 7 h.

In vitro anti-inflammatory testing of compounds 2–7 was conducted by assessing the inhibition
of iNOS in LPS-induced macrophages (RAW 264.7) and inhibition of NF-κB in phorbol 12-myristate
13-acetate (PMA)-induced human chondrosarcoma cells (SW1353). As shown in Table 1,
diacylphloroglucinol compound 2 showed the best activity, inhibiting iNOS and NF-κB with IC50

values of 19.0 and 34.0 μM, respectively, compared with the positive control parthenolide with IC50

values of 2.5 and 20.5 μM, respectively. The activity of alkylated acylphloroglucinol 4 against these two
targets (IC50 19.5 and 37.5 μM, respectively) was also very similar to compound 2. When the hydroxyl
groups in 4 were protected leading to compound 5, iNOS inhibitory activity was decreased (IC50,
50 μM) while NF-κB activity was slightly increased (IC50, 29.0 μM). This suggests these two hydroxyl
groups play a role for the activity and the differential activity between the two compounds may be
associated with molecular lipophilicity. Dimeric acylphloroglucinol 6 inhibited iNOS to a similar extent
(IC50, 19.0 μM) but inhibition of NF-κB was weaker (IC50, 85.0 μM). The nitrogen- containing compound
7 was only moderately inhibiting iNOS with an IC50 value of 49.0 μM, indicating the introduction of
the amino group in this chemotype is not helpful. On the other hand, monoacylphloroglucinol 3 was
only marginally inhibiting NF-κB with an IC50 value of 90.0 μM, indicating that additional acylation or
alkylation on the phloroglucinol ring is necessary to enhance anti-inflammatory activity. Cytotoxicity
testing using African monkey kidney fibroblast cell line (Vero) showed that compounds 2–7 were not
cytotoxic up to a concentration of 50 μM

The anti-inflammatory activity observed for compound 2 against iNOS and NF-κB appears
to be consistent with the previously reported data for the analogue 2,4-diacetylphloroglucinol [13].
Compound 2 was previously reported to possess potent in vitro antifungal activity against Cryptococcus
neoformans [17]. An enhanced inflammatory cell response in C. neoformans infection has been observed
via regulation of IL-23 and IL-12 [24]. Our findings suggest that the anti-inflammatory activity of
compound 2 targeting iNOS and NF-κB would have a positive impact on its antifungal activity.
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Table 1. Anti-inflammatory activity of synthetic acylphloroglucinols.

Compound
iNOS Inhibition NF-κB Inhibition

(IC50, μM) (IC50, μM)

2 19.0 ± 1.4 34.0 ± 8.5
3 NA 90.0 ± 14.1
4 19.5 ± 0.7 37.5 ± 3.5
5 50.0 ± 0 29.0 ± 15.5
6 19.0 ± 1.4 85.0 ± 21.2
7 49.0 ± 1.4 NA

Parthenolide 2.5 ± 0.2 20.5 ± 2.9

NA, not active at 50 μM for iNOS and 100 μM for NF-κB.

In conclusion, the natural product phloroglucinol-derived compounds were synthesized and
evaluated for anti-inflammatory activity against iNOS and NF-κB as well as cytotoxicity against the
mammalian Vero cells. This exploratory study has generated meaningful structure activity relationship
information from the limited number of synthetic compounds. The diacylphloroglucinol compound
2 and the alkylated monoacylphloroglucinol compound 4 are dual inhibitors of iNOS and NF-κB.
Further synthesis of these two chemotypes of compounds may afford compounds with improved
anti-inflammatory activities which could be better candidates for future drug discovery.

3. Materials and Methods

3.1. General Experimental Procedures

The nuclear magnetic resonance (NMR) spectra using standard pulse programs were recorded at
room temperature on a BrukerAvance DPX-400 spectrometer (Bruker, Billerica, MA, USA) operating at
400 (1H) and 100 (13C) MHz. The chemical shift (δ, ppm) values were calibrated using the residual
NMR solvent and coupling constant (J) was reported in Herts (Hz). High-resolution time-of-flight
mass spectrometry (TOF-MS) and electrospray ionisation mass spectrometry (ESI-MS) were measured
on an Agilent series 1100 SL spectrometer (Agilent Technologies, Santa Clara, CA, USA) equipped with
an ESI source. Thin layer chromatography (TLC) was performed on silica gel aluminum sheets (silica
gel 60 F254, Merck, Darmstadt, Germany) and visualized by UV 254 nm and spraying 10% H2SO4

followed by heating. Column chromatography was done on normal-phase silica gel (230 × 400 mesh,
J. T. Baker, Center Valley, PA, USA) and Sephadex LH-20 (75 μm, GE Healthcare Bio-Sciences
AB, Uppsala, Sweden). Reactants and reagents including anhydrous phloroglucinol, nitrobenzene,
aluminum chloride (AlCl3), n-butyl ammonium iodide (TBAI), 1-bromo-4-bromomethyl-benzene,
chloromethoxymethane (CH3OCH2Cl), toluene, and piperidine were purchased from Sigma-Aldrich
(St. Louis, MO, USA) in appropriate grades and were used without further purification. The yield of
each synthetic product after column chromatography is reported. The 1H- and 13C-NMR assignments
for all synthetic products and key intermediates with appropriate numbering systems are shown in the
Supplementary Materials. Compounds 2 and 3 were synthesized according to the protocols described
previously [18–20] and their identification was made by comparison of their NMR spectroscopic data
(see Supplementary Materials) with those reported in the literature [17].

3.2. Synthesis of Compound 4

To a solution of compound 3 (3.0 g), NaOH (1.01 g), and TBAI (catalyzer, 500 mg) in H2O (225 mL)
was added 1-bromo-4-(bromomethyl)benzene (2.5 g) in hexane (20 mL) dropwise. The mixture was
stirred at room temperature for 48 h. The precipitated crude product was collected by filtration.
The residue was purified by chromatography on silica gel using acetone:hexane (1:2) to afford 4 (1.67 g,
yield 30.0%).
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1-[3-(4-Bromo-benzyl)-2,4,6-trihydroxy-phenyl]-2-methyl-propan-1-one (4). 1H-NMR (400 MHz,
CD3COCD3) δ: 14.33 (s, OH), 7.35 (2H, d, J = 8.2 Hz, H-14,14′), 7.24 (2H, d, J = 8.2 Hz, H-13, 13′), 6.16
(1H, s, H-4), 3.99 (1H, m, H-8), 3.85 (2H, s, H-11), 1.13 (6H, d, J = 6.6 Hz, H-9, 10). 13C-NMR (100 MHz,
CD3COCD3) δ: 211.0 (C-7), 165.7 (C-1), 162.8 (C-5), 160.7 (C-3), 142.4 (C-12), 131.6 (C-14, 14′), 131.5
(C-13, 13′), 119.4 (C-15), 107.3 (C-6), 104.2 (C-2), 95.2 (C-4), 39.5 (C-8), 28.0 (C-11), 19.6 (C-9, 10). MS
ESI-(−) m/z = 363.0/365.2 [M − H]− for C17H17BrO4.

3.3. Synthesis of Compound 5

A suspension of compound 4 (346 mg) and K2CO3 (2.76 g) in acetone (35 mL) was stirred for
30 min, then CH3OCH2Cl (480 mg) was added. After stirring at room temperature for 48 h, the reaction
mixture was filtered. The filtrate was concentrated, and the residue was purified by chromatography
on silica gel with acetone:hexane (1:12) to give 5 (239 mg, yield 52.8%).

1-[3-(4-Bromo-benzyl)-2-hydroxy-4,6-bis-methoxymethoxy-phenyl]-2-methyl-propan-1-one (5). 1H-NMR (400
MHz, CDCl3) δ: 14.0 (s, OH), 7.35 (2H, d, J = 8.4 Hz, H-14, 14′), 7.21 (2H, d, J = 8.4 Hz, H-13, 13′), 6.46
(1H, s, H-4), 5.28 (2H, s, -OCH2), 5.24 (1H, s, -OCH2), 3.93 (2H, s, H-11), 3.82 (1H, m, H-8), 3.55 (3H, s,
-OCH3), 3.41 (3H, s, -OCH3), 1.21 (6H, d, J = 6.7 Hz, H-9, 10). 13C-NMR (100 MHz, CDCl3) δ: 210.7
(C-7), 164.0 (C-5), 160.5 (C-1), 158.9 (C-3), 140.6 (C-12), 131.0 (C-14, 14′), 130.4 (C-13, 13′), 119.2 (C-15),
110.7 (C-2), 106.0 (C-4), 94.9 (-OCH2), 94.0 (-OCH2), 91.4 (C-6), 56.8 (-OCH3), 56.5 (-OCH3), 39.8 (C-8),
27.7 (C-11), 19.4 (C-9, 10). MS ESI-(−) m/z = 451.0/453.2 [M − H]− for C21H25BrO6.

3.4. Synthesis of Compound 6

A suspension of compound 3 (98 mg) and NaOH (22 mg) in H2O (7.5 mL) was stirred about
30–40 min until it became clear. To this solution was added TBAI (9.8 mg) and p-xylylene dibromide
(144 mg) in toluene (4.5 mL) dropwise. After stirring at room temperature for 6 h, the reaction mixture
was extracted with ethyl acetate (EtOAc) (3 × 20 mL). The combined EtOAc layer was concentrated
under reduced pressure to afford a residue, which was purified by chromatography on silica gel using
acetone:hexane (1:2) to give 6 (44 mg, yield 17.8%).

2-Methyl-1-{2,4,6-trihydroxy-3-[4-(2,4,6-trihydroxy-3-isobutyryl-benzyl)-benzyl]-phenyl}-propan-1-one (6).
1H-NMR (400 MHz, CD3COCD3) δ: 14.19 (s, OH), 7.17 (4H, s, H-13, 13′, 14, 14′), 6.10 (2H, s, H-4, 4′),
4.02 (2H, m, H-8, 8′), 3.85 (4H, s, H-11, 11′), 1.14 (12H, d, J = 6.8 Hz, H-9, 9′, 10, 10′). 13C-NMR (100
MHz, CD3COCD3) δ: 210.1 (C-7, 7′), 164.8 (C-1, 1′), 162.0 (C-5, 5′), 159.7 (C-3, 3′), 138.9 (C-12, 12′),
128.1 (C-13, 13′, 14, 14′), 107.3 (C-6, 6′), 103.4 (C-2, 2′), 94.3 (C-4, 4′), 38.7 (C-8, 8′), 28.5 (C-11, 11′), 18.8
(C-9, 9′, 10, 10′). MS ESI-(−) m/z = 493.2 [M − H]− for C28H30O8.

3.5. Synthesis of Compound 7

To a solution of piperidine (2.55 g) in CH2Cl2 (100 mL) was added K2CO3 (5.46 g). After stirring
at room temperature for 1 h, p-xylenedibromide (7.86 g) in CH2Cl2 (100 mL) was added dropwise, and
the reaction continued for 3 h. The reaction mixture was filtered. The filtrate was concentrated under
reduced pressure, and the residue was purified by chromatography on silica gel using acetone:hexane
(1:7) to yield the intermediate 1-(4-(bromomethyl) benzyl)piperidine (2.0 g).

To a solution of compound 3 (196 mg) and NaOH (44 mg) in H2O (60 mL) was added the
intermediate (707 mg) in MeOH (40 mL) dropwise. After stirring at room temperature for 4 h, the
reaction mixture was extracted with EtOAc (3 × 80 mL) and concentrated under reduced pressure.
The residue was purified by chromatography on silica gel using CHCl3:MeOH:acetone (10:1:1) to yield
7 (35 mg, yield 9.2%).

2-Methyl-1-[2,4,6-trihydroxy-3-(4-piperidin-1-ylmethyl-benzyl)-phenyl]-propan-1-one (7). 1H-NMR (400
MHz, C5D5N) δ: 7.74 (2H, d, J = 6.0 Hz, H-13, 13′), 7.68 (2H, d, J = 6.0 Hz, H-14, 14′), 6.61 (1H, s, H-4),
4.37 (2H, s, H-11), 4.35 (1H, m, H-8), 4.23 (2H, s, H-16), 2.97 (4H, m, H-17, 17′), 1.77 (4H, m, H-18, 18′),
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1.29 (6H, d, J = 6.7 Hz, H-9, 10), 1.28 (2H, m, H-19). 13C-NMR (100 MHz, C5D5N) δ: 211.2 (C-7), 166.4
(C-1), 164.6 (C-3), 162.5 (C-5), 145.2 (C-12), 132.16 (C-14, 14′), 130.3 (C-13, 13′), 127.89 (C-15), 107.5 (C-6),
104.8 (C-2), 95.9 (C-4), 61.0 (C-16), 52.99 (C-17, 17′), 39.7 (C-8), 29.2 (C-11), 23.62 (C-18, 18′), 22.78 (C-19),
20.3 (C-9, 10). HRTOF-MS ESI-(+) m/z = 384.2170 [M + H]+ for C23H30NO4 (cal. 384.2176).

1H-NMR for the isomer of 7 (400 MHz, C5D5N) δ: 7.78 (2H, d, J = 5.8 Hz, H-13, 13′), 7.63 (2H, d, J
= 5.8 Hz, H-14, 14′), 6.61 (1H, s, H-4), 4.97 (2H, s, H-16), 4.37 (2H, s, H-11), 4.35 (1H, m, H-8), 2.97 (4H,
m, H-17, 17′), 1.77 (4H, m, H-18, 18′), 1.36 (2H, m, H-19), 1.29 (6H, d, J = 6.7 Hz, H-9, 10). 13C-NMR
for the isomer of 7 (100 MHz, C5D5N) δ: 211.2 (C-7), 166.4 (C-1), 164.6 (C-3), 162.5 (C-5), 145.2 (C-12),
132.23 (C-14, 14′), 130.3 (C-13, 13′), 128.04 (C-15), 107.5 (C-6), 104.8 (C-2), 95.9 (C-4), 64.3 (C-16), 53.25
(C-17, 17′), 39.7 (C-8), 29.2 (C-11), 23.84 (C-18, 18′), 23.01 (C-19), 20.3 (C-9, 10).

3.6. Assay for iNOS Inhibition

The assay was performed in mouse macrophages (RAW264.7, obtained from ATCC)) cultured in
phenol red free RPMI medium supplemented with 10% bovine calf serum and 100 U/mL penicillin
G sodium, and 100 μg/mL streptomycin at 37 ◦C in an atmosphere of 5% CO2 and 95% humidity.
Cells were seeded in 96-well plates (50,000 cells/well) and incubated for 24 h for a confluency of 75%
or more. Test samples diluted in serum free medium were added, and after 30 min of incubation, LPS
(5 μg/mL) was added and cells were further incubated for 24 h. The concentration of nitric oxide
(NO) was determined by measuring the level of nitrite in the cell culture supernatant by using Griess
reagent. Percent inhibition of nitrite production by the test compound was calculated in comparison to
the vehicle control. IC50 values were obtained from concentration response curves. Parthenolide was
used as a positive control [25].

3.7. Assay for NF-κB Inhibition

The assay was performed in human chondrosarcoma cells (SW1353, obtained from American Type
Culture Collection (ATCC), Manassas, VA, USA). Cells were cultured in 1:1 mixture of DMEM/F12
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin G sodium, and 100 μg/mL
streptomycin at 37 ◦C in an atmosphere of 5% CO2 and 95% humidity. Cells (1.2 × 107) were washed
once in an antibiotic and FBS-free DMEM/F12, and then resuspended in 500 μL of antibiotic-free
DMEM/F12 containing 2.5% FBS. NF-κB luciferase plasmid construct was added to the cell suspension
at a concentration of 50 μg/mL and incubated for 5 min at room temperature. The cells were
electroporated at 160 V and one 70-ms pulse using BTX disposable cuvettes model 640 (4-mm gap) in
a BTX Electro Square Porator T 820 (BTX I, San Diego, CA, USA). The transfected cells were plated
to the wells of 96-well plates at a density of 1.25 × 105 cells per well. After 24 h, cells were treated
with different concentrations of test compound for 30 min before the addition of PMA (70 ng/mL)
and incubated for 8 h. Luciferase activity was measured using the Luciferase Assay kit (Promega).
Light output was detected on a SpectraMax plate reader. Percent inhibition of luciferase activity was
calculated as compared to vehicle control, and IC50 values were obtained from concentration response
curves. Parthenolide was used as positive control [25].

3.8. Cytotoxicity Assay

Cytotoxicity was determined against the mammalian cell line Vero (African green monkey
kidney fibroblast) which was obtained from ATCC. The detailed assay procedure has been described
previously [26]. In brief, cells were seeded in 96-well plates (10,000 cells /well), and after 24 h of
incubation, they were treated with various dilutions of test samples for 48 h. The cell viability was
determined by tetrazolium dye WST-8. Doxorubicin was included as drug control.

Supplementary Materials: The following are available online. Supplementary Materials, including MS, HRMS,
1D and 2D NMR spectra for the synthetic compounds, are available online.
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Abstract: As a part of our ongoing research on endophytic fungi, we have isolated a sesterterpene
mycotoxin, fusaproliferin (FUS), from a Fusarium solani strain, which is associated with the plant
Aglaonema hookerianum Schott. FUS showed rapid and sub-micromolar IC50 against pancreatic cancer
cell lines. Time-dependent survival analysis and microscopy imaging showed rapid morphological
changes in cancer cell lines 4 h after incubation with FUS. This provides a new chemical scaffold that
can be further developed to obtain more potent synthetic agents against pancreatic cancer.

Keywords: endophytic fungi; sesterterpene; cytotoxic activity; pancreatic cancer

1. Introduction

Pancreatic adenocarcinoma is a leading cause of adult cancer mortality. It is presently untreatable,
with a 5-year survival rate of ~5% [1]. As early detection is difficult, most patients present with
locally advanced or metastatic disease [2]. Therapeutic options are limited, and metastatic disease
frequently develops after surgery [3]. Pancreatic cancer is the seventh leading cause of cancer-related
deaths worldwide, and annually more than 200,000 deaths are attributed to pancreatic cancer every
year [4,5]. Natural sources, particularly plants, represent an important source of new anticancer
chemical scaffolds, and there is an increasing interest in searching for natural products with drug-like
properties as potential leads for drug discovery projects [6,7].

Endophytic fungi are symbiotically associated with plants, capable of synthesizing bioactive
compounds without causing any damage to the host [8]. Some of these compounds have proven useful
for novel drug discoveries, and provide a defense against harmful pathogens for the plants [9,10].
As a part of our ongoing research on endophytic fungi [11–14], a Fusarium solani strain, isolated
from the plant Aglaonema hookerianum Schott. (Family: Araceae), was investigated. F. solani has
been proved as a potent source of structurally-diverse natural compounds with cytotoxic activity,
such as karuquinone A and karuquinone B [15], 9-desmethylherbarine, 7-desmethylscorpinone and
7-desmethyl-6-methylbostrycoidin [13], camptothecin and 10-hydroxycamptothecin [16], as well
as paclitaxel [17]. F. solani is considered a plant pathogen, and it accounts for more than 50%
infections caused by Fusarium spp. Infections by other Fusarium spp. strains are relatively
uncommon [18] Chemical investigation of the ethyl acetate extract of the F. solani led to the isolation
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of fusaproliferin (FUS), a mycotoxin which was first isolated from the Italian F. proliferatum strains,
named “proliferin” [19] and later “fusaproliferin” [20]. The absolute stereochemistry of the compound
was confirmed by Santini et al. in 1996 [21]. FUS is also produced by Fusarium subglutinans and fifteen
other ex-type strains of Fusarium species [22,23]. FUS produced a toxic effect on Artemia salina, insect
cells, and human B lymphocytes [24]. It was also reported to produce a teratogenic effect on chicken
embryos [25]. In this study, we examined the anticancer activity of FUS against two pancreatic and
two breast cancer cell lines, and compared the activity of the compound with that of gemcitabine and
doxorubicin, the current drugs of choice for pancreatic and breast cancer, respectively.

2. Results and Discussion

FUS was obtained as a white gum. The structure of FUS (Figure 1) was confirmed by spectroscopic
analysis (1H, 13C-NMR, DEPT-135, 2D-NMR and HR-ESIMS) and by comparison with the published
spectral values [19]. Accurate mass measurement of FUS obtained by FT-ESI-MS yielded a parent
mass at m/z 467.2778 in positive ionization mode, corresponding to the sodium adduct [M + Na]+

with a molecular formula of C27H40O5 (calcd. mass 467.2773, [C27H40O5 + Na]+), accounting for
8 degrees of unsaturation. The resonances at δ 170.9 and 207.9 ppm in the 13C-NMR spectrum were
characteristic of the presence of two carbonyl carbons of an ester and a ketone, respectively. The 1H
and 13C-NMR data, in conjunction with the DEPT-135 spectrum (Figure S13), proved the presence
of 27 carbon atom signals corresponding to six methyls (20-, 21-, 22-, 23-, 25-, and 27-), seven sp3

methylenes (1-, 4-, 5-, 8-, 9-, 13- and 24-), three sp3 methines (10-, 14- and 19-), three sp2 methines
(2-,6- and 12-), one sp3 quaternary carbon (15-), five sp2 quaternary carbons (3-, 7-, 11-, 17- and 18-),
two carbonyl carbons of an ester (26-OCOCH3) and a ketone (16-CO-). The presence of three sp2

methines and five sp2 quaternary carbons, along with one each of an ester and carbonyl moiety, proved
the presence of six double bonds in this compound, and thus indicated that it was a bicyclic compound.
After deducting the acetyl moiety ‘OCOCH3’ (δH = 2.06, δC = 20.9 and 170.9 ppm), the compound
consisted of 25 carbons, which indicated it as a sesterterpene.

Figure 1. Structure of Fusaproliferin.

The cytotoxicity of FUS was determined against two pancreatic cancer cell lines, BxPc3 and MIA PaCa2,
the ER-positive breast cancer cell line MCF7, and the triple negative breast cancer cell line MDA MB 231;
gemcitabine was used as the positive control for the pancreatic cancer cell lines and doxorubicin for the
breast cancer cell lines. FUS was active against all four cell lines tested (Figure 2 and Table 1) with sub to low
micromolar IC50, but the activity against the pancreatic cancer cell lines were notably better than the breast
cancer cell lines. FUS was between 3 to 58 times more potent than gemcitabine in pancreatic cancer cell
lines, but doxorubicin was superior against both breast cancer cell lines compared to FUS. The therapeutic
utility of FUS was further investigated against WI38, a non-tumor lung fibroblast cell line. FUS was found
to be cytotoxic against WI38 with a high micromolar IC50 (Table 1), but was between 23 to 138 times more
selective for the pancreatic cancer cell lines, and between 4.6 to 9.4 more selective for the breast cancer cell
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lines. This suggests a good therapeutic index against the pancreatic cancer cell lines which can be exploited if
FUS is considered as a starting point for a medicinal chemistry program to develop a more potent analogue.

Figure 2. MTT cell-viability assay profile in pancreatic (MIA PaCa2 and BXPC3) and breast (MDA MB 231
and MCF7) cancer cell lines treated with FUS for 24 h.

Table 1. Cytotoxicity assay results of FUS against human tumor cells (IC50 in μM).

Compound/Standard
MIA PaCa 2
(Pancreatic)

BXPC3
(Pancreatic)

MDA MB 231
(Breast)

MCF7
(Breast)

WI 38 (Lung
Fibroblast)

FUS 0.13 ± 0.09 0.76 ± 0.24 1.9 ± 0.32 3.9 ± 0.75 18 ± 0.66

Gemcitabine 7.6 ± 0.66 2.2 ± 0.43 NT NT NT

Doxorubicin NT NT 0.06 ± 0.03 0.02 ± 0.018 NT

The relatively rapid cytotoxicity observed for FUS during the cell culture experiments led us
to carry out a time-dependent cytotoxicity assay by monitoring percentage survival after 4- and 8-h
post-incubation. FUS showed greater toxicity at both 4 and 8 h at 4 × IC50concentration in MIA PaCa2
cell line compared to gemcitabine. The differences were statistically significant (p < 0.01) (Figure 3a).
Similarly, rapid toxicity was observed against MDA MB 231 cell line at 4 h (p < 0.03) and at 8 h (p < 0.01)
compared to doxorubicin (Figures S5 and S6), although doxorubicin was notably more potent than
FUS after 24 h incubation.
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Figure 3. Effect of FUS on pancreatic cancer cell line. (a,b) FUS showed statistically significant rapid
toxicity (p < 0.01) against MIA PaCa2 cell line after 4 h and 8 h incubation; (c,d) morphological changes
observed in MIA PaCa2 cell lines after 4 h and 8 h incubation, respectively.

The morphological changes in the MIAPaCa2 cell line after incubating with FUS were monitored
using a Nikon TS100 inverted microscope fitted with a camera. The cells appeared to show both
apoptotic and necrotic damages within 4 h post-incubation, and the damages were fully evident at
the 8-h time point (Figure 3c,d). These images, along with the survival analysis, point to the ability
of the compound to induce severe stress resulting in rapid toxicity against the cell lines. This rapid
cytotoxicity is intriguing and potentially a useful characteristic for an anticancer scaffold that can be
developed against pancreatic cancer. Further studies are required to ascertain the mechanism of action
of this compound, and will be reported in due course.

In summary, FUS is a known sesterterpene mycotoxin isolated from the endophytic fungus
F. solani. This compound showed potent and rapid cytotoxicity against both pancreatic and breast
cancer cell lines tested in this study. The complex structure and intriguing biological activity of FUS
make it a good target for chemical synthesis and a lead structure for a medicinal chemistry project to
develop a new anticancer drug against pancreatic cancer.

3. Experimental Section

3.1. Collection and Identification of the Plant Material

The aerial part of A. hookerianum was collected from Pablakhali, Rangamati, Chittagong Hill tracts,
Bangladesh on 10 August 2014 and identified by the taxonomist of Bangladesh National Herbarium,
Mirpur, Dhaka. A voucher specimen of the plant has been deposited (Accession no.: DACB 40633) in
the herbarium for further reference (Figure S1).
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3.2. General Experimental Procedures

The NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer using CDCl3. The HRMS
spectrum was recorded on an Exactive Orbitrap by a Thermo Scientific mass spectrometer at King’s College
London, (London, UK), and the data were processed by Thermo XCalibur 2.2. Column chromatography
was carried out on silica gel (70–230 mesh and 230–400 mesh, Merck, Darmstadt, Germany). Organic
solvents, potato dextrose agar (PDA) medium, and TLC plates were purchased from Merck, Germany.

3.3. Isolation of Fungal Material

About 300 g of fresh and healthy parts of the plant (leaves, roots, and petioles) was cut with
a sterile scalpel and stored at 4 ◦C in a sterile polyethene bag prior to use. Endophytic fungi were
isolated from the fresh plant parts following the procedure, established at Pharmaceutical Sciences
Research Division, BCSIR Laboratories, Dhaka, Bangladesh [11–14]. Total four endophytic fungi
were isolated from different parts of A. hookerianum bearing the internal strain no. AHPE-3, AHPE-4
(Figure S2), AHLE-1 and AHLE-4. All the endophytic fungi were taxonomically identified up to genus
level on the basis of macroscopic and microscopic morphological characters as Fusarium sp. (Figure S3).
(AHPE-3), Fusarium sp. (AHPE-4), Colletotrichum sp. (AHLE-1) and Colletotrichum sp. (AHLE-4).
The fungus AHPE-4 was selected for further investigation, based on the brine shrimp lethality bioassay
data (Figure S4), and was cultured at a large scale to isolate bioactive secondary metabolites.

3.4. Molecular Identification of the Endophytic Fungus AHPE-4

For identification and differentiation, the Internal Transcript Spacer regions (ITS4 and ITS5) and
the intervening 5.8S rRNA region was amplified and sequenced using electrophoretic sequencing on
an ABI 3730 × l DNA analyzer (Applied Biosystems, Waltham, MA, USA) using Big Dye Terminator
v 3.1 cycle sequencing kit (Thermo Fisher Scientific, Waltham, MA, USA). The ITS regions of the
fungus were amplified using PCR (Hot Start Green Master Mix, Promega, Madison, WI, USA) and
the universal ITS primers, ITS4 (5′-TCC GTA GGT GAA CCT GCG G-3′) and ITS5 (5′-GGA AGT
AAA AGT CGT AAC AAG G-3′). The PCR products were purified and desalted using the Hot Start
Green Master Mix (Cat: M7432, Promega, USA.) and sequenced on an ABI 3730 × l DNA analyzer
(Applied Biosystems, USA). The sequences were aligned and prepared with the software Chromas
(V 2.6.2, Technelysium, Brisbane, Australia) and matched against the nucleotide-nucleotide database
(BLASTn) of the U.S. National Center for Biotechnology Information (NCBI) for final identification
of the endophytic isolate. Finally, the sequence data (SI) were deposited in the Gen Bank database
(accession number MG75792), which revealed 99% similarity other related fungal isolates of F. solani
bearing accession numbers KX 497027, KJ863503, AB 190389, AY433805 etc. deposited in NCBI.

3.5. Extraction of the Fungal Material and Isolation of FUS

The fungus F. solani (AHPE-4), isolated from the petiole of the plant A. hookerianum, was cultivated
at 28 ± 2 ◦C for 28 days on potato dextrose agar (PDA). The culture media were extracted with
ethyl acetate for seven days in an air-tight, flat-bottom container with occasional shaking and stirring.
This procedure was repeated three times to obtain the crude extract. The extract of endophytic fungi
was then filtered using sterilized cotton filter followed by Whatman no. 1 filter papers. The solvent
was evaporated with a rotary evaporator at low temperature (40 ◦C–50 ◦C) and reduced pressure.

The crude fungal extract (8 gm) was subjected to column chromatography for fractionation
on silica gel (70–230 mesh) using gradients of petroleum ether/ethyl acetate, then ethyl acetate,
followed by a gradient of ethyl acetate/methanol, and finally methanol, to afford a total of 15 fractions.
These fractions were screened by TLC on silica gel under UV light and by spraying with vanillin-H2SO4

spray reagents. The column fraction of petroleum ether/15% ethyl acetate was subjected to preparative
TLC on silica gel (toluene/20% ethyl acetate, 3 developments) to obtain FUS.
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Fusaproliferin

18 mg, white, amorphous sticky mass; (1H-NMR, CDCl3): δ 2.40 (1H, dd, J = 10.8, 13.6 Hz, H-1´), 1.74
(1H, m, H-1”), 5.27 (1H, dd, J = 5.0, 10.2 Hz, H-2), 2.30 (1H, m, H-4´), 2.06 (1H, m, H-4”), 2.30 (1H, m,
H-5´), 2.11 (1H, m, H-5”), 5.15 (1H, bs, H-6), 2.11 (1H, m, H-8´), 1.82 (1H, d, J = 9.2 Hz, H-8”), 1.82 (1H,
d, J = 9.2 Hz, H-9´), 1.65 (1H, m, H-9”), 4.08 (1H, dd, J = 3.4, 9.8 Hz, H-10), 5.40 (1H, bt, H-12), 2.40
(1H, dd, J = 10.8, 13.6 Hz, H-13´), 1.95 (1H, m, H-13”), 2.69 (1H, dd, J = 2.0, 11.2 Hz, H-14), 2.80 (1H,
sextet, H-19), 1.66 (3H, s, H-20), 1.66 (3H, s, H-21), 1.59 (3H, s, H-22), 1.02 (3H, s, H-23), 4.31 (1H, dd,
J = 8.0, 10.4 Hz, H-24´), 4.27 (1H, dd, J = 7.2, 10.4 Hz, H-24”), 1.33 (3H, d, J = 6.8 Hz, H-25), 2.06 (3H, s,
H-27), 5.56 ( 1H, s, 17- OH). 13C-NMR: δC 39.1 (C-1), 121.4 (C-2), 138.2 (C-3), 40.3 (C-4), 23.8 (C-5), 124.3
(C-6), 132.9 (C-7), 34.9 (C-8), 29.7 (C-9), 76.5 (C-10), 136.5 (C-11), 128.9 (C-12), 28.7 (C-13), 49.6 (C-14),
49.0 (C-15), 207.9 (C-16), 147.3 (C-17), 146.7 (C-18), 33.7 (C-19), 15.5 (C-20), 15.3 (C-21), 10.4 (C-22), 16.2
(C-23), 66.4 (C-24), 14.5 (C-25), 170.9 (C-26), 20.9 (C-27). HRESIMS m/z 467.2778 [M + Na]+ (calcd mass
467.2773, [C27H40O5 + Na]+).

3.6. Bioassays

3.6.1. Cell Culture

The MIA PaCa2 (pancreatic adenocarcinoma), BXPC3 (pancreatic adenocarcinoma), MDA-MB-231
(triple-negative breast cancer), MCF-7 (estrogen receptor positive breast cancer) cell lines were
obtained from the American Type Culture Collection. The MIA PaCa2 cell line was maintained
in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA, USA), supplemented
with fetal bovine serum (10% v/v; Invitrogen), horse serum (2.5% v/v; Invitrogen) and
penicillin-streptomycin (1% v/v, Invitrogen). The BXPC3 cell line was maintained in RPMI-1640
medium (DMEM; Invitrogen), supplemented with fetal bovine serum (10% v/v; Invitrogen),
and penicillin-streptomycin (1% v/v, Invitrogen). The MDA MB 231 cell line was maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen), supplemented with fetal bovine serum
(10% v/v; Invitrogen), L-glutamine (2 mM; Invitrogen), non-essential amino acids (1×; Invitrogen) and
penicillin-streptomycin (1% v/v, Invitrogen). The MCF7 cell line was maintained in Eagle’s Minimum
Essential medium supplemented with fetal bovine serum (10% v/v; Invitrogen), 0.01 mg/mL human
recombinant insulin and penicillin-streptomycin (1% v/v, Invitrogen). During seeding, cells were
counted using a Neubauer hemocytometer (Assistant, Hanover, Germany) by microscopy (Nikon,
Melville, NY, USA) on a non-adherent suspension of cells that were washed in PBS, trypsinized,
centrifuged at 8 ◦C at 8000 rpm for 5 min, and re-suspended in fresh medium.

3.6.2. MTT Assay

The cells were grown in normal cell culture conditions at 37 ◦C under a 5% CO2 humidified
atmosphere using an appropriate medium. The cell count was adjusted to 105 cells/mL and 2500
cells (MDA-MB-231) or 5000 cells (A4 and WI-38) were added per well. The cells were incubated
for 24 h, and 1 μL of the appropriate inhibitor concentrations was added to the wells in triplicate.
After 96 h of continuous exposure to each compound, the cytotoxicity was determined using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Lancaster Synthesis Ltd.,
Morecambe, Lancashire, UK) colorimetric assay. Absorbance was quantified by spectrophotometry at
λ = 570 nm (Envision Plate Reader, PerkinElmer, Waltham, MA, USA). IC50 values were calculated by
a dose-response analysis using the Prism GraphPad Prism® software.

Supplementary Materials: The experimental procedures and 1H, 13C-NMR, DEPT-135 and HRMS spectra of FUS
(PDF) are available online.
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Abstract: Stevia rebaudiana and its diterpene glycosides are one of the main focuses of food
companies interested in developing novel zero calorie sugar substitutes since the recognition of
steviol glycosides as Generally Recognized as Safe (GRAS) by the United States Food and Drug
Administration. Rebaudioside A, one of the major steviol glycosides of the leaves is more than
200 times sweeter than sucrose. However, its lingering aftertaste makes it less attractive as a
table-top sweetener, despite its human health benefits. Herein, we report the purification of
two novel tetra-glucopyranosyl diterpene glycosides 1 and 3 (rebaudioside A isomers) from a
commercial Stevia rebaudiana leaf extract compounds, their saponification products compounds
2 and 4, together with three known compounds isolated in gram quantities. Compound 1

was determined to be 13-[(2-O-β-D-glucopyranosyl-6-O-β-D-glucopyranosyl-β-D-glucopyranosyl)
oxy]ent-kaur-16-en-19-oic acid-β-D-glucopyranosy ester (rebaudioside Z), whereas compound
3 was found to be 13-[(2-O-β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl)
oxy]ent-hydroxyatis-16-en-19-oic acid -β-D-glucopyranosy ester. Two new tetracyclic derivatives with
no sugar at position C-19 were prepared from rebaudiosides 1 and 3 under mild alkaline hydrolysis to
afford compounds 2 13-[(2-O-β-D-glucopyranosyl-6-O-β-D-glucopyranosyl-β-D-glucopyranosyl)
oxy]ent-kaur-16-en-19-oic acid (rebaudioside Z1) and 4 13-[(2-O-β-D-glucopyranosyl-3-O-β-D-
glucopyranosyl-β-D-glucopyranosyl) oxy]ent-hydroxyatis-16-en-19-oic acid. Three known compounds
were purified in gram quantities and identified as rebaudiosides A (5), H (6) and J (7).
Chemical structures were unambiguously elucidated using different approaches, namely HRESIMS,
HRESI-MS/MS, and 1D-and 2D-NMR spectroscopic data. Additionally, a high-quality crystal of
iso-stevioside was grown in methanol and its structure confirmed by X-ray diffraction.
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1. Introduction

Diabetes is a chronic disease that affected 422 million of people worldwide in 2014 and is
increasing considerably every year. Diabetes is characterized by insulin deficit or insulin insensitivity
and consequently produces high blood sugar levels which are associated with other disorders [1,2].
Reducing or eliminating sugar consumption and replacing sucrose with healthier sweeteners is one
approach to prevent and control diabetes.

Stevia rebaudiana (Bertoni) Bertoni and its steviol glycosides were conferred Generally Recognized
as Safe status by the United States Food and Drug Administration in 2008 and in the European Union
in 2011. Steviol glycosides from this Asteraceae plant have been gaining interest from companies and
the general public since these natural compounds are calorie free sweeteners and have shown higher
sweetener potency than sucrose [3,4]. Additionally, it was recently suggested that rebaudioside
A potentiates the activity of a Ca2+ cation channel expressed in type II taste receptor cells and
pancreatic β-cells (TRPM5) enhancing glucose-induced insulin secretion in a dependent manner.
However, regardless of the potential of rebaudioside A as a sugar substitute to prevent and treat type 2
diabetes [5], the lingering aftertaste of this tetra-glucopyranosyl sugar substitute makes it unattractive
to consumers.

In our continuing efforts to discover novel sugar substitutes with potential refined organoleptic
properties, we describe herein the isolation and structure elucidation of two new tetra-glucopyranosyl
diterpene glycosides, the preparation of their saponification products together with the isolation of
three known compounds in gram quantities.

2. Results and Discussion

Structure Elucidation

Two new compounds were isolated from a commercial extract of Stevia rebaudiana using
reversed-phase and high performance normal-phase chromatography [6]. Recently, two approaches
have been described for a rapid detection of novel oligosaccharide arrangements linked at position
C-13 in steviol glycosides and infer their C-19 linkage. One is based on tandem mass spectrometry
dissociation patterns with ranging collision energies [7]. Thus, steviol glycosides with one
monosaccharide unit or a less hindered disaccharide linked at C-19 (e.g., rebaudiosides I and U
with 1-3 and 1-6 linkages, respectively) cleave the C-19 ester linkage with low collision energies (10 eV)
while more hindered disaccharides (1-2 linkages) cleave with higher collision energies (40 eV).

Compound 1 was purified as an amorphous off-white solid with [α]25
D −28.0 (c 0.1, MeOH).

HR-ESIMS and HR-ESIMS/MS data of compound 1 showed a molecular ion at m/z 965.4208
[M − H]− (calculated m/z 965.4235 [M − H]−), suggesting a molecular formula C44H70O23. Both,
the deprotonated molecular ion and an intense product ion m/z = 803.3703 Da resulted from the loss
of one hexose at C-19 ([M − H] − H2O − 162 Da)− were observed at 10 eV. Further sequential loss of
three hexoses ([M − H] − H2O – 3 × 162 Da)− m/z = 641.3185, m/z = 479.2635 and m/z = 317.2146
from the C-13 moiety was observed at 70 eV. Acid hydrolysis of 1 furnished a mixture of aglycones
and only D-glucose which was identified by comparison of the HPLC retention times of thiocarbamoyl
thiazolidine derivatives prepared from sugar standards as previously described [8,9]. Hence compound
1 is a rebaudioside A isomer.

The second approach was based on comparing retention times of a pure steviol glycoside and its
saponification product with those reported by RP-C18 HPLC [10]. Saponification condition was helpful
to detect single monosaccharide, di and oligosaccharides linked at position C-19. Thus, compound 1
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showed a retention time of 3.94 min that did not match with any previously reported steviol glycosides
in a RP-C18 HPLC method [10]. The aglycone-C13 moiety was produced by mild alkaline hydrolysis
corroborating the linkage of a single sugar at position C-19 (9.32 min) as deduced by MS. The aglycone
with the C-13 portion showed an HPLC retention time that did not match with any of the steviol
glycosides reported with a free carboxylic acid at C-19, suggesting the structural novelty of this
compound, probably, in the C-13-oligosaccharide.

The assignments of the signals of the steviol aglycone started by identifying H-18 as the methyl
protons coupling with C-19, which is the most deshielded carbon. H-18 also couples with a quaternary
carbon, C-4, with methylene carbon, C-3, and with a methine carbon, C-5. The sequence H-3–H-2–H-1
could be followed in the COSY spectrum, and the protons on ring A assigned as axial or equatorial
based on the number of large couplings. Both C-1 and C-5 couple with methyl protons at position 20,
which also couples with a quaternary carbon, C-10 and with a methine carbon, C-9. The sequences
H-6—H-7—H-9 and H-9—H-11—H-12 could be followed in the COSY spectrum. The C/D rings were
supported by the HMBC correlations of H-9 with C-11, C-12, C-14 and C-15; H-14 with C-13, C-15 and
C-16; and H-17 with C-13, C-15 and C-16.

We also observed four anomeric protons at δ 5.14, 5.19, 5.30, and 6.12 ppm supporting the MS
information, all of them showing beta linkages.

The positions of attachment of the sugar moieties were established based on the 2D-NMR
HMBC spectrum. 3J HMBC correlations between anomeric proton H-1′ (δ 6.12 ppm) and C-19
(δ 177.7 ppm) confirmed the attachment of one glucose unit at C-19. The position of H-2′ was
confirmed through the COSY correlation between H-2′ (δ 4.17 ppm) and H-1′ (δ 6.12 ppm).
Additionally, the 3J HMBC correlations between H-1′ ′ (δ 5.19 ppm) and C-13 (δ 86.4 ppm) confirmed
the attachment of the first glucose unit at C-13. The connections of other two glucoses were
also established through 3J HMBC correlations between H-1′ ′ ′ (δ 5.30 ppm), H-1′ ′ ′ ′ (δ 5.14 ppm)
with C-2′ ′ (δ 84.4 ppm) and C-6′ ′ (δ 70.3 ppm) respectively. In the same way, the position of
H-2′ ′ was confirmed through the gDQCOSY correlation between H-2′ ′ (δ 4.23 ppm) and H-1′ ′

(δ 5.19 ppm). The positions of H-2 of the sugars linked at position C-13′ were confirmed through
their COSY correlations between H-2′ ′ (δ 4.23 ppm) and H-1′ ′ (δ 5.19 ppm), H-2′ ′ ′ (δ 4.11 ppm) and
H-1′ ′ ′ (δ 5.30 ppm) and H-2′ ′ ′ ′ (δ 4.06 ppm) and H-1′ ′ ′ ′ (δ 5.14 ppm). Compound 1 was named as
13-[(2-O-β-D-glucopyranosyl-6-O-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy]ent-kaur-16-en-19-oic
acid-β-D-glucopyranosy ester (rebaudioside Z) and assigned the structure shown in Figure 1. 1H- and
13C-NMR chemical shifts are shown in Tables 1 and 2, respectively, and are typical signals of the
ent-kaurene core [11].

Table 1. 1H chemical shifts of diterpene glycosides 1–4.

Moiety Position
1 a 2 b 3 b 4 b

δ (ppm) δ (ppm) δ (ppm) c δ (ppm) c

Aglycone 1 0.73, 1.73 0.95, 2.13 0.92, 1.59 0.85, 1.56
2 2.20, 1.43 1.96, 1.37 1.92, 1.40 2.01, 1.30
3 2.28, 1.79 1.97, 1.54 2.20, 1.09 2.14, 0.88
5 1.03 1.01 1.12 0.90
6 1.91, 2.50 1.87, 1.87 1.78, 2.05 1.80, 1.98
7 1.28, 1.28 1.52; 1.40 1.57, 1.16 1.53, 1.13
9 0.87 0.96 1.09 1.04

11 1.68, 1.68 1.79,1.63 1.63, 1.45 1.60, 1.44
12 1.02, 2.35 0.83, 1.86 2.51 2.49
13 - - 4.04 4.05
14 1.97, 2.74 1.51, 2.27 1.15, 2.51 1.14, 2.51
15 2.06, 2.06 2.05, 2.10 1.89, 2.11 1.86, 2.08
17 5.10, 5.73 4.85, 5.24 4.70, 4.84 4.68,4.82
18 1.23 1.14 1.24 1.11
20 1.31 1.03 0.89 0.95
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Table 1. Cont.

Moiety Position
1 a 2 b 3 b 4 b

δ (ppm) δ (ppm) δ (ppm) c δ (ppm) c

Glcβ-C19 1′ 6.12 - 5.43 -
2′ 4.17 - 3.39 -
3′ 3.98 - 3.43 -
4′ 4.33 - 3.39 -
5′ 4.22 - 3.39 -
6′ 4.43, 4.57 - 3.85, 3.71 -

Glc-C13 1′ ′ 5.19 4.59 4.56 4.55
2′ ′ 4.23 3.60 3.65 3.64
3′ ′ 4.27 3.54 3.71 3.71
4′ ′ 4.45 3.35 3.38 3.42
5′ ′ 4.08 3.17 3.34 3.30
6′ ′ 4.51, 4.78 3.78, 4.10 3.91, 3.68 3.85, 3.70

Glc(1–2) 1′ ′ ′ 5.30 4.62 4.81 4.81
2′ ′ ′ 4.11 3.30 3.19 3.18
3′ ′ ′ 4.23 3.46 3.35 3.34
4′ ′ ′ 4.28 3.35 3.22 3.21
5′ ′ ′ 3.91 3.36 3.33 3.30
6′ ′ ′ 4.22, 4.57 3.68, 3.82 3.87, 3.66 3.85, 3.65

Glcβ(1-X) d 1′ ′ ′ ′ 5.14 4.61 4.65 4.65
2′ ′ ′ ′ 4.06 3.21 3.28 3.27
3′ ′ ′ ′ 4.27 3.46 3.39 3.38
4′ ′ ′ ′ 4.12 3.35 3.31 3.33
5′ ′ ′ ′ 4.03 3.36 3.37 3.36
6′ ′ ′ ′ 4.22, 4.57 3.68, 3.82 3.90, 3.66 3.89, 3.65

(1) rebaudioside Z; (2) rebaudioside Z1; (3) 13-[(2-O-β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-
D-glucopyranosyl) oxy]ent-hydroxyatis-16-en-19-oic acid-β-D-glucopyranosy ester; (4) 13-[(2-O-β-D-glucopyranosyl-
3-O-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy]ent-hydroxyatis-16-en-19-oic acid. All the sugars showed β

linkage evidenced for the coupling constants of the anomeric protons (7.6 and 8 Hz), a in Pyr-d5, b in MeOH-d4,
c diastereotopic protons in the aglycone are given in the order pro-R, pro-S. Protons in position 6 of glucose were not
assigned sterically. Protons in position 17 are given in the order pro-E, pro-Z. d X = 6 for compound 1 and 2; X = 3 for
compound 3 and 4.

5: R1 = H; R2 = Glc - 

6: R1 = H; R2 = Glc (1-3)Rha - 

7: R1 = Rha -; R2 = Glc - 

1: R1 = Glc  

2: R1 = H 

3: R1 = Glc  

4: R1 = H 

Figure 1. Chemical structures of purified compounds rebaudioside Z (1) and 13-[(2-O-β-D-
glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy]ent-hydroxyatis-16-en-19-oic acid-
β-D-glucopyranosy ester (3) and chemically modified rebaudioside Z1 (2) and 13-[(2-O-β-D-
glucopyranosyl- 3-O-β-D-glucopyranosyl-β-D-glucopyranosyl) oxy]ent-hydroxyatis- 16-en-19-oic acid
(4), rebaudioside A (5), rebaudioside H (6) and rebaudioside J (7).
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Table 2. 13C chemical shifts of diterpene glycosides 1–4.

Moiety Position
1 a 2 b 3 b 4 b

δ (ppm) δ (ppm) δ (ppm) δ (ppm)

Aglycone 1 41.2 40.1 39.5 40.5
2 19.9 20.9 18.4 19.3
3 36.8 39.0 37.7 39.4
4 44.5 45.6 43.7 44.7
5 57.8 58.7 57.1 57.6
6 22.7 23.7 19.9 20.6
7 42.2 43.1 38.8 39.4
8 43.3 43.1 33.9 33.8
9 54.3 55.3 51.0 51.2

10 40.3 40.9 38.1 38.0
11 21.1 21.5 26.3 26.3
12 38.9 42.6 41.0 41.0
13 86.4 88.3 77.8 77.8
14 45.1 45.8 37.7 37.7
15 48.0 48.8 47.4 47.7
16 155.0 154.2 146.7 147.0
17 105.4 105.7 108.0 107.8
18 28.8 30.1 27.5 29.1
19 177.7 184.1 176.8 184.4
20 16.0 17.3 11.9 12.2

Glcβ-C19 1′ 96.3 - 94.2 -
2′ 74.4 - 72.6 -
3′ 79.5 - 77.3 -
4′ 71.4 - 69.7 -
5′ 79.9 - 77.3 -
6′ 62.6 - 61.0 -

Glcβ-C13 1′ ′ 98.3 97.7 100.5 100.3
2′ ′ 84.4 81.8 79.0 78.8
3′ ′ 78.6 78.5 86.0 85.9
4′ ′ 71.8 71.8 68.8 68.6
5′ ′ 77.8 77.8 76.1 76.1
6′ ′ 70.3 70.0 61.4 61.2

Glcβ(1-2) 1′ ′ ′ 106.8 104.8 102.2 102.1
2′ ′ ′ 75.7 76.3 74.6 74.5
3′ ′ ′ 78.8 77.8 76.5 76.5
4′ ′ ′ 72.1 71.4 70.6 70.6
5′ ′ ′ 78.3 77.9 76.6 76.6
6′ ′ ′ 63.3 62.8 61.9 61.8

Glcβ(1-X) 1′ ′ ′ ′ 105.9 104.6 103.1 103.1
2′ ′ ′ ′ 77.2 75.3 73.9 73.9
3′ ′ ′ ′ 78.9 77.9 76.8 76.8
4′ ′ ′ ′ 72.6 71.7 70.1 70.1
5′ ′ ′ ′ 78.5 78.3 76.8 76.8
6′ ′ ′ ′ 63.3 62.8 61.2 61.1

(1) Rebaudioside Z; (2) rebaudioside Z1; (3) 13-[(2-O-β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-
glucopyranosyl) oxy]ent-hydroxyatis-16-en-19-oic acid-β-D-glucopyranosy ester; (4) 13-[(2-O-β-D-glucopyranosyl-
3-O-β-D-glucopyranosyl-β-D-glucopyranosyl) oxy]ent-hydroxyatis-16-en-19-oic acid. NMR spectra recorded in
a Pyr-d5 and b MeOH-d4. X = 6 for compound 1 and 2; X = 3 for compound 3 and 4.

Compound 2 was prepared through mild alkaline hydrolysis of 1 to afford a new rebaudioside
B isomer with a Glcβ(1-6)[Glcβ(1-2)]Glcβ1- arrangement at C-13 with retention of 9.32 min in
the RP-C18 HPLC method that did not match with any of the previously reported steviol-C13
oligosaccharides [10]. HRESIMS/MS experiment of compound 2 showed a molecular ion at m/z
803.3721 [M − H]− (calculated m/z 803.3702 [M − H]−), suggesting a molecular formula C38H60O18.
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A sequential loss of three glucoses units at C-13 portion were observed at 70 eV collision energy:
m/z 641.3196 (−162 Da), m/z 479.2648 (−162 Da) and m/z 317.2115 Da. 1H-NMR showed three
anomeric protons corresponding to the oligosaccharide portion linked at position C-13 (δH 4.59;
4.61 and 4.62 ppm). The free carboxylic acid at position C-19 was evidenced by the signal at 184.1
ppm in the 13C-NMR, less shielded than the observed for compound 1. Full structural assignment
was performed using 1D- and 2D-NMR (DQCOSY, HSQC and HMBC) experiments. Compound 2

was named as 13-[(2-O-β-D-glucopyranosyl-6-O-β-D-glucopyranosyl-β-D-glucopyranosyl)
oxy]ent-kaur-16-en-19-oic acid (rebaudioside Z1). 1H and 13C chemical shifts are presented in Table 1.

Compound 3 was purified as an amorphous off-white solid with [α]25
D −20.0 (c 0.1, MeOH).

HR-ESIMS/MS data of compound 3 showed a molecular ion at m/z 965.4297 [M − H]− (calculated
m/z 965.4235 [M − H]−), suggesting a molecular formula C44H70O23. Both, the deprotonated
molecular ion and an intense product ion m/z = 803.3735 Da resultant from the loss of one hexose
at C-19 [M – H − H2O − 162 Da]− were observed at 10 eV. Further sequential loss of three hexoses
[M – H − H2O – 3 × 162 Da]− m/z = 641.3195, m/z = 479.27.0 and m/z = 317.2141 from C-13 moiety
was observed at 70 eV. Compound 3 showed a HPLC retention time of 4.35 min that did not match with
any diterpene glycosides in the RP-C18 method previously reported [10]. It was hydrolyzed under
mild alkaline conditions corroborating the presence of a single monosaccharide attached at position
C-19. Retention time of the saponification product showed a peak at 10.5 min that did not match with
any aglycone-C13 previously described [10]. The rapid elution of compound 3, <7 min, suggested
that it is a highly substituted glycoside with a single sugar unit linked at C-19. Acid hydrolysis of 3

furnished a mixture of aglycones and only D-glucose which was identified by comparison of the HPLC
retention times of thiocarbamoyl thiazolidine derivatives prepared from sugar standards, as previously
described [8,9].

The aglycone signals were similar to those reported for steviol aglycone in compounds 1

and 2 except for δH 2.51 and δH 4.04 but signals were in good agreement with those reported
for a similar aglycone previously found in Stevia eupatoria (Spreng.) Willd. and reported as
12-α-hydroxy-ent-kaur-16-en-19-oic acid based on the 1H- and 13C-NMR data together with chemical
modifications [12]. Additionally, a triglucopyranosyl derivative isolated from S. rebaudiana (stevioside
isomer) was also reported and was suggested a similar aglycone 12-α-hydroxy-ent-kaur-16-en-19-oic
acid by comparison with previously reported data [13]. More recent NMR techniques allowed us to
assign the aglycone as 13(S)-hydroxyastinoic acid. This type of aglycone was previously reported
by converting microbiologically diterpene acids from Helianthus sp. with Gibberella fujikuroi [14].
The structure of the aglycone in 3 was inferred as described in Figure 2. The COSY spectrum reveals
the sequence H-9–H-11ab–H-12. The coupling of H-17 with C-12 and C-15, seen in the HMBC spectrum,
set fragment a. Coupling of H-15 with both C-8 and C-9 indicated that C-15 is bonded to C-8, as in
fragment b. Couplings between the proton on the carbon carrying the oxygen (H-13, 4.04 ppm) with
H-12 and H-14 were seen in the COSY spectrum, so they are vicinal, also corroborated for the HMBC
correlation between H-13 and C-16. Protons in position 14 were identified by their coupling with
H-13. They couple with C-8, C-9 and C-15, and therefore C-14 is bonded to C-8, as in fragment
c. H-9 displayed a large coupling with C-14 and C-15, and the stereochemistry of fragment d was
inferred. The stereochemistry of C-13 was assigned as S because of the large coupling of H-13 with
C-16. The assignment of the diastereotopic protons was based on the large couplings between H-14
pro-R and C9, H-14 pro-S and C-15, H-15 pro-S and C-9, H-15 pro-R and C-14, H-11 pro-S and C-16,
H-11 pro-R and C-13. A ROESY spectrum of compound 4, in which the chemical shifts of the aglycone
are very similar to those in 3, confirmed this stereochemistry and these assignments, as it displayed
nOes of H-20 with H-13 and H-14 pro-R, and of H-14 pro-R and H-11 pro-R.
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Figure 2. Structure elucidation for the 13(S)-hydroxyatisenoic acid. The arrows indicate cross-peaks in
the HMBC spectrum between protons at the start position and carbons at the end position.

Four anomeric protons at δH 4.56, 4.65, 4.81, and 5.43 ppm were also observed supporting the
MS information, all of them showing beta linkages. 1H and 13C chemical shifts are shown in Tables 1
and 2, respectively. The positions of attachment of the sugar moieties were established based on
the HMBC spectrum. 3J HMBC correlations between anomeric proton H-1’ (δ 5.43 ppm) and C-19
(δ 176.8 ppm) confirmed the attachment of one glucose unit at C-19. The order of the protons in a
sugar starting from the anomeric position was seen in the TOCSY spectra with increasing mixing times
(Supporting Information). Additionally, the 3J HMBC correlations between H-1′ ′ (δ 4.56 ppm) and
C-13 (δ 77.8 ppm) confirmed the attachment of the first glucose unit at C-13. The connections of the
other two glucoses were also established through 3J HMBC correlations between H-1′ ′ ′ (δ 4.81 ppm),
H-1′ ′ ′ ′ (δ 4.65 ppm) with C-2′ ′ (δ 79.0 ppm) and C-3′ ′ (δ 86.0 ppm) respectively. In the same way,
position of H-2′ ′ was confirmed through the gDQCOSY correlation between H-2′ ′ (δ 3.64 ppm) and
H-1′ ′ (δ 4.56 ppm). The order of the protons in a sugar starting from the anomeric position was seen in
the TOCSY spectra with increasing mixing times, (Supporting Information). Compound 3 was named
13-[(2-O-β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy]ent-hydroxyatis-16-
en-19-oic acid-β-D-glucopyranosy ester and assigned structurally as shown in Figure 1.

Compound 4 was prepared through alkaline hydrolysis of 3 to afford a rebaudioside B isomer
with a with a Glcβ(1-3)[Glcβ(1-2)]Glcβ1- arrangement at C-13 with retention of 10.5 min that did not
match with any of the previously reported diterpene glycosides with a free carboxylic acid previously
reported in the RP-C18 HPLC method [10]. HRESIMS/MS experiment of compound 4 showed a
molecular ion at m/z 803.3682 [M − H]− (calculated m/z 803.3702 [M − H]−), suggesting a molecular
formula C38H60O18. A sequential loss of three glucoses units at C-13 portion at collision energy of
70 eV was observed: m/z 641.3162 (−162 Da), m/z 479.2703 (−162 Da) and m/z 317.2111 Da. 1H-NMR
showed three anomeric protons corresponding to the oligosaccharide portion linked at position
C-13 (δH 4.55; 4.65 and 4.81 ppm). The free carboxylic acid at position C-19 was evidenced by the
signal at 184.4 ppm in the 13C-NMR, less shielded than that observed for compound 3. Full structural
assignment was performed using 1D- and 2D-NMR experiments. Compound 4 was named as
13-[(2-O-β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy]ent-hydroxyatis-16-
en-19-oic acid. 1H- and 13C-NMR chemical shifts are presented in Table 1. Additionally, glycosylation
sites, sugar arrangements, retention times and [M − H]− of compounds 1-5 including other related
isomers were presented in Table 3.
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Figure 3. Chemical structures of steviol (I), hydroxyatisenoic acid (II) and endo-steviol aglycone (III).

Additionally, three known compounds were purified in gram quantities and identified as
rebaudiosides A (5), H (6) and J (7). The purification of the degradation products formed under
acidic condition from rebaudioside A and stevioside was recently reported [8]. Preparation of a
high-quality crystal of iso-stevioside, one of the by-products, allowed the confirmation of its structure
by X-ray diffraction (Figure 4).

Figure 4. X-ray structure of iso-stevioside dihydrate, with ellipsoids at the 50% level (ORTEP).

Rebaudioside A, one of the major compounds from S. rebaudiana, has found use as the
main table-top and additive in beverages due to it being more than 200 times sweeter than
sucrose and its potential human health benefits [5]. However, this compound certainly interacts
with bitter taste receptors through several possible mechanisms by which the bitter aftertaste
of rebaudioside A may suppress the sweet gustatory receptors activity. As far as we know,
there is no complete study showing the relationship between structure-organoleptic properties of
steviol glycosides. Only a couple of rebaudioside A isomers with sugar arrangement at position
C-13 as follows Glcβ(1-6)[Glcβ(1-3)]-Glcβ1- and Glcβ(1-2)[Fruβ(1-3)]-Glcβ1- were reported [14].
The novel rebaudioside A isomers herein described, rebaudioside Z Glcβ(1-6)[Glcβ(1-2)]-Glcβ1-
at C-13 and 13-[(2-O-β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl)
oxy]ent-hydroxyatis-16-en-19-oic acid-β-D-glucopyranosy ester Glcβ(1-3)[Glcβ(1-2)]-Glcβ1- at
C-13 with a different aglycone may serve as models to provide important findings to better understand
the relationship between sugar arrangement and positions with sweet/bitter flavors. To date,
several steviol glycoside isomers have been isolated from S. rebaudiana mainly with different sugar
arrangements, position of the attachment to the aglycone and also with different aglycones as is the
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case of stevioside (with Glcβ(1-2)Glcβ1- at C-13)/12-α-[(2-O-β-D-glucopyranosyl-β-D-glucopyranosyl)
oxy]ent-kaur-16-en-19-oic acid-β-D-glucopyranosyl ester (Glcβ(1-2)Glcβ1- at C-12) [13]; rebaudioside
E (with Glcβ(1-2)Glcβ1- at C-19) /rebaudioside Y (Glcβ(1-6)Glcβ1- at C-19) [15]; rebaudioside
F (with Xylβ(1-2)[Glcβ(1-3)]-Glcβ1- at C-13)/rebaudioside R (Glcβ(1-2)[Glcβ(1-3)]-Xylβ1- at
C-13)/rebaudioside F isomer (with Glcβ(1-2)[Xylβ(1-3)]-Glcβ1- at C-13) [14,16,17]; rebaudioside D
(with Glcβ(1-2)Glcβ1- at C-19)/rebaudioside I (Glcβ(1-3)Glcβ1- at C-19) [17,18]. Additionally,
several compounds differing in the type of sugar in a specific position could also be
compared for better understanding of the organoleptic properties e.g., rebaudioside C
(Rhaα(1-2)[Glcβ(1-3)]-Glcβ1- at C-13)/6-deoxyGlcβ(1-2)[Glcβ(1-3)]Glcβ1-/rebaudioside F [18,19];
rebaudioside A/Glcβ(1-2)[Fruβ(1-3)]-Glcβ1- at C-13 among others. Additionally, diterpene glycosides
with an endocyclic double bond (C 15) could be compared with their exocyclic double bond isomers
as in the case of iso-rebaudioside A/rebaudioside A; iso-stevioside/stevioside among other pairs
of compounds.

3. Materials and Methods

3.1. Chemicals

Acetonitrile and water for HPLC and Silica gel 60 F254 HPTLC plates were purchased from EMD
Millipore (Cincinnati, OH, USA). The bulk acetonitrile, methanol, methyl tert-butyl ether (MTBE) acetic
acid, ethyl acetate, and isopropyl alcohol (IPA) were purchased from Reagents (Nashville, TN, USA).
Flash silica was purchased from Sorbent Technologies (Atlanta, GA, USA).

3.2. General Experimental Procedures

The mass detector was a quadrupole time of flight (Model G6530A, Agilent, Palo Alto, CA,
USA) equipped with an electrospray ionization interface and was controlled by Agilent software
(A.05.00, Agilent MassHunter Work Station, Palo Alto, CA, USA). All acquisitions were performed
under negative ionization mode with a capillary voltage of 3500 V. Nitrogen was used as nebulizer
gas (30 psig) as well as drying gas at 10 L/min at drying gas temperature of 300 ◦C. The voltage of
PMT, fragmentor and skimmer was set at 750 V, 100 V and 65 V respectively. Full scan mass spectra
were acquired from m/z 100–1700. Data acquisition and processing was done using the MassHunter
Workstation software (Qualitative Analysis Version B.07.00).

NMR spectra were acquired either at the University of Mississippi (Oxford, MS, USA) on
an Avance NMR spectrometer (Bruker, Billerica, MA, USA) equipped with a Bruker 5 mm
C13/H1-F19 cryoprobe or at the University of Florida (Gainesville, FL, USA) on an Inova spectrometer
(Varian, Palo Alto, CA, USA) equipped with a Varian 5 mm H1/C13/P31-N15 indirect detection probe
both operating at 500 MHz for proton and 125 MHz for carbon and using z-axis pulsed-field gradients.
The temperature was set at 25 ◦C and chemical shifts (δ) were reported in ppm and referenced to
tetramethylsilane or solvent signals using similar experimental conditions as previously reported [20].

3.3. Plant Material

The starting material was a partially processed commercially available extract of Stevia rebaudiana
with Lot # SRE50-14091 purchased from American Mercantile (Memphis, TN, USA). HPLC comparison
of that extract with several other S. rebaudiana extracts purchased from various sources showed high
similarities, differing only in the relative concentrations of specific glycosides but not their presence
or absence.

3.4. Isolation Procedure

Commercially available S. rebaudiana leaf extract (1.5 kg) was dissolved in methanol or 10%
aqueous methanol at about 200 mg/mL and allowed to crystallize. The crystalline products were
rebaudioside A and stevioside, which accounted for approximately 50% of the starting mass.
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Pools rich in rebaudioside N from several large-scale chromatographies for isolation of
rebaudioside C in quantity [21] were combined to obtain 140 g of extract. All this material
was fractionated on a high efficiency reverse-phase chromatography column (7.5 i.d. ×50 cm,
10 μm spherical C18 gel) [20]. The column was loaded with the 140 grams dissolved in distilled water,
the column eluted with 3 liters of 0.5% acetic acid in water and then switched to 15:85 acetonitrile:
0.1% acetic acid in water (3 liters); 25:75 acetonitrile: 0.1% acetic acid in water (3 liters); 40:60 acetonitrile:
0.1% acetic acid in water (3 liters); and column washed with 90:10 acetonitrile: 0.1% acetic acid in
water and 100% methanol (1 liter each, washes combined and passed to waste.). 500 mL fractions
collected and analyzed by HPLC. Similar fractions combined and fractions rich in rebaudioside N
yielded ~22 grams. This pool was adsorbed onto celite (120 g), divided into three portions, each portion
packed into a load column and chromatographed on a high efficiency normal-phase chromatography
column (7.5 i.d. ×50 cm, 10 μm spherical silica gel) using Reb N mobile phase (Reb C mobile phase
[100:18:14; EtOAc:MeOH:H2O with 0.1% AcOH] with additional 10 parts methanol and 10 parts water
and 5 parts acetic acid). Column analysis [21] allowed combination of fractions rich in rebaudioside N.
This pool spontaneously crystallized, the crystals filtered and the MLs dried, redissolved and a second
crop obtained.

The supernatant second crop (7.02 g) was absorbed onto 70 g of Celite and subjected to a high
efficiency normal-phase chromatography (7.5 i.d. ×50 cm, 10 μm spherical silica gel) with acetonitrile:
H2O: AcOH (88:12:0.01 v/v/%). 2 × 1 L forerun were initially collected, followed by 48 fractions
of 120 mL. All fractions were analyzed by HPLC methods and five main fractions were pooled
based on results from column analysis [21]. Chromatography 1, fraction 1.1 (0.093 g); fraction 2.1
(5.858 g); fraction 3.1 (0.64 g); fraction 4.1 (0.328 g) and fraction 5.1 (0.109 g). Fraction 2.1 was
re-chromatographed in high efficiency normal-phase chromatography (7.5 i.d. ×50 cm) using MTBE:
MeOH: H2O: AcOH (100:30:12.5:0.01). 2 × 1 L forerun and 40 × 120 mL fractions were collected
and analyzed by HPLC. Five main fractions were selected by column analysis [21]. Chromatography
2, fraction 1.2 (1.3 g); fraction 2.2 (2.09 g); fraction 3.2 (1.49 g); fraction 4.2 (0.088 g) and fraction
5.2 (0.065 g). Fraction 1.2 (1.3 g) was chromatographed in a high efficiency reversed-phase column
(7.5 i.d. ×50 cm, 10 μm spherical C18 gel) using ACN:H2O:AcOH (25:75:0.01). 2 × 1 L forerun and
25 × 120 mL fractions were collected and analyzed by HPLC. Column analysis [21] allowed us to
select two main fractions. Chromatography 3, fraction 1.3 (0.208 g); fraction 2.3 (0.922 g). Fraction 2.2
(2.09 g) and fraction 2.3 (0.922 g) were combined and digested with MeOH to afford 2.2 g of solids
which were chromatographed in a high efficiency reversed-phase column (7.5 i.d. ×50 cm) using
ACN:H2O:AcOH (23:77:0.01). 6 × 1 L + 1 × 0.7 L forerun, and 37 × 120 mL fractions were collected
and analyzed by HPLC. Column analysis allowed us to select three main fractions. Chromatography 4,
fraction 1.4 (0.546 g); fraction 2.4 (0.713 g) and fraction 3.4 (1.165 g). Fraction 3.4 (1.165 g) was absorbed
onto 10 g of celite and chromatographed in high efficiency normal-phase chromatography (7.5 i.d.
×50 cm) using “Reb C” mobile phase 2% MeOH [Reb C mobile phase = EtOAc:MeOH:H2O:AcOH
(100:18:14:0.1; v/v/v/%)]. 1 × 1 L forerun and 48 × 120 mL fractions were collected and analyzed by
HPLC. Column analysis allowed us to select five main pools. Chromatography 5, fraction 1.5 (67.1 mg);
fraction 2.5 (135 mg); fraction 3.5 (226 mg); fraction 4.5 (179 mg) and fraction 5.5 (179 mg). Compound 1

(226 mg; 0.02% yield) was obtained from fraction 3.5.
Fractions rich in rebaudioside H were pooled (3.7 g) and chromatographed over a RP-C18 (7.5 i.d.

×50 cm) column with H2O:AcOH (100:0.1 v/v/%) and ACN:H2O:AcOH (5:95:0.1 v/v/%) to afford
seven main fractions. Chromatography 6, fraction 1.6 (175 mg); fraction 2.6 (120 mg); fraction 3.6
(108 mg); fraction 4.6 (169 mg); fraction 5.6 (1.8 g, rebaudioside H); fraction 6.6 (156 mg) and fraction
7.6 (13 mg). Chromatography 7, fraction 1.6 (175 mg) was submitted to a RP-C18 (250 × 10 mm, 5 μm)
chromatography using H2O: AcOH (100:0.1) and ACN: H2O: AcOH (10:90:0.1) to afford two main
fractions., fraction 1.7 (110 mg; 0.007% yield) and fraction 2.7 (48.3 mg). Compound 3 was obtained
from fraction 1.7. Additionally, several hundred grams from the initial crystallization and subsequent
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chromatographies of rebaudioside A after processing 1.5 kg of commercial extract. Rebaudiosides J
(1 g) and H (1.8 g) were also isolated.

3.5. Alkaline Hydrolysis of Compounds 1 and 3

Compounds 1 (40 mg) and 3 (30 mg) were heated individually with NaOH (1 N) at 80 ◦C over 1 h.
Each reaction mixture was cooled over 5 min and neutralized with two or three drops of acetic acid
glacial [18] with further cleanup through a Strata RP-C18-E cartridge (500 mg/6 mL) (Phenomenex,
Torrance, CA, USA). Elution with a stepwise gradient of 1.5 mL volume each, water, acetonitrile:
water (2:8) and methanol to produce clean compounds 2 (27 mg; 68% yield) and 4 (15 mg; 50% yield).

3.6. Physicochemical Parameters of Compounds

Rebaudioside Z (1): Amorphous off-white solid; [α]25
D −28.0 (c 0.1, MeOH). HR-ESIMS/MS m/z

965.4222 [M − H]− (calculated for C44H70O23, 966.4309), m/z 803.3703 at 10 eV collision energy, loss of
one hexose (−162 Da) from C-19 moiety, m/z 641.3185 (−162 Da), 479.2635 (−162 Da) and 317.2146
(−162 Da), loss of three hexoses from C-13 moiety at 70 eV collision energy. 1H- and 13C-NMR
spectroscopic data are shown in Tables 1 and 2.

Rebaudioside Z1 (2): Amorphous off-white solid; [α]25
D −46.0 (c 0.1, MeOH). HR-ESIMS/MS m/z

803.3721 [M − H]− (calculated for C38H60O18, 804.3781), m/z 641.3196 (−162 Da), 479.2648 (−162 Da)
and 317.2115 (−162 Da), loss of three hexoses from C-13 moiety at 70 eV collision energy. 1H- and
13C-NMR spectroscopic data are shown in Tables 1 and 2.

13-[(2-O-β-D-Glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl) oxy]ent-hydroxyatis-16-en-19-
oic acid-β-D-glucopyranosy ester (3): Amorphous off-white solid; [α]25

D −22.0 (c 0.1, MeOH),
HR-ESIMS/MS m/z 965.4297 [M − H]− (calculated for C44H70O23, 966.4309), m/z 803.3735 at 10 eV
collision energy (−162 Da), loss of one hexoses from C-19 moiety, m/z 641.3195 (−162 Da), 479.2703
(−162 Da) and 317.2141 (−162 Da), loss of three hexoses from C-13 moiety at 70 eV collision energy.
1H- and 13C-NMR spectroscopic data are shown in Tables 1 and 2.

13-[(2-O-β-D-Glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl) oxy]ent-hydroxyatis-16-en-19-
oic acid (4): Amorphous off-white solid; [α]25

D −20.0 (c 0.1, MeOH). HRESIMS/MS m/z 803.3682
[M − H]− (calculated for C38H60O18, 803.3702), m/z 641.3162 (−162 Da), m/z 479.2703 (−162 Da)
and m/z 317.2111 Da at 70 eV collision energy. 1H- and 13C-NMR spectroscopic data are shown in
Tables 1 and 2.

3.7. RP-C18 HPLC Analysis

Analyses were performed with a Hewlett Packard Agilent 1100 Series system equipped with a
G1311A quaternary pump, a G1322 degasser, a G1316A oven, G1313A autosampler and a G1315A
diode array detector. Acetonitrile and water for HPLC were purchased from EMD Millipore (Cincinnati,
OH, USA). The elution was performed with 0.01 M phosphoric acid (A) and acetonitrile (B) with a flow
rate set at 1 mL/min. All the analyses were performed with Phenomenex columns. After each analysis,
the column was washed and equilibrated appropriately. 10 μL of compound 1–4 were injected in the
RP C-18 Luna (2), Phenomenex (250 × 4.6 mm, 5 μm) column at 30 ◦C. The elution was performed
using gradient of elution as follows: 0–5 min, 32% B; 5–13 min, 32–41% B; 13–16 min, 41–43% B;
16–17 min: 43–50% B; 17–23 min, 50% B. The chromatogram was recorded at 205 nm and the flow rate
set at 1 mL/min [10].
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3.8. Determination of the Sugar Unit Absolute Configuration

Compounds 1 and 3 (1 mg) were hydrolyzed with HCl (1 N) at 80 ◦C over 2 h followed by
liquid-liquid partition with ethyl acetate (2 × 1 mL). The aqueous layer was neutralized with silver
carbonate and the supernatant was recovered and heated with L-cysteine methyl ester in pyridine
for 1 h at 60–70 ◦C. The mixture was dried in a vacuum oven at 40 ◦C. After dryness, 400 μL of
pyridine and 100 μL of phenylisothiocyanate were added and heated for an additional hour at
60–70 ◦C to form the thiocarbamoyl thiazoline derivatives. Reaction mixtures were analyzed by the
HPLC method previously reported [9]. The absolute configuration of the sugars was determined by
comparison of the HPLC retention times of the prepared thiocarbamoyl thiazolidine derivatives with
appropriate standards.

3.9. X-ray Crystallography of Iso-Stevioside

The crystal structure and absolute configuration of iso-stevioside dihydrate were determined
from a colorless crystal of dimensions 0.45 × 0.14 × 0.02 mm, using data collected at T = 90 K with Cu
Kα radiation on an APEX-II DUO CCD diffractometer (Bruker, Madison, WI, USA) equipped with a
microfocus source and a Cryostream cooler (Oxford, Cryosystems, Oxford, UK). The structure was
solved using the program SHELXS-97 (University of Göttingen, Germany) and refined anisotropically
by full-matrix least-squares on F2 using SHELXL-2014/7 (University of Göttingen, Germany) [22].
All H atoms were visible in difference maps, but were placed in idealized positions for the refinement,
except for those of OH groups and water molecules, which were refined. The absolute configuration
was determined from the Flack [23] parameter of 0.01(5) based on resonant scattering of the light atoms
and 2804 quotients. The reported configuration has C4(R), C5(S), C8(R), C9(R), C10(S), C13(S) and
is in agreement with the known configurations of the β-D-glucopyranose moieties. Crystal data:
C38H60O18·2H2O, Mr = 840.89, monoclinic space group P21, a = 13.2330(6) Å, b = 8.1081(4) Å,
c = 19.1556(8) Å, β = 105.655(2)◦, V = 1979.05(16) Å3, Z = 2, Dx = 1.411 g cm−3, θmax = 68.3◦, R = 0.031
for all 6901 unique data and 571 refined parameters. Supplementary crystallographic data for
iso-stevioside dihydrate are contained in Cambridge Structural Database deposition CCDC-1879103;
this data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033 or e-mail: deposit@ccdc.cam.ac.uk)

4. Conclusions

Two new rebaudioside A isomers, rebaudiosides Z (1) and 13-[(2-O-β-D-glucopyranosyl-3-O-
β-D-glucopyranosyl-β-D-glucopyranosyl) oxy]ent-hydroxyatis-16-en-19-oic acid-β-D-glucopyranosy
ester (3) were isolated from a partially processed commercial extract of S. rebaudiana and
two new rebaudioside B isomers, rebaudiosides Z1 and 13-[(2-O-β-D-glucopyranosyl-3-O-
β-D-glucopyranosyl-β-D-glucopyranosyl) oxy]ent-hydroxyatis-16-en-19-oic acid were prepared
and purified for the first time, respectively. An additional three known compounds,
rebaudiosides A, H and J, were purified in gram quantities. Scarce rebaudioside A isomers
have been reported from Stevia rebaudiana differing in sugar arrangement and type of sugar at
position C-13 (Glcβ(1-6)[Glcβ(1-3)]-Glcβ1-) and Glcβ(1-2)[Fruβ(1-3)]-Glcβ1-. However, herein we
describe the occurrence of two rebaudioside A isomers with (Glcβ(1-6)[Glcβ(1-2)]-Glcβ1-) and
(Glcβ(1-3)[Glcβ(1-2)]-Glcβ1-) at position C-13. However, compound 3 showed a different aglycone
and was found to be a 13(S)-hydroxyatisenoic acid type. This finding may contribute to better
understanding of the relationship between sweet/bitter taste of Stevia glycosides with their sugar
arrangements. Several new compounds have been reported in recent years, however, a systematic
study comparing organoleptic properties with structure of diterpene glycosides is still not available
in literature.

Supplementary Materials: The supporting information are available online.
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Abstract: Litsea cubeba, an important medicinal plant, is widely used as a traditional Chinese medicine
and spice. Using cytotoxicity-guided fractionation, nine new lignans 1–9 and ten known analogues
10–19 were obtained from the EtOH extract of the twigs of L. cubeba. Their structures were assigned
by extensive 1D- and 2D-NMR experiments, and the absolute configurations were resolved by
specific rotation and a combination of experimental and theoretically calculated electronic circular
dichroism (ECD) spectra. In the cytotoxicity assay, 7′,9-epoxylignans with feruloyl or cinnamoyl
groups (compounds 7–9, 13 and 14) were selectively cytotoxic against NCI-H1650 cell line, while
the dibenzylbutyrolactone lignans 17–19 exerted cytotoxicities against HCT-116 and A2780 cell
lines. The results highlighted the structure-activity relationship importance of a feruloyl or a
cinnamoyl moiety at C-9′ or/and C-7 ketone in 7′,9-epoxylignans. Furthermore, compound 11 was
moderate active toward protein tyrosine phosphatase 1B (PTP1B) with an IC50 value of 13.5 μM,
and compounds 4–6, 11 and 12 displayed inhibitory activity against LPS-induced NO production in
RAW264.7 macrophages, with IC50 values of 46.8, 50.1, 58.6, 47.5, and 66.5 μM, respectively.

Keywords: Litsea cubeba; cytotoxicity; isolation and elucidation; lignans

1. Introduction

Plants from the Litsea species (Lauraceae) are widely distributed in tropical or subtropical areas.
Litsea cubeba, mainly grown in the east and south of China, is broadly used as a traditional Chinese
medicine and spice. “Bi-cheng-qie” and “dou-chi-jiang”, the dried fruits and roots of L. cubeba,
respectively, have been documented in the Chinese Pharmacopoeia and Chinese Materia Medica as two
important traditional Chinese medicines for the treatment of various ailments, including coronary
disease, cerebral apoplexy, asthma, and rheumatic arthritis [1–3]. Moreover, Litsea cubeba fruits are also
important spices and great sources of essential oils which are often used as flavor enhancers in foods,
cigarettes, and cosmetics [4]. Previous phytochemical investigation of the fruits and roots of L. cubeba
have reported the discovery of aporphine-type alkaloids, lignans, and phenolic constituents [5–11].
Among them, aporphine-type alkaloids and lignans were considered as the major active principles of
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this plant due to their antithrombotic, anti-inflammatory, and antinociceptive properties [8,9,12–15].
Since there are few reports on the phytochemicals of twigs of L. cubeba, a recent study on L. cubeba twigs
by our group led to the characterization of 36 aromatic glycosides from the the water-soluble fraction
of an ethanolic extract. Interestingly, some lignan glycosides showed potent hepatoprotective and
HDAC1 inhibitory activity [16,17]. In the present study, we have investigated the constituents of the
EtOAc-soluble fraction of the ethanolic extract of L. cubeba twigs. Bioassay-guided isolation of a fraction
with cytotoxicity against HCT-116, NCI-H1650, and A2780 cell lines (IC50 = 28.3, 11.5, and 16.8 μg/mL,
respectively) led to the discovery of nine new lignans 1–9 and ten analogues 10–19 (Figure 1).
The structures of 1–9 were elucidated by spectroscopic methods, and their absolute configurations
were determined by optical rotations and a combination of experimental and theoretically calculated
electronic circular dichroism (ECD) spectra. Detailed herein are the isolation, structural elucidation,
and bioactivity assay of compounds 1–19.
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E
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E
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E
E
E
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E E
E

Figure 1. The structures of compounds 1–19.

2. Results and Discussions

2.1. Structure Elucidation

The EtOAc extract of the twigs of L. cubeba was subjected to column chromatography on silica
gel to give 13 fractions (F1–F13). Cytotoxicity assays found that F9 displayed potent activities against
HCT-116, NCI-H1650, and A270 cell lines. Fractionation of F9 by Sephadex LH-20, RP-18, preparative
TLC, and preparative HPLC led to the discovery of nine new lignans 1–9 and the ten known ones
10–19.

Compound 1 was obtained as a white amorphous powder. The presence of amide (1643 cm−1),
aromatic ring (1611, 1516, and 1459 cm−1), and hydroxy (3372 cm−1) functionalities were evident in its
IR spectrum. Its molecular formula of C30H33NO9 with fifteen degrees of unsaturation was established
by HREIMS based on the [M + H]+ ion at m/z 552.2234 (calcd. 552.2228) and 13C-NMR spectrum.
In the 1H-NMR spectrum recorded in acetone-d6, the signals for an aromatic singlet integrated for two
protons at δ 6.39 (2H, s, H-2′ and H-6′), a methoxy singlet integrated for six protons at δ 3.67 (6H, s,
OMe×2), suggested a 1-substituted-3,5-dimethoxy-4-hydroxybenzene ring in 1. Signals of a singlet
proton at δ 6.74 and two methoxy protons at δ 3.86 and 3.58 revealed a pentasubstituted aromatic ring
attached two methoxy groups. These 1H-NMR signals, together with another two singlet protons
at δ 7.19 and 4.62, were indicative of a typical skeleton of 2,7′-cyclolignan-7-en such as thomasic
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acid [18]. Additionally, the 1H-NMR spectrum of 1 displayed characteristic signals for a tyramine
group with resonances at δH 6.98 (2H, d, J = 8.5 Hz, H-2” and H-6”), 6.71 (2H, d, J = 8.5 Hz, H-3”
and H-5”), 2.69 (2H, t, J = 7.5 Hz, H2-7”), and 3.39 (2H, dt, J = 7.5, 4.5 Hz, H2-8”). The 13C-NMR
spectrum of 1 displayed 30 carbon signals, of which twelve could be assigned to be a tyramine
moiety (δC 131.2, 130.5 × 2, 116.0 × 2, 156.6, 35.6, 42.2) and four methoxy groups (δC 56.6 × 2, 56.5,
60.4), and the remaining eighteen carbons were consistent with the 2,7′-cyclolignan-7-en skeleton.
The complete 1H- and 13C-NMR assignments of 1 were made by a combination of 1D- and 2D-NMR
experiments. In the HMBC spectrum of 1, the two or three bonds long range correlations from
H-6 to C-2, C-4, and C-7, from H-7 to C-2, C-6, C-9, and C-8′, from H-7′ to C-3, C-8, C-2′ (C-6′),
and C-9′, from H-8′ to C-2, C-7, C-9, and C-1′, from H2-9′ to C-8 and C-7′, and from the methoxy
protons at δH 3.58 to C-3′ (C-5′) (Figure 2) confirmed the 2,7′-cyclolignan-7-en type lignan containing a
3,5-dimethoxy-4-hydroxy-benzene moiety. The NOESY correlation observed between H-6 and the
methoxy protons at δH 3.86 together with the HMBC correlation observed for these methoxy protons
and C-5 gave the evidence for the location of one methoxy group at C-5. Key HMBC cross-peaks,
such as between methoxy protons at δH 3.58 and C-3, as well as between OH proton at δH 7.76
and C-4, served to locate this methoxy and OH group at C-3 and C-4, respectively. Furthermore,
the tyramine was linked to C-9 to form an amine bond, according to the HMBC correlations from
both H2-8” and NH proton to C-9. Therefore, these data completed the planar structure of 1 as
N-[2-(4-hydroxyphenyl)-ethyl]-4,4′,9′-trihydroxy-3,5,3′,5′-tetramethoxy-2,7′-cyclolignan-7-en-9-amide.
H-7′ appearing as a singlet suggested the dihedral angle for the vicinal protons of H-7′ and H-8′ was
nearly 90◦, requiring a trans relationship of H-7′ and H-8′. This assignment was also supported by the
NOESY correlations of H-7′ with H2-9′, and H-8′ with H-2′ (H-6)′. Finally, the negative optical rotation
of 1 demonstrated the 7′R,8′S absolute configuration of 1 [18,19]. Hence, compound 1 was defined as
(−)-(7′R,8′S)-N-[2-(4-hydroxyphenyl)-ethyl]-4,4′,9′-trihydroxy-3,5,3′,5′-tetramethoxy-2,7′-cyclolignan-
7-en-9-amide.

Figure 2. The key HMBC correlations of 1–3.

Compound 2 was isolated as a white amorphous powder. The IR spectrum exhibited absorptions
of hydroxy (3362 cm−1), amide (1649 cm−1), and aromatic (1612 and 1516 cm−1) moieties. Its molecular
formula was deduced as C39H42N2O11 from the negative HRESIMS at m/z 713.2719 [M −H]− (calcd.
713.2716) and the 13C-NMR spectrum. This indicated twenty degrees of unsaturation. The NMR
spectra of 2 were very similar to those of compound 10, a known lignan diamide that was also
isolated from this plant [20], with the only difference being the replacement of one of a tyramine
group by a 3-methoxytyramine moiety (Table 1; Table 2). In the HMBC spectrum of 2, H2-7”′ showed
HMBC correlations with the amide carbon at δC 171.4, which indicated that the 3-methoxytyramine
moiety was connected to C-9′ via an amide bond (Figure 2). In the 1D NOE difference spectrum
of 2, H-8′ was enhanced upon irradiation of H-2′ (H-6′). This enhancement, together with H-7′
presented in a singlet, revealed a trans-vicinal orientation of H-7′ and H-8′. Finally, on the basis of the
negative optical rotation of 2 and biosynthetic considerations, the structure of compound 2 was defined as
(−)-(7′R,8′S)-N1-[2-(4-hydroxyphenyl)-ethyl]-N2-[2-(4-hydroxy-3-methoxyphenyl)-ethyl]-4,4′-dihydroxy-
3,5,3′,5′-tetramethoxy-2,7′-cyclolignan-7-en-9,9′-diamide.
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Table 2. 13C-NMR Data (δC) for Compounds 1–9 in Acetone-d6
a.

No. 1 2 3 4 5 6 7 8 9

1 132.0 123.8 123.8 132.9 132.4 132.9 129.6 131.8 134.5
2 124.6 126.5 126.5 113.2 107.2 113.2 107.2 106.9 106.9
3 147.0 146.4 146.4 148.1 148.5 148.1 148.4 148.9 148.5
4 141.8 142.4 142.4 145.5 134.9 145.5 142.2 135.2 136.0
5 148.2 148.1 148.1 115.5 148.5 115.5 148.4 148.9 148.5
6 108.0 108.3 108.2 122.3 107.2 122.3 107.2 106.9 106.9
7 131.5 132.5 133.6 35.4 35.9 35.4 198.2 34.2 82.6
8 124.4 128.3 128.4 40.7 40.6 40.8 47.6 43.6 48.1
9 169.1 169.8 169.6 65.2 65.2 65.2 71.1 73.3 70.3
1′ 135.9 135.1 135.1 133.4 131.8 133.4 132.9 134.6 131.7
2′ 106.4 106.4 106.4 113.2 107.3 113.2 104.7 104.3 104.4
3′ 148.3 148.4 148.4 148.1 148.5 148.1 148.6 148.7 148.8
4′ 135.3 135.5 135.5 145.6 135.0 145.5 136.3 136.0 136.5
5′ 148.3 148.4 148.4 115.4 148.5 115.4 148.6 148.7 148.8
6′ 106.4 106.4 106.4 122.3 107.3 122.3 104.7 104.3 104.4
7′ 39.0 39.5 39.6 34.9 35.4 35.0 84.9 84.5 85.1
8′ 46.1 49.1 49.1 44.1 44.1 44.2 51.5 50.3 49.4
9′ 64.6 171.4 171.4 62.1 62.1 62.1 62.8 63.4 63.6
1′′ 131.2 131.1 131.7 126.1 127.4 127.5 127.2 126.0 127.3
2′′ 130.5 130.6 113.1 106.8 111.3 11.3 111.0 106.7 111.3
3′′ 116.0 116.1 148.2 148.9 148.7 148.8 148.6 148.6 148.7
4′′ 156.6 156.7 145.9 139.4 150.1 150.1 149.9 139.5 150.1
5′′ 116.0 116.1 115.7 148.9 116.1 116.0 115.9 148.6 116.1
6′′ 130.5 130.6 122.0 106.8 123.9 124.0 123.7 106.7 123.8
7′′ 35.6 35.5 36.0 145.9 145.6 145.6 145.6 146.2 145.8
8′′ 42.2 42.4 42.3 116.2 116.0 116.0 115.1 115.9 114.8
9′′ 167.5 167.6 167.5 166.7 167.3 167.3
1′′′ 131.8 131.2
2′′′ 113.0 130.6
3′′′ 148.2 116.0
4′′′ 145.8 156.6
5′′′ 115.6 116.0
6′′′ 122.0 130.6
7′′′ 36.1 35.7
8′′′ 41.9 42.1

OMe-3 60.4 60.3 60.3 56.5 56.5 56.1 56.7 56.6 56.6
OMe-5 56.5 56.2 56.2 56.5 56.7 56.6 56.6
OMe-7 56.1
OMe-3′ 56.6 56.7 56.7 56.1 56.4 56.1 56.6 56.7 56.6
OMe-5′ 56.6 56.7 56.7 56.4 56.6 56.7 56.6
OMe-3′′ 56.5 56.7 56.3 56.3 56.3 56.6
OMe-5′′ 56.7 56.6
OMe-3′′′ 56.6

a 13C-NMR data (δ) were measured at 150 MHz or 125 MHz. The assignments were based on 1H-1H COSY, HSQC,
and HMBC experiments.

Compound 3 gave the same molecular formula, C39H42N2O11, as that of 2 by analysis of the
HRESIMS. Compound 3 shared almost identical UV, IR, and 1H- and 13C-NMR features to those of 2,
which suggested that they both contained the 4,4′-dihydroxy-3,5,3′,5′-tetramethoxy-2,7′-cyclolignan-
7-en-9,9′-diamide core, a tyramine, and a 3-methoxytyramine moieties.

Further analysis of 2D-NMR data permitted the tyramine and 3-methoxytyramine moieties
to be located at C-9′ and C-9 in 3, the reverse of 2, via the amide bonds (Figure 2), respectively.
Analysis of the 1D NOE difference spectrum of 3 and its optical rotation indicated that 3 had
the same absolute configuration as 2. Therefore, the structure of 3 was confirmed as (−)-(7′R,8′S)-
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N1-[2-(4-hydroxy-3-methoxyphenyl)-ethyl]-N2-[2-(4-hydroxyphenyl)-ethyl]-4,4′-dihydroxy-3,5,3′,5′-
tetramethoxy-2,7′-cyclolignan-7-en-9,9′-diamide.

Compound 4 was obtained as a yellow solid and its molecular formula was deduced as C31H36O10

from HRESIMS. The IR spectrum exhibited absorption bands at 3391, 1608, and 1516 cm−1 due to the
aromatic and hydroxy groups. The NMR data of 4 showed signals similar with secoisolariciresinol
(Table 1; Table 2) [21,22]. However, both the H2-9 and C-9 were shifted downfield when compared with
secoisolariciresinol. Besides, the 1H- and 13C-NMR signals attributed to a trans-cinnamyloxy unit were
present (Table 1; Table 2). These were consistent with the substitution of the trans-cinnamyloxy
at C-9, which was verified by the key HMBC correlation from H2-9 to C-9”. The positive
optical rotation of 4 supported the same (8S,8′S) configuration as that of the known compound
(+)-(8S,8′S)-9,9′-di-O-(E)-feruloylsecoisolariciresinol (11), which has been also isolated from this
plant [12]. The (8S,8′S) configuration was confirmed by the evidence that compound 4 showed optical
rotation opposite to that of (−)-1-O-feruloylsecoisolariciresinol [21]. Thus, the structure of 4 was
defined as (+)-(8S,8′S)-9-O-(E)-cinnamoylsecoisolariciresinol.

The molecular formula of compound 5 was C32H38O11 from the HRESIMS data. Analysis of
the 1D- and 2D-NMR data revealed that its planar structure was completely identical to the known
lignan, (−)-(8R,8′R)-9-O-(E)-feruloyl-5,5′-dimethoxysecoisolariciresinol, but their specific rotation was
inverse [23]. Taking into account that 4 was the 5-methoxy analogue of 5 and they displayed similar
specific rotation, it is proposed that they both have the (8S,8′S) configuration. Thus, the structure of 5

was defined as (+)-(8S,8′S)-9-O-(E)-feruloyl-5,5′-dimethoxysecoisolariciresinol.
The planar structure of 6 was proved to be identical to (−)-(8R,8′R)-9-O-(E)-feruloyl-

secoisolariciresinol (different nomenclature was used in literature [21]) after analysis of the
HRMS, and 1D- and 2D-NMR data of 6. However, the optical rotation of 6 was opposite for
(−)-(8R,8′R)-9-O-(E)-feruloyl-secoisolariciresinol [21]. Thus, the structure of 6 was determined as
(+)-(8S,8′S)-9-O-(E)-feruloyl-secoisolariciresinol.

Compound 7, an amorphous powder, was determined to have the molecular formula
of C32H34O12 by HRESIMS. The NMR spectra of 7 were similar to the co-occurring
(+)-9′-O-trans-feruloyl-5,5′-dimethoxylariciresinol (13) [24], with the only difference being the
replacement of the CH2 group by a ketone. These data demonstrated the presence of a ketone
moiety at C-7 in 7. This inference was confirmed by the HMBC cross-peak of H-2(6)/C-7, H2-9/C-7,
and H-8′/C-7. The coupling constant of H-7′ (J = 7.5 Hz) indicated a trans relationship of
H-7′/H-8′. The presence of correlations of H-7′/H2-9′ and H-2(6)/H-8′ and the absence of H-8/H2-9′
were observed in the NOESY spectrum of 7, which confirmed that H-7′ was oriented opposite
to H-8 and H-8′. The absolute configuration of 7 was established by quantum chemical ECD
calculation (Supplementary Materials). The calculated ECD curve for 8R,7′S,8′R-isomer matched
well with the experimental ECD spectrum of 7 (Figure 3), which suggested compound 7 had the
(8R,7′S,8′R) absolute configurations. Based on these observations, the structures of 7 was assigned as
(+)-(8R,7′S,8R′)-9′-O-(E)-feruloyl-5,5′-dimethoxylariciresinol-7-one.

The molecular formula of compound 8 was C33H38O12 as indicated by the HRESIMS. The NMR
spectra of 8 and (+)-9′-O-trans-feruloyl-5,5′-dimethoxylariciresinol were closely comparable [24], except
for the replacement of (E)-feruloyl group by the (E)-cinnamoyl group. The structure of 8 was confirmed
by the 2D-NMR HSQC, COSY, HMBC, and NOESY data. Also, the NOESY correlations of H-7′/H2-9′
and H2-7/H2-9′ revealed that compounds 7 and 8 have the same relative configuration. Therefore, on
the basis of the positive optical rotation of 8 and biosynthetic considerations, the structure of 8 was
deduced as (+)-(8R,7′S,8′R)-9′-O-(E)-cinnamoyl-5,5′-dimethoxylariciresinol.

Compound 9 was shown to have the molecular formula of C33H38O12, as established by the
HRESIMS. The 1H- and 13C-NMR spectra of 9 closely resembled those of 7, the only discernable
difference being the presence of a new methoxy moiety and lack of a ketone moiety in 9, suggesting
that compound 9 contains a methoxy moiety rather than a ketone moiety at C-7. This was confirmed
from the COSY correlation of H-7/H-8 and HMBC correlation of OMe/C-7. In the NOESY spectrum of
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9, the NOE correlations of H-7/H2-9′ and H-7′/H2-9′ also verified that H-7′ was oriented opposite to
H-8 and H-8′. Thus, the structure of 9 was defined as 9′-O-(E)-feruloyl-5,7,5′-trimethoxy-lariciresinol.

The known compounds were identified as 1,2-dihydro-6,8-dimethoxy-7-hydroxy-1-(3,5-dimethoxy-
4-hydroxyphenyl)-N1,N2-bis-[2-(4-hydroxypeenyl)ethyl]-2,3-naphthalene dicarboxamide (10) [20],
(+)-9,9′-O-di-(E)-feruloyl-5,5′-dimethoxy secoisolariciresinol (11) [25], (+)-9,9′-O-di-(E)-feruloyl-
secoisolariciresinol (12) [12], (+)-9′-O-(E)-feruloyl-5,5′-dimethoxylariciresinol (13) [24], (+)-9′-O-(E)-
feruloyl-5′-methoxylariciresinol (14) [26], (+)-5,5′-dimethoxylariciresinol (15) [27], (+)-5′-
methoxylariciresinol (16) [28], arctigenin (17), matairesinol (18) [29], and (7E,8R′)- didehydroarctigenin
(19) [30], respectively, by spectroscopic analysis and comparison of the data obtained with
literature values.

Figure 3. The experimental ECD spectrum of 7 (black), and the calculated ECD spectra of (8R,7′S,8′R)-7
(red) and (8S,7′R,8′S)-7 (blue).

2.2. Biological Activities of Compounds 1–19

2.2.1. Cytotoxic Activity

The task of IC50 assessment for all isolates against human colon cancer (HCT-116), human
non-small-cell lung carcinoma (NCI-H1650), and human ovarian cancer (A2780) cell lines began
immediately following the purification and characterization of each lignan.

Of the compounds, only 7′,9-epoxylignans with feruloyl or cinnamoyl group (compounds 7–9, 13

and 14) were selectively cytotoxic against NCI-H1650 cell line, with IC50 values of less than 20 μM.
These results suggested the presence of a feruloyl or a cinnamoyl moiety at C-9′ in 7′,9-epoxylignans is
essential for cytotoxicity against NCI-H1650 cell line. It is noteworthy that compound 7 displayed
4-6 folds more active than 8, 9, 13, and 14, indicating that the presence of the C-7 ketone could enhance
the bioactivity. In addition, the dibenzylbutyrolactone lignans (17–19) exerted cytotoxicities against
HCT-116 and A2780 cell lines, with IC50 values ranging from 0.28 to 18.47 μM (Table 3), but less potent
than the positive control taxol (IC50 = 0.005 and 0.02 μM, respectively). Interestingly, the addition of
the double bond at C-7−C-8 on 19 resulted in 4–40 folds less active than 17 and 18. This implied that
the C-7−C-8 double bond could reduce the cytotoxicity, especially against the A2780 cell line.

2.2.2. Inhibitory Activity of Protein Tyrosine Phosphatase 1B

The isolates were also evaluated for inhibitory activities against protein tyrosine phosphatase
1B (PTP1B). Only compound 11 was moderate active toward PTP1B with an IC50 value of 13.5 μM.
The positive control oleanolic acid gave an IC50 value of 3.82 μM.
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2.2.3. Anti-Inflammatory Activity

The inhibitory activity of compounds 1–19 against LPS-induced NO production in RAW264.7
macrophages was examined in this study. As a result, compounds 4–6, 11 and 12 displayed inhibitions
against LPS-induced NO production in RAW264.7 macrophages, with IC50 values of 46.8, 50.1, 58.6,
47.5, and 66.5 μM, respectively. Dexamethasone was used as positive control with an IC50 value of
9.5 μM.

Table 3. Cytotoxicity of Compounds 1–19 to HCT-116, NCI-H1650, and A2780 Cell Lines.

Compound
IC50 (μM)

HCT-116 NCI-H1650 A2780

1 >20 >20 >20
2 >20 >20 >20
3 >20 >20 >20
4 >20 >20 >20
5 >20 >20 >20
6 >20 >20 >20
7 >20 2.47 >20
8 >20 11.25 >20
9 >20 13.16 >20

10 >20 >20 >20
11 >20 >20 >20
12 >20 >20 >20
13 >20 9.68 >20
14 >20 10.52 >20
15 >20 >20 >20
16 >20 >20 >20
17 3.25 >20 0.28
18 13.95 >20 1.53
19 18.47 >20 12.8

Taxol a 0.005 1.28 0.02
a Taxol was used as a positive control.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured on an Autopol III automatic polarimeter (Rudolph Research,
Hackettstown, NJ, USA). UV spectra were measured on a Cary 300 spectrometer (Agilent, Melbourne,
Australia). ECD spectra were recorded on a J-815 spectrometer (JASCO, Tokyo, Japan). IR spectra
were acquired on an Impact 400 FT-IR Spectrophotometer (Nicolet, Madison, WI, USA). Standard
pulse sequences were used for all NMR experiments, which were run on either a Bruker spectrometer
(600 MHz for 1H or 150 MHz for 13C, Karlsruhe, Germany) or a Varian INOVA spectrometer (500 MHz
for 1H or 125 MHz for 13C, Palo Alto, CA, USA) equipped with an inverse detection probe. Residual
solvent shifts for acetone-d6 were referenced to δH 2.05, δC 206.7 and 29.9, respectively. Accurate
mass measurements were obtained on a Q-Trap LC/MS/MS (Turbo ionspray source) spectrometer
(Sciex, Toronto, ON, Canada). Column chromatography (CC) was run using silica gel (200–300 mesh,
Qingdao Marine Chemical Inc., Qingdao, China), and Sephadex LH-20 (Pharmacia Biotech AB, Uppsala,
Sweden). HPLC separation was done on Waters HPLC components (Milford, MA, USA) comprising of
a Waters 600 pump, a Waters 600 controller, a Waters 2487 dual λ absorbance, with GRACE preparative
(250 × 19 mm) Rp C18 (5 μm) columns.
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3.2. Plant Material

The twigs of Litsea cubeba were collected in Zhaotong, Yunnan Province, People’s Republic of
China, in May 2013, and identified by Prof. Gan-Peng Li at Yunnan Minzu University. A herbarium
specimen was deposited in at the Herbarium of the Department of Medicinal Plants, Institute of
Materia Medica, Beijing 100050, People’s Republic of China (herbarium No. 2013-05-10).

3.3. Extraction and Isolation

The air-dried twigs of L. cubeba (12 kg) were ground and extracted using 30.0 L of 95% EtOH
under ambient temperature for 3 × 48 h. The EtOH extract was concentrated in vacuo and the residue
was suspended in H2O, then partitioned with EtOAc, to afford EtOAc and H2O soluble extracts.

The EtOAc fraction (300 g) was chromatographed over silica gel (1500 g), eluting with a gradient
of acetone (0–100%) in petroleum ether, and 13 fractions (F1–F13) was obtained based on the TLC
analysis. The F9 (12.0 g), which showed potent cytotoxicity against HCT-116, NCI-H1650, and A270
cell lines, was subjected to the reversed-phase flash chromatography over C-18 silica gel, eluting with a
step gradient from 20 to 95% MeOH in H2O, to give 15 fractions (F9-1–F9-15). F9-8 (1.5 g) was separated
on Sephadex LH-20 eluting with petroleum CHCl3-MeOH (1:1) to give three subfractions, and the
first subfraction was purified by reversed-phase preparative HPLC (RP18, 5 μm, 254 nm, MeOH-H2O,
75:25) to yield 1 (9.2 mg). The second and third subfractions were further purified by preparative
TLC developed with CHCl3-MeOH (15:1) to afford 15 (52 mg), 16 (35mg), and 18 (29 mg). F9-9 (1.0 g)
was fractionated on a Sephadex LH-20 column using CHCl3-MeOH (1:1) as the eluent to yield five
corresponding subfractions. Compound 10 (55 mg) was crystallized from a Me2CO solution of the
second subfraction. The third subfraction was further purified by preparative TLC with CHCl3-MeOH
(20:1) to give 17 (17 mg) and 19 (8 mg). The fourth subfraction was purified by reversed-phase
preparative HPLC (RP18, 5 μm, 254 nm, MeOH-H2O, 85:15) to give 2 (56 mg), 3 (21 mg), and 14 (23 mg).
Using the same HPLC system, the fifth subfraction afforded 7 (27 mg), 8 (12 mg) and 9 (8 mg), and 13

(17 mg). F9-10 (1.2 g) was chromatographed over Sephadex LH-20 eluting with CHCl3-MeOH (1:1),
and then further separated by reversed-phase preparative HPLC (RP18, 5 μm, 254 nm, MeOH-H2O,
90:10), to afford 4 (8 mg) and 5 (5 mg). F9-11 (0.8 g) was fractionated on a Sephadex LH-20 column
with CHCl3-MeOH (1:1) as the eluent to give three subfractions. The second and third subfractions
were further purified by reversed-phase preparative HPLC (RP18, 5 μm, 254 nm, MeOH-H2O, 90:10) to
afford 6 (12 mg), 11 (23 mg), and 12 (15 mg).

3.4. (−)-(7′R,8′S)-N-[2-(4-Hydroxyphenyl)-ethyl]-4,4′,9′-trihydroxy-3,5,3′,5′-tetramethoxy-2,7′-cyclo-
lignan-7-en-9-amide (1)

White, amorphous powder.[α]20
D −35.0 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 204 (4.04), 200 (2.32), 245

2.12), 324 (1.13) nm; IR (KBr) νmax 3372, 2935, 2849, 1643, 1611, 1516, 1459, 1427, 1329, 1286, 1218, 1115,
1030, 961, 912, 834, 646 cm−1; 1H-NMR (acetone-d6, 500 MHz) and 13C-NMR (acetone-d6, 125 MHz)
data, see Table 1; Table 2; ESIMS m/z 574 [M +Na]+ and 550 [M −H]−; HRESIMS m/z 552.2234 [M +H]+

(calcd. for C30H34NO9, 552.2228) and 574.2048 [M + Na]+ (calcd. for C30H33NO9Na, 574.2048).

3.5. (−)-(7′R,8′S)-N1-[2-(4-Hydroxyphenyl)-ethyl]-N2-[2-(4-hydroxy-3-methoxyphenyl)-ethyl]-4,4′-
dihydro-xy-3,5,3′,5′-tetramethoxy-2,7′-cyclolignan-7-en-9,9′-diamide (2)

White, amorphous power. [α]20
D −23.0 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 204 (4.11), 250 (0.86),

281 (0.30), 328 (0.42) nm; IR (KBr) νmax 3362, 2919, 2851, 1736, 1649, 1612, 1516, 1464, 1424, 1372, 1328,
1274, 1217, 1115, 1035, 890, 834, 802, 721, 640 cm−1; 1H-NMR (acetone-d6, 600 MHz) and 13C-NMR
(acetone-d6, 150 MHz) data, see Table 1; Table 2; ESIMS m/z 713 [M − H]−; HRESIMS m/z 713.2719
[M − H]− (calcd. for C39H41N2O11, 713.2716).
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3.6. (−)-(7′R,8′S)-N1-[2-(4-Hydroxy-3-methoxyphenyl)-ethyl]-N2-[2-(4-hydroxyphenyl)-ethyl]-4,4′-
dihydro-xy-3,5,3′,5′-tetramethoxy-2,7′-cyclolignan-7-en-9,9′-diamide (3)

White, amorphous power. [α]20
D −25.0 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 204 (4.12), 248 (0.82),

285 (0.27), 333 (0.45) nm; IR (KBr) νmax 3391, 2920, 2851, 1647, 1611, 1541, 1517, 1465, 1425, 1367, 1278,
1203, 1116, 1035, 932, 888, 829, 801, 722, 650, 599 cm−1; 1H-NMR (acetone-d6, 600 MHz) and 13C-NMR
(acetone-d6, 150 MHz) data, see Table 1; Table 2; ESIMS m/z ESIMS m/z 713 [M −H]−; HRESIMS m/z
713.2715 [M − H]− (calcd. for C39H41N2O11, 713.2716).

3.7. (+)-(8S,8′S)-9-O-(E)-Cinnamoyl-secoisolariciresinol (4)

Yellow solid. [α]20
D +18.2 (c 0.05, MeOH); UV (MeOH) λmax (log ε) 204 (4.12), 230 (0.82), 287 (0.39), 329

(0.78) nm; IR (KBr) νmax 3391, 2920, 2850, 1683, 1645, 1608, 1516, 1463, 1428, 1375, 1341, 1272, 1237, 1155,
1119, 1033, 875, 820, 799, 721, 631 cm−1; 1H-NMR (acetone-d6, 500 MHz) and 13C-NMR (acetone-d6,
125 MHz) data, see Table 1; Table 2; ESIMS m/z 567 [M − H]−; HRESIMS m/z 569.2387 [M + H]+ (calcd.
for C31H37NO10, 569.2381) and 591.2204 [M + Na]+ (calcd. for C31H36O10Na, 591.2201).

3.8. (+)-(8S,8′S)-9-O-(E)-Feruloyl-5,5′-dimethoxysecoisolariciresinol (5)

Yellow solid. [α]20
D +22.2 (c 0.05, MeOH); UV (MeOH) λmax (log ε) 206 (4.22), 234 (0.84), 284 (0.36), 326

(0.82) nm; IR (KBr) νmax 3394, 2921, 2850, 1696, 1604, 1517, 1461, 1428, 1370, 1328, 1273, 1218, 1161,
1117, 1033, 984, 915, 825, 721, 645, 604 cm−1; 1H-NMR (acetone-d6, 600 MHz) and 13C-NMR (acetone-d6,
150 MHz) data, see Table 1; Table 2; HRESIMS m/z 621.2299 [M + Na]+ (calcd. for C32H38O11Na,
621.2306).

3.9. (+)-(8S,8′S)-9-O-(E)-Feruloyl-secoisolariciresinol (6)

Yellow solid. [α]20
D +25.2 (c 0.1, MeOH); IR (KBr) νmax 3367, 2928, 2855, 1683, 1601, 1516, 1454, 1431,

1375, 1271, 1207, 1154, 1033, 935, 846, 801, 724 cm−1; 1H-NMR (acetone-d6, 600 MHz) and 13C-NMR
(acetone-d6, 150 MHz) data, see Table 1; Table 2; HRESIMS m/z 537.2134 [M −H]− (calcd. for C30H33O9,
537.2130).

3.10. (+)-(8R,7′S,8′R)-9′-O-(E)-Feruloyl-5,5′-dimethoxylariciresinol-7-one (7)

Amorphous powder. [α]20
D +19.5 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 211 (4.01), 234 (2.12), 318

(1.96) nm; ECD (MeOH) 331 (Δε − 0.37), 288 (Δε + 0.73), 222 (Δε + 2.01); IR (KBr) νmax 3409, 2940,
2843, 1701, 1665, 1604, 1516, 1461, 1425, 1371, 1323, 1271, 1215, 1169, 1116, 1032, 983, 912, 845, 827, 765,
712, 662 cm−1; 1H-NMR (acetone-d6, 500 MHz) and 13C-NMR (acetone-d6, 125 MHz) data, see Table 1;
Table 2; ESIMS m/z 609 [M − H]−; HRESIMS m/z 609.1980 [M − H]− (calcd. for C32H33O12, 609.1978).

3.11. (+)-(8R,7′S,8′R)-9′-O-(E)-Cinnamoyl-5,5′-dimethoxylariciresinol (8)

Amorphous powder. [α]20
D +23.0 (c 0.1, MeOH); IR (KBr) νmax 3425, 2937, 2845, 1703, 1612, 1516, 1461,

1427, 1331, 1282, 1218, 1154, 1117, 1041, 980, 913, 832, 719 cm−1; 1H-NMR (acetone-d6, 600 MHz) and
13C-NMR (acetone-d6, 150 MHz) data, see Table 1; Table 2; HRESIMS m/z 625.2297 [M − H]− (calcd. for
C33H37O12, 625.2291).

3.12. 9′-O-(E)-Feruloyl-5,7,5′-trimethoxylariciresinol (9)

Amorphous powder. [α]20
D +21.0 (c 0.1, MeOH); IR (KBr) νmax 3395, 2933, 2849, 1701, 1610, 1517, 1462,

1428, 1372, 1324, 1270, 1214, 1159, 1116, 1033, 983, 909, 831, 703 cm−1; 1H-NMR (acetone-d6, 500 MHz)
and 13C-NMR (acetone-d6, 125 MHz) data, Table 1; Table 2; HRESIMS m/z 625.2297 [M −H]− (calcd.
for C33H37O12, 625.2291).
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3.13. Cytotoxicity Assay

The cytotoxic activity was determined against human colon cancer (HCT-116), human
non-small-cell lung carcinoma (NCI-H1650), and human ovarian cancer (A2780) cell lines which
were bought from the Cell Bank of Shanghai Institute of Cell Biology (Chinese Academy of Sciences)
and originally obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). Cells
were grown in RPMI 1640 (GIBCO, New York, NY, USA) supplemented with 10% fetal calf serum (Life
Technologies, Carlsbad, CA, USA), penicillin G (100 U/mL), and streptomycin (100 μg/mL) at 37 ◦C in
a 5% CO2 and seeded in 96-well plates (CLS3635, Corning®, Sigma, Santa Clara, CA, USA) at a cell
density of 3000 per well over night, and then were treated with various diluted concentrations (each
concentration was arranged triple) of compounds 1–19, which were prepared with DMSO (Sigma)
to 100 μM stock solution and stored in −20 ◦C in advance. After 24 h of treatment, 10 μL of MTT
(5 mg/mL in PBS) was then added directly to all wells and the plates were placed in the dark at 37 ◦C
for 3 h incubation. Cell viability was measured by observing absorbance at 570 nm on a SpectraMax190

microplate reader (Molecular Devices, Silicon Valley, CA, USA). IC50 values were calculated using
Microsoft Excel software (version 2010, Redmond, WA, USA). Taxol was used as a positive control.

3.14. PTP1B Inhibition Assay

The recombinant GST-hPTP1B (gluthathione S-transferase-human protein tyrosine phosphatase
1B) bacteria pellets were purified by a GST bead column. The dephosphorylation of para-nitrophenyl
phosphate (p-NPP) was catalyzed to para-nitrophenol by PTP1B. Enzyme activity involving an end-point
assay, which intensified the yellow color, was measured at a wavelength of 405 nm. All compounds
were dissolved in 100% dimethyl sulfoxide (DMSO), and reactions, including controls, were performed
at a final concentration of 10% DMSO. Selected compounds were first evaluated for their ability to
inhibit the PTPase reaction at a 10 μM concentration at 30 ◦C for 10 min, in a reaction system with
3 mM p-NPP in HEPES assay buffer (pH 7.0). The reaction was initiated by addition of the enzyme and
quenched by addition of 1 M NaOH. The amount of the produced p-nitrophenol was determined at
405 nm using a microplate spectrophotometer (uQuant, Bio-Tek, Winooski, VT, USA). IC50 values were
evaluated using a sigmoidal dose-response (variable slope) curve-fitting program of GraphPad Prism
4.0 software (La Jolla, CA, USA). Oleanolic acid was used as a positive control.

3.15. Nitric Oxide (NO) Production in RAW264.7 Macrophages

The RAW 264.7 macrophages were cultured in The RPMI 1640 medium (Hyclone, Logan, UT,
USA) containing 10% FBS. The compounds were dissolved in DMSO and further diluted in medium to
produce different concentrations. The cell mixture and culture medium were dispensed into 96-well
plates (2 × 105 cells/well) and maintained at 37 ◦C under 5% CO2. After preincubation for 24 h, serial
dilutions of the test compounds were added into the cells, up to the maximum concentration 25 μM,
then added with LPS to a concentration 1 μg/mL and continued to incubate for 18 h. The amount
of NO was assessed by determined the nitrite concentration in the cultured RAW264.7 macrophage
supernatants with Griess reagent. Aliqueots of supernatants (100 μL) were incubated, in sequence,
with 50 μL 1% sulphanilamide and 50 μL 1% naphthylethylenediamine in 2.5% phosphoric acid
solution. The sample absorbance was measured at 570 nm by a 2104 Envision Multilabel Plate Reader
(PerkinElmer, Inc., Waltham, MA, USA). Dexamethasone was used as a positive control.

4. Conclusions

In summary, bioassay-guided isolation of cytotoxic fractionsof the twigs of L. cubebarevealed the
presence of nine new lignans 1–9 and ten analogues 10–19. Initially, all of the isolated compounds
were evaluated against HCT-116, NCI-H1650, and A2780 tumor cell lines. Of the compounds, only
7′,9-epoxylignans with feruloyl or cinnamoyl group (7–9, 13 and 14) were selectively cytotoxic against
NCI-H1650 cell line, with IC50 values of less than 20 μM, whereas, the dibenzylbutyrolactone lignans
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17–19 exerted cytotoxicity against HCT-116 and A2780 cell lines, with IC50 values ranging from
0.28 to 18.47 μM. The results highlighted the structure-activity relationship importance of a feruloyl or
a cinnamoyl moiety at C-9′ or/and C-7 ketone in 7′,9-epoxylignans. The isolates were also examined
for inhibitory activities against PTP1B and LPS-induced NO production in RAW264.7 macrophages.
As a result, compound 11 was moderate active toward PTP1B with an IC50 value of 13.5 μM and
compounds 4–6, 11 and 12 displayed inhibitions against LPS-induced NO production in RAW264.7
macrophages, with IC50 values of 46.8, 50.1, 58.6, 47.5, and 66.5 μM, respectively. The present results
provide additional phytochemical and bioactive information of this medicinal and spiced plant.

Supplementary Materials: The following are available online, IR, UV, HRMS, NMR and ECD spectra of
compounds 1–9 as well as other supporting data.
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Abstract: Bioassay directed isolation of secondary metabolites from the rhizomes of Zingiber montanum
(Fam. Zingiberaceae) led to the isolation of mono-, sesqui-, and di-terpenes. The compounds were
characterized as (E)-8(17),12-labdadiene-15,16-dial (1), zerumbol (2), zerumbone (3), buddledone A
(4), furanodienone (5), germacrone (6), borneol (7), and camphor (8) by analysing one-dimensional
(1D) (1H and 13C) and two-dimensional (2D) (COSY, HSQC, HMBC, and NOESY) NMR data and
mass spectra. Among these terpenes, compounds 1 and 2 revealed potential antibacterial activity
(minimum inhibitory concentrations (MIC) values 32–128 μg/mL; 0.145–0.291 mM)) against a series of
clinical isolates of multi-drug resistant (MDR) and Methicillin resistant Staphylococcus aureus (MRSA).

Keywords: antimicrobial resistance; multi-drug resistant (MDR); methicillin resistant Staphylococcus
aureus (MRSA); Zingiber monatnum; terpenes; (E)-8(17),12-labdadiene-15,16-dial; zerumbol

1. Introduction

Antimicrobial resistance has increasingly become a major public health issue that currently
claims 700,000 lives every year. It is predicted that if no action is taken, there will be approximately
10 million deaths each year globally by 2050, which will be more than the predicted number of
deaths by cancer [1] and will cause a cumulative 100 trillion USD of economic output due to the
rise of drug-resistant infections [1]. The morbidity due to resistant infection has doubled since
2007, which equals the burden of HIV, influenza, and tuberculosis [1]. As antibiotic resistance
occurs naturally, its mishandling and misuse in humans and animals accelerate the process of
development of resistant infection [2]. Infectious diseases, like pneumonia, tuberculosis, gonorrhoea,
and salmonellosis are becoming difficult to treat because the antibiotics that are used to treat them are
becoming less effective [2]. The gram-positive bacterium Staphylococcus aureus relates to an extensive
range of infection of skin and soft tissue, pneumonia, endocarditis, sepsis and bacteremia [3] that
causes nosocomial infection (resistant to methicillin and vancomycin). Therefore, it is no doubt
important to discover new antibiotics to act against multi-drug resistant (MDR) and Methicillin
resistant Staphylococcus aureus (MRSA).

Since the accidental discovery of penicillin from Penicillium notatum, a huge number of
antibiotics have been developed from microbes. However, the development of resistance of existing
antibiotics to pathogenic microorganisms necessitates the development of new antibiotics from
natural sources, including plants, microbes, and marine resources. Medicinal plants have been
under-exploited for antimicrobial drug discovery, although plants are considered as leads for the
development of several medicines. Some key examples of plant derived medicines include cardioactive
digoxin from Digitalis lanata [4], anticancer vincristine and vinblastine from Catharanthus roseus [5],
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analgesic morphine from Papaver somniferum [6], antimalarial artemisinin from Artemisia annua [7],
and antiinflamatory salicin from the bark of the willow tree Salix alba L. [8]. There are also significant
reports of medicinal plants being used as systemic and topical antimicrobial agents in Ayurvedic [9] and
Traditional Chinese Medicine [10], as well as in western herbal medicine [11] due to their self-protection
strategy to counter bacteria and fungi in their own environment. Hyperforin isolated from the
medicinal plant Hypericum perforatum exhibited antimicrobial activity with minimum inhibitory
concentrations (MIC) value of 0.1 mg/L against methicillin-resistant Staphylococcus aureus (MRSA) and
penicillin-resistant variants [12]. A series of new acylphloroglucinol isolated from Hypericum olympicum
showed highly promising antibacterial activity (MICs 0.50–1 μg/mL) against a series of clinical isolates
of MRSA strains [13].

Zingiber montanum (Fam. Zingiberaceae), an herbaceous plant that produces a clump of leaves from
large rhizomes, is indigenous to Bangladesh, India, Malaysia, Thailand, Indonesia, and Sri Lanka [14].
Traditionally, it has been used for the treatment of asthma, sprains, muscular pain, inflammation, wounds,
and as a mosquito repellent, a carminative, and an antidysentery agent [15,16]. Z. montanum has been
reported to exhibit antioxidant [17], radioprotective [17,18], antiulcer [19], and anti-inflammatory [20]
properties. In regard to the phytochemical investigation on Z. montanum, a number of monoterpene and
sesquiterpene hydrocarbons have recently been reported using gas chromatography-flame ionization
detection and gas chromatography-mass spectrometry [21]. The antibacterial, antifungal, allelopathic,
and acetylcholinesterase inhibitory activities of these terpenes have also been reported [21]. As part of
our research into anti-infective secondary metabolites from Bangladesh medicinal plants, the authors
report the bioassay directed isolation and identification of a total of eight terpenes from Z. montanum
and also their antibacterial activity against a panel of clinical isolates of multi-drug resitant (MDR) and
methicillin resistance Staphycococcus aureus (MRSA) strains.

2. Results and Discussion

The n-hexane, CHCl3, and MeOH extracts from the rhizomes of Z. montanum were initially
screened for antibacterial activity (Table 1) against clinical isolates of MRSA strains. Whilst MeOH
extract did not exhibit any activity at a concentration of 512 μg/mL, both n-hexane and CHCl3
extracts showed activity against the MRSA strains tested with MICs of 64–256 μg/mL. Vacuum liquid
chromatography (VLC) fractionation on active crude extracts, followed by further purification using
column chromatography over Sephadex LH20, solid phase extraction (SPE), and/or preparative TLC
led to the isolation of seven terpenes (2–8) from n-hexane extract and two terpenes (1 and 8) from the
CHCl3 extract. Among these compounds, 1 and 2 exhibited promising antibacterial activity against
MRSA strains with MICs of 64–128 μg/mL (0.145–0.291 mM).

Table 1. Antibacterial activity of crude extracts against standard, multi-drug resistant (MDR) and
methicillin-resistant strains of Staphylococcus aureus in μg/mL.

Extracts/Antibiotic
MICs in μg/mL

SA1199B XU212 EMRSA15 RN4229 ATCC25941

n-Hexane 128 128 256 256 128
Chloroform 64 128 128 128 256
Methanol >512 >512 >512 >512 >512

Norfloxacin 32 64 16 8 16

Compound 1 was isolated as colourless amorphous powder from the CHCl3 extract of
Z. montanum. The molecular formula of 1 was established as C20H30O2 from the [M + H]+ at
m/z 303.23122 (calculated for C20H31O2 at 303.23240) in the high resolution of mass spectrometry.
The 1H-NMR (600 MHz, CDCl3, Table 2) spectrum showed the presence of two sets of aldehyde
protons (δH 9.40 and 9.63), one olefinic proton resonating at δH 6.76 (J = 6.6 Hz), exomethylene protons
at 4.36 and 4.86, three sets of methyl protons, and a number of peaks for methine and methylene
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protons. The 13C-NMR spectrum showed the presence of a total of 20 carbons including two aldehyde
carbons (193.8 and 197.5), an exomethylene (108.1), an olefinic methine (135.0), two aliphatic methines,
four quaternary carbons, three methyl carbons, and seven methylene carbons. In HMBC, two sets of
methyl protons at δH 0.82 (δC 22.1 from HSQC) and δH 0.89 (δC 33.7 from HSQC) showed a common
2J connectivity to a carbon at 33.7 (C-4) and 3J connection with methylene carbon at δC 42.0 (C-3; δH

1.41 and 1.18 from HSQC) and methine carbon at δC 55.8 (C-5; δH 1.13 from HSQC). H-5 revealed
3J HMBC correation to methylene carbons at 42.0 (C-3), 38.1 (C-7; δH 2.02 and 2.42 from HSQC),
methine carbon at 56.6 (C-9; δH 1.90 from HMQC), and methyl carbon at 14.6 (C-20; δH 0.72 from
HSQC). H-9 exhibited HMBC interactions to C-10 (by 2J), C-11 (by 2J), C-12 (160.4 by 3J; δH 6.76 from
HSQC), C-17 (108.1 by 3J; δH 4.36 and 4.86 from HSQC), and C-20 (by 3J). H-12 showed 3J HMBC
connectivity to C-9, methylene carbon at 39.6 (C-14; δH 3.41 and 3.46 from HSQC), and aldehydic carbon
at 193.8 (C-16; δH 9.40 from HSQC). The other aldehydic proton at H 9.63 (H-15; C 197.5 from HSQC)
showed 3J HMBC correation to a quaternary carbon at 135.0 (C-13). Accordingly, structure of 1 was
confirmed as (E)-8(17),12-labdadiene-15,16-dial [22]. The NMR spectra of compound 1 are available
in Supplementary Material. This compound has previously reported from Alpinia chinensis [22] and
Curcuma heyneana [23]. This is the first report of its isolation from the genus Zingiber.

Table 2. 1H- (600 MHz), 13C- (150 MHz) NMR and HMBC (600 MHz) data of 1 in CDCl3.

Position 1H 13C
HMBC

2J 3J

1 1.06, m, 1H; 1.68, m, 1H 39.4 - C-9
2 1.50, m, 1H; 1.57, m, 1H 19.5 C-3 C-4
3 1.18, m, 1H; 1.41, m, 1H 42 - C-18, C19
4 - 33.6 - -
5 1.13, m, 1H 55.8 C6 C3, C7, C9, C19, C20
6 1.34, m, 1H; 1.75, m, 1H 24.4 C5, C7 C10
7 2.02, m, 1H; 2.42, m, 1H 38.1 C8 C5, C17
8 - 148.4 - -
9 1.90, m, 1H 56.6 C10, C11 C12, C17, C20

10 - 39.8 - -
11 2.31, m, 1H; 2.49, m, 1H 24.8 C9 C8, C13
12 6.76, t, J = 6.6 Hz, 1H 160.4 - C9, C14, C16
13 - 135 - -
14 3.41, d, J = 16.8 Hz, 1H 39.6 C13 C12, C16

3.46, d, J = 16.7 Hz, 1H
15 9.63, t, J = 14.4 Hz, 1H 197.5 C14 C13
16 9.40, s, 1H 193.8 C13 C12, C14
17 4.36, s, 1H; 4.86, s, 1H 108.1 C8 C7, C9
18 0.88, s, 3H 33.7 - C3, C5, C19
19 0.82, s, 3H 22.1 - C3, C5, C18
20 0.72, s, 3H 14.6 C10 C5, C9

Compound 2 was isolated colourless oil from the n-hexane extract of Z. montanum. The IR
spectrum revealed the presence of a hydroxyl group (3300 cm−1) and double bond (1610 cm−1).
The high resolution of mass spectroscopy showed the [M + H]+ at m/z 221.18956 (calculated for
C15H25O, at 221.19054), which confirmed the molecular formula of 2 as C15H24O. The 1H-NMR
spectrum (CDCl3, 600 MHz, Table 3) of 2 showed the presence of four methyl singlets resonating at δH

1.04, 1.06, 1.43, 1.65, four sets of olefinic protons at 4.82 (dd, J = 10.2, 4.4 Hz), 5.20 (d, J = 7.5 Hz), 5.23 (d,
J = 16.2 Hz), and 5.56 (dd, J = 16.2, 7.5 Hz), an oxymethine proton at 4.63 as doublet (J = 7.5 Hz), and also
couple of methylene protons peaks between 1.87–2.35 Hz. The 13C-NMR spectrum (150 MHz, CDCl3)
revealed the presence of a total of 15 carbons, including an oxymethine carbon at 78.8. The DEPT135
identified four methyl, three methylene, one oxymethine, four olefinic methine, and the remaining
three as quaternary carbons. Among the later three quaternary carbons, one at 37.3 is aliphatic
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and remaining two are connected double bonds. The complete structure of this compound was
established by two-dimensional (2D) NMR spectra, predominantly by HSQC and HMBC. In the 1H-1H
COSY spectrum, the trans double bonded protons showed expected interaction between them. In
the HMBC experiment, the trans double bonded proton at 5.23 (δC 139.5 from HSQC) and methyl
protons at 1.65 (H-12; δC 12.8 from HSQC) revealed a common 3J interaction to an oxymethine
carbon at 78.8 (C-1). Olefinic protons at δH 4.82 (H-7; δC 125.0 ppm from HSQC) and 5.20 (H-3;
δC 124.8 ppm from HSQC) and methyl protons at 1.43 (H-13; δC 15.3 ppm from HSQC) showed 3J
correlation to a methylene carbon at 39.5 (C-5; δH 2.35 ppm from HSQC). Protons at 2.20 and 2.24
(H-4; δC 24.4 from HSQC) exhibited 3J correlations to quaternary carbons at 142.2 (C-2) and 133.2
(C-6). Two sets of methyl protons at 1.04 (H-14; δC 24.9) and 1.06 (H-15; δC 29.9) revealed common
2J correlation to a quaternary carbon at 37.3 (C-9) and 3J interaction to methine carbon at 139.5 (C-10,
δH 5.23) and methylene at 42.4 (C-8, δH 1.87, 2.32). H-10 also revealed 3J interaction to both methyl
group carbons at 24.9 (C-14) and 29.9 (C-15). The COSY experiment exhibited usual interaction
(H-10 to H-11; H-4 to both H-3 and H-5; H-7 to H-8). Accordingly, compound 2 was identified as
(2Z,6Z,10E)-2,6,9,9-tetramethylcycloundeca-2,6,10-trien-1-ol, commonly known as zerumbol (2) [24].
The NMR spectra of compound 2 are available in Supplementary Material. Compounds 3–8 were
identified as zerumbone (3) [23,25], buddledone A (4) [26], germacrone (5) [23,27], furanodienone
(6) [28], borneol (7) [29], and camphor (8) [29]. Among these compounds, zerumbol (2), buddledone
A (4), germacrone (5), and furanodienone (6) have been reported first time from the genus Zingiber,
while zerumbone (3) was reported from Z. zerumbet [30]. Chemical structures of compounds 1–8 are
incorporated in Figure 1.

Figure 1. Cont.
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Figure 1. Chemical structures of terpenes isolated from Z. montanum.

Table 3. 1H- (600 MHz) and 13C- (150 MHz) NMR and HMBC (500 MHz) data of 2 in CDCl3.

Position 1H 13C
HMBC

2J 3J

1 4.63, d, J = 7.5 Hz, 1H 78.8 - C3, C10, C12
2 - 142.2 - -
3 5.20, d, J = 7.5 Hz, 1H 124.8 - C1, C12
4 2.20, m, 1H; 2.24, m, 1H 24.4 C3 C6
5 2.35, m, 2H 39.5 - C3, C13
6 - 133.2 - -

7 4.82, dd, J = 10.2, 4.4 Hz,
1H 125 - C5, C9

8 1.87, m, 1H; 2.32, m, 1H 42.4 C7 C6, C10
9 - 37.3 - -
10 5.23, d, J = 16.2 Hz, 1H 139.5 - C1, C14, C15

11 5.56, dd, J = 16.2, 7.5 Hz,
1H 131.2 C1 C9, C13

12 1.65, s, 3H 12.8 C2 C1, C3
13 1.43, s, 3H 15.3 C6 C5, C7
14 1.04, s, 3H 24.9 C9 C8, C10, C15
15 1.06, s, 3H 29.9 C9 C8, C10, C14

Compounds 1–8 were assessed for their antibacterial activities against multi-drug resistant and
methicillin resistant Staphylococcus aureus, notably SA1199B, XU212, RN4229, EMRSA15, MRSA27819,
and MRSA340702. The minimum inhibitory concentrations (MICs) of these compounds are presented
in Table 4. Norfloxacin was used as positive control for the comparison of antibacterial potencial of
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these compounds. Among these compounds, 1 and 2 displayed the highest activities with MICs in
the range of 32–128 μg/mL (0.145–0.291 mM) against the test organisms. Compound 1 is a labdane
diterpene with exomethylene at C-8, an olefine at C-12, and two aldehyde groups at C-16 and 17.
The presence of these groups and unsaturations could account for significant antibacterial activity
against MRSA strains. Although compounds 2 and 3 are structurally very similar, they differ in
activity. We suggest that the presence of a hydroxyl group instead of carbonyl group at C-1 might
make compound 2 more active than compound 3. The antibacterial activity of compounds 3–8 were
above 128 μg/mL (0.557–0.842 mM), the highest concentrations at which the compounds were tested.
Monoterpene and sesquiterpenes from Zingiber were reported with antibacterial activity against
Staphylococcus aureus (MTCC 96) and Staphylococcus epidermidis (MTCC 435) [21].

Table 4. Minimum inhibitory concentrations (MICs) (in mM) of compounds (1–8) against standard,
multi-drug resistant (MDR) and methicillin-resistant strains of Staphylococcus aureus.

Compound SA1199B XU212 ATCC25941 RN4220 EMRSA15 MRSA27819 MRSA340702

1 0.212 0.424 0.212 0.212 0.212 0.424 0.424
2 0.291 0.582 0.582 0.582 0.145-0.291 0.582 >0.582
3 >0.587 >0.587 >0.587 >0.587 >0.587 >0.587 >0.587
4 >0.582 >0.582 >0.582 >0.582 >0.582 >0.582 >0.582
5 >0.587 >0.587 >0.587 >0.587 >0.587 >0.587 >0.587
6 >0.557 >0.557 >0.557 >0.557 >0.557 >0.557 >0.557
7 >0.831 >0.831 >0.831 >0.831 >0.831 >0.831 >0.831
8 >0.842 >0.842 >0.842 >0.842 >0.842 >0.842 >0.842

Norfloxacin 0.100 0.200 0.050 0.025 0.050 0.100 0.401

3. Material and Methods

3.1. General

Analytical solvents, such as n-hexane, chloroform, ethyl acetate, acetone, and methanol were
purchased from Fisher Scientific, Loughborough, UK. Dimethyl sulfoxide, sodium chloride, norfloxacin
and 3-[4,5-dimethylthiazol-2-yl]-2,5-iphenyltetrazolium bromide (MTT) used during antibacterial
assay were purchased from Sigma Aldrich (Dorset, UK). Silica gel 60H used for vacuum liquid
chromatography was purchased from Merck Millipore, UK. Sephadex LH 20 used for gel filtration
chromatography was purchased from GE healthcare, Uppasala, Sweden. Prepacked silica column
(normal phase) used for solid phase extraction (SPE) was purchased from Phenomenex, Cheshire,
UK. Analytical and preparative TLC carried out on 0.2 mm silica gel 60 F254 was purchased from
Merck, Darmstadt, Germany. Spots on the TLC plates were visualized under short UV (254 nm)
and long UV (366 nm), and also by spraying them with 1% vanillin in concentrated H2SO4 followed
by heating at 100 ◦C for 3–6 min. The NMR spectroscopy was performed with Bruker AMX 600
NMR spectrometer, Coventry, UK (600 MHz for 1H, and 150 MHz for 13C) in the Department of
Chemistry at University College London (London, UK). High Resolution Mass Spectrometry (HRMS)
was performed in Liverpool John Moores University (Liverpool, UK). IR spectroscopy was recorded
on Agilent FT-IR (Cary 630, Stockport, UK).

3.2. Plant Material

The rhizomes of Zingiber montanum were collected from Bangladesh National Botanical Garden,
Dhaka, Bangladesh in September 2016. The plant was identified by the Bangladesh National
Herbarium, Mirpur, Dhaka, Bangladesh, where a voucher specimen (DACB 43550) of this collection
was deposited.

3.3. Extraction and Isolation of Compounds

The rhizomes of Z. montanum were sun dried for 2–3 days, followed by drying in the oven
at a temperature of 30–35 ◦C for 30 min prior to grinding. Subsequently, the plant materials were
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ground into fine powders using a grinder. The ground plant material (242 g) was Soxhlet extracted
with solvents of increasing polarity: n-hexane, chloroform, and methanol (approximately 700 mL,
10–15 cycles each). Each of the extracts was concentrated using rotary evaporator under reduced
pressure at a maximum temperature of 40 ◦C to yield 9.38 g, 10.22 g, and 23.0 g of n-hexane, chloroform,
and methanol extracts, respectively. The antibacterial screening was performed on these crude extracts
against clinical isolates of MRSA strains. Hexane (MICs 128–256 μg/mL) and chloroform (MICs
64–256 μg/mL) extracts appeared to be active and they were further fractionated by vacuum liquid
chromatography (VLC). A portion of n-hexane (6.5 g) or chloroform (7.6 g) were adsorbed into silica gel
(70–230 mesh) and loaded into VLC column, which was uniformly packed with VLC grade silica gel
(60H), followed by eluting with stepwise gradient of mobile phase initially with mixture of n-hexane
and ethyl acetate and then with EtOAc and MeOH mixtures. The eluted fractions (200 mL each) were
evaporated using rotary evaporator and analysed by TLC. Based on TLC results, the similar fractions
were bulked together for further purifications by solid phase extraction (SPE), column chromatography
over Sephadex LH20, and/or preparative TLC. The basic principle of SPE is similar to VLC, but SPE
was used in smaller scale fractionation or further purification of compounds from the VLC fractions or
pooled fractions from Sephadex LH20 column chromatography. For column chromatography over
Sephadex LH20, the glass column was packed with the slurry of Sephadex LH-20, which was soaked
in the solvent (50% chloroform in n-hexane or 100% chloroform) half an hour prior to the packing of
the column. The sample was dissolved in a small amount of appropriate solvent and then applied
onto the top of the adsorbent. The column was eluted with 50–75% chloroform in n-hexane, followed
by 100% chloroform and then CHCl3 + MeOH mixtures of increasing polarity. During preparative
TLC, the sample was applied uniformly as band in the sample application zone (2 cm above from the
bottom edge of TLC plate) on commercially available TLC aluminium plates (pre-coated silica gel 60
PF254). The TLC plates were developed with appropriate mobile phase up to the upper edge of plates.
In addition, the multiple development technique was also adapted for a better accomplishment of
separation of compounds of very similar polarity.

VLC fraction eluted with 5–10% of EtOAc in n-hexane of n-hexane extract was subjected to
column chromatography over Sephadex LH20. PTLC (mobile phase 15% EtOAc in hexane) on
Sephadex column eluted with 50% CHCl3 in n-hexane yielded compounds 2 (3 mg) and 3 (10 mg),
whereas compound 4 (9 mg) was obtained from sephadex column eluted with 100% chloroform.
SPE on the VLC fraction eluted with 15% of EtOAc in n-hexane of n-hexane extract provided six
sub-fractions. Preparative TLC (mobile phase 4% EtOAc in hexane plus two drops glacial acetic acid)
on SPE sub-fraction eluted with 4% EtOAc in hexane yielded compounds 5 (7 mg) and 6 (4 mg),
whilst preparative TLC (mobile phase 4% EtOAc in hexane plus two drops glacial acetic acid) on
SPE sub-fraction eluted with 4% EtOAc in hexane led to the isolation of compounds 6 (5 mg) and 7

(7 mg). Similarly, VLC fraction of chloroform extract was subjected to SPE and preparative TLC for the
purification of compounds. SPE on VLC fraction eluted with 15% EtOAc in n-hexane followed PTLC
(mobile phase 4% EtOAc in hexane) on SPE sub-fraction eluted with 4% EtOAc in hexane yielded 8

(4 mg), while compound 1 (6.5 mg) was isolated from the VLC fraction eluted with 25% EtOAc in
n-hexane, followed by PTLC (mobile phase 15% EtOAc in hexane) on SPE sub-fraction eluted with
10% EtOAc in hexane.

3.4. Antibacterial Assay against Clinical Isolates of Multi-Drug Resistant and Methicillin Resistant
Staphylococcus Aureus

The antibacterial activity of crude extracts and the isolated compounds were tested against
clinical isolates of MRSA strains by microtitre assay using 96 well plates to determine the minimum
inhibitory concentrations (MICs). Mueller–Hinton broth (MHB) used in this study was purchased
from Oxoid, Hamshire, UK and prepared as instructed by the supplier; however, MHB was adjusted
to contain 20 mg/L and 10 mg/L of Ca2+ and Mg2+, respectively. The clinical isolates of S. aureus
strains used in this study included ATCC25923, SA1199B, RN4220, XU212, EMRSA15, MRSA340702,
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and MRSA274829. A standard laboratory strain, ATCC25923, was also used in this study, which is
sensitive to antibiotics, like tetracycline [31]. SA1199B over-expresses the NorA MDR efflux pump [32],
RN4220 possesses the MsrA macrolide efflux protein [33], XU212 is a Kuwaiti hospital isolate that is
an MRSA strain possessing the TetK tetracycline efflux pump [31], whilst the EMRSA15 strain [34] is
epidemic in the UK. All S. aureus strains were subcultured on nutrient agar (Oxoid) and incubated for
approximately 24 h at 37 ◦C prior to MIC determination. All of the bacterial strains were prepared in
9 g/L saline water with an inoculum density of 5 × 105 colony forming unit (cfu/mL) by comparison
with the 0.5 MacFarland turbidity standard.

The stock solution of control positive (Norfloxacin) was prepared by dissolving the antibiotic
(2.0 mg) in DMSO (244 μL) and diluting 16 fold with MHB to obtain the desired concentration of the
antibiotic stock solution (512 μg/mL). Similarly, stock solutions of crude extract (2048 μg/mL) and
isolated compounds (256–512 μg/mL) were prepared by dissolving in required amount of DMSO,
followed by 16 fold dilution with MHB.

During the experiment, using a multi-channel pipette an aliquot of 100 μL of MHB was dispensed
into each well of 96-well plate except those in the last column. Then 100 μL of stock solution of crude
extract or isolated compounds and antibiotic was added in duplicate to the wells of the first column
of 96-well plate (total content 200 μL), followed by mixing the content thoroughly and transferring
100 μL of this content to the wells of the second column of 96-well plate using a multi-channel
pipette. This two-fold serial dilution process was continued to the 10th well, followed by the addition
of the final 100 μL solution to the empty wells of 12th column of 96 well-plate. The inoculum
(100 μL) of each bacterium at a density of 5 × 105 cfu/mL was added to all wells, except those in
the final (12th) column. The contents of the wells in the 11th and 12th columns represented growth
control (bacteria, but no antibiotic, extract, or compounds) and sterility control (antibiotic, extract,
or compounds but no bacteria), respectively. Every assay was performed in duplicate. The plates were
incubated for 18 h at 37 ◦C. For the measurement of MIC, 20 μL of a 5 mg/mL methanolic solution of
3-[4,5-dimethylthiazol-2-yl]-2,5-iphenyltetrazolium bromide (MTT; Sigma) was added to each of the
wells, followed by incubation for 20–30 min at 37 ◦C. Bacterial growth was indicated by a colour change
from yellow (colour of MTT) to dark blue. The MIC was recorded as the lowest concentration at which
no growth (yellow color) was observed [13]. If no growth was observed at any of the concentrations
tested, the assay was repeated starting from a stock solution of lower concentration. If growth was
observed at all of the concentrations tested, the assay was repeated, starting with a stock solution of
higher concentration.

4. Conclusions

In this study, the crude extracts of the rhizomes of Z. montanum and compounds that were
isolated from active extracts were assessed against a panel of clinical isolates of multi-drug
resistant (MDR) and methicillin resistant Staphylococcus aureus (MRSA), including SA1199B, XU212,
RM4221, EMRSA15, MRSA27819, and MRSA340702. Bioassay directed isolation using a range of
chromatographic techniques, including vacuum liquid chromatography (VLC), solid phase extraction
(SPE), column chromatography over Sephadex LH20, and preparative thin layer chromatography
(PTLC) led to the identification of two monoterpenes, borneol (7) and camphor (8), and five
sesquiterpnes, zerumbol (2), zerumbone (3), buddledone A (4), furanodienone (5), germacrone (6),
and a diterpene, (E)-8(17),12-labdadiene-15,16-dial (1). Among these terpenes, compounds 1 and
2 displayed significant activity with MICs of 32–128 μg/mL (0.145–0.291 mM) against the clinical
isolates of MRSA strains tested. Such activity encourages the authors to carry out bioassay guided
phytochemical investigation on related members of Zingiberacae family for the identification of lead
anti-Staphylococcal compounds.

Supplementary Materials: NMR and mass spectra of active compounds together with results of antibacterial
activity using 96 well plates are available in supplementary materials.
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Abstract: A metabolic conversion study on microbes is known as one of the most useful tools to
predict the xenobiotic metabolism of organic compounds in mammalian systems. The microbial
biotransformation of isoxanthohumol (1), a major hop prenylflavanone in beer, has resulted in
the production of three diastereomeric pairs of oxygenated metabolites (2–7). The microbial
metabolites of 1 were formed by epoxidation or hydroxylation of the prenyl group, and HPLC,
NMR, and CD analyses revealed that all of the products were diastereomeric pairs composed of
(2S)- and (2R)- isomers. The structures of these metabolic compounds were elucidated to be (2S,2′′S)-
and (2R,2′′S)-4′-hydroxy-5-methoxy-7,8-(2,2-dimethyl-3-hydroxy-2,3-dihydro-4H-pyrano)-flavanones
(2 and 3), (2S)- and (2R)-7,4′-dihydroxy-5-methoxy-8-(2,3-dihydroxy-3-methylbutyl)-flavanones
(4 and 5) which were new oxygenated derivatives, along with (2R)- and (2S)-4′-hydroxy-5-methoxy-2′′-
(1-hydroxy-1-methylethyl)dihydrofuro[2,3-h]flavanones (6 and 7) on the basis of spectroscopic data.
These results could contribute to understanding the metabolic fates of the major beer prenylflavanone
isoxanthohumol that occur in mammalian system.

Keywords: microbial transformation; hop prenylflavanone; isoxanthohumol

1. Introduction

Isoxanthohumol (1) (5-methoxy-8-prenylnaringenin, C21H22O5) is a well-known prenylated
flavanone which occurs together with the prenylated chalcone xanthohumol in the female
inflorescences (cones) of Humulus lupulus L. (hops) (Cannabaceae), which are added during the beer
brewing process [1,2]. This flavanone has been specifically regarded as a beer prenylflavanone, since it
is the main isomeric product of xanthohumol cyclization formed during hop processing and brewing.
Hops naturally contain only minor quantities of isoxanthohumol compared with those of the most
abundant hop chalcone xanthohumol, whereas beer contains much higher levels of isoxanthohumol
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than xanthohumol [3,4]. Biological and pharmacological properties of isoxanthohumol (1) have been
less characterized than those of xanthohumol, but 1 has shown moderate estrogenic activity [5],
antiproliferative and anticancer activities [6–8], cancer chemoprevention properties [9], and modifying
effects in ontogenetic steroidogenesis [10].

Despite its importance in beer, only a few metabolism studies have been carried out with
isoxanthohumol (1) to identify its metabolic fate in humans. Nikolic and colleagues investigated the
oxidative metabolism of 1 using human liver microsomes in vitro and described several metabolites
on the basis of liquid chromatography-tandem mass spectrometry [11]. Modification on one of the
two terminal methyl groups of the prenyl moiety into the cis- and trans-hydroxymethyl analogues,
respectively, followed by further oxidation to the cis- and trans-aldehydes, and double bond migration
and subsequent hydroxylation to give an exo-methylene with an allylic alcohol was observed.
Derivatives formed by hydroxylation or oxidation on the A- or B-ring, and O-demethylation were also
reported [11]. A recent metabolism study of 1 showed that it was transformed by microorganisms into
derivatives with a dihydrofuran ring or a methoxyglucosyl group [12]. In addition, some metabolic
studies have focused on the conversion or activation of isoxanthohumol into 8-prenylnaringenin,
a potent phytoestrogen [13–15].

Microbial biotransformation studies are regarded as one of the most useful tools to mimic and
predict the xenobiotic metabolism of compounds in mammalian systems. Clark and Hufford have
systematically summarized and reviewed the potential for the microorganisms as tools in the study of
drug metabolisms with a number of specific examples that demonstrated the similarity in microbial and
mammalian metabolism of xenobiotics [16,17]. They noted that microbial systems could offer a reliable,
reproducible alternative to small laboratory animals for preliminary drug metabolism studies to
identify the structural modifications by enzymatic reactions. General techniques and methods utilized
in microbial metabolism studies clearly offer the practical advantages of convenient and inexpensive
maintenance, production of metabolites in high yields and considerable amounts, and curtail the
sacrifice of animals in biomedical research [16–18]. However, despite all the strengths and interesting
parallels enumerated, microbial biotransformation could not ever completely replace the validity of
xenobiotic metabolism studies with animals as well as liver microsomes or perfused livers. This model
is a recently accounted practical tool with high potential for the creation of molecular diversity far
beyond the metabolic changes observed in mammals [18].

We previously reported that microbial biotransformation of hop prenylflavonoids, including
xanthohumol and 8-prenylnaringenin, produced several glucosylated, acyl-glucosylated, and cyclized
metabolites [19,20], while biotransformation of 1 provided a diastereomeric pair of metabolites that
resulted from 7-O-glucosylation on the A-ring via microbial Phase II conjugation reaction [21]. In our
ongoing metabolism study of hop prenylflavonoids, a preparative-scale microbial transformation
of isoxanthohumol (1) by the fungi, Rhizopus oryzae KCTC 6399 and Fusarium oxysporum f.sp. lini
KCTC 16325, afforded three pairs of oxygenated metabolites (2–7) (Figure 1). The production of these
microbially biotransformed metabolites of 1 and their structure elucidation are reported herein.
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Figure 1. The structures of isoxanthohumol (1) and its metabolites (2–7).

2. Results and Discussion

2.1. Preparation and Microbial Biotransformation of Isoxanthohumol

Preparation of the substrate isoxanthohumol (1) was achieved by both chemical cyclization of
xanthohumol in aqueous alkali solution [4] and enzymatic cyclization using a microbial transformation
method [19]. The isoxanthohumol produced by these methods was a racemic mixture of (2S)- and
(2R)-flavanones, which was confirmed by spectroscopic data analysis showing no absorption in the
CD spectrum and no optical rotation.

A total of forty-one microbial cultures were screened for their ability to metabolize 1 and two
fungi, Rhizopus oryzae KCTC 6399 and Fusarium oxysporum f.sp. lini KCTC 16325, were selected for
further scale-up fermentation studies. For each microbe, separate substrate and culture control studies
were carried out under the same fermentation conditions, which showed that the metabolites were
produced as a result of enzymatic activity by the fungi, and not as a consequence of chemical or
non-metabolic conversion. The ability to biotransform 1 was confirmed on the basis of reversed-phase
(C18) TLC analyses. The Rf values of the three new diasteromeric mixtures (2,3: Rf 0.32, 4,5: 0.42,
and 6,7: 0.28) were significantly larger than that of 1 (Rf 0.15), which indicated that the fungi produced
metabolites with higher polarity.

2.2. Structure Elucidation of Isoxanthohumol Metabolites

Metabolites 2 and 3 of isoxanthohumol were produced by the fungus R. oryzae KCTC 6399 and
obtained as a pale yellow amorphous powder. HPLC analyses of the mixture of 2 and 3 revealed that
each metabolite had the same ultraviolet (UV) spectral data at 190–400 nm and a minor difference
of retention time (tR) (2: 21.56 min and 3: 22.45 min). Their 1H and 13C-NMR spectra also exhibited
nearly identical chemical shift and coupling constant values, which suggested that they consisted of a
pair of diastereomers. HRESIMS of metabolites 2 and 3 exhibited [M + H]+ peaks at m/z 371.1504 and
m/z 371.1482 (calcd for C21H23O6, 371.1495) respectively, which established their molecular formula
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as C21H22O6 and indicated that they were mono-oxygenated metabolites of 1. The UV spectrum of
both compounds displayed typical absorptions for a flavanone, with a maximum absorption peak
at ~287 nm and an inflection at 318 nm, which were similar to those observed for 1. However,
their 1H-NMR spectra showed major differences in the isoprenyl group, which showed two methyl
signals shifted upfield (H-4′′ and H-5′′) at δH 1.31, 1.28 (3H, s) and 1.33, 1.34 (3H, s) as well as a
new oxymethine signal (H-2′′) at δH 3.76 (brt, J = 6.0 Hz) and 3.73 (1H, dd, J = 7.3, 5.8 Hz) in 2 and
3, respectively. These observations suggested that the two sp2 carbons of the isoprenyl group in 1

had been metabolized to oxygenated sp3 carbons. The 13C-NMR data of both compounds showed
resonances for an sp3 oxymethine at δC 69.6 and 69.9 (C-2′′) and an oxygenated sp3 quaternary
carbon at δC 79.9 (C-3′′), and the loss of the olefin signals at δC 124.0 and 131.9 that were observed
in 1. An oxygenated aromatic carbon at δC 161.9 (C-7) in metabolites 2 and 3 was shifted upfield
relative to the corresponding carbon in 1 (δC 164.0). These results indicated that a dihydropyran
ring had been formed by oxidation and subsequent cyclization of the isoprenyl moiety, possibly
going through an epoxide intermediate. Two-dimensional NMR data, including HSQC and HMBC
experiments, supported the presence of a dihydropyran ring. The gem-dimethyl protons H3-4′′ and
H3-5′′ correlated with C-2′′ and C-3′′, and the H2-1′′ methylene protons correlated with C-8 and C-3′′.
Based on these spectroscopic analyses, the planar structure of diastereomeric metabolites 2 and 3 was
assigned as 4′-hydroxy-5-methoxy-7,8-(2,2-dimethyl-3-hydroxy-2,3-dihydro-4H-pyrano)-flavanone.
The absolute configurations of the two asymmetric carbons, C-2 and C-2′′, were established by circular
dichroism [22,23], and the Mosher’s ester method [24,25], respectively. Metabolite 2 displayed positive
and negative Cotton effects at 331 (n → π* transition) and 288 nm (π → π* transition), respectively,
which corresponded to a 2S configuration. In contrast, metabolite 3 showed a negative Cotton effect at
334 nm and a positive one at 288 nm which established a 2R configuration (See Supplementary
Materials). The absolute configuration at C-2′′ was determined by the modified Mosher’s
method. Metabolite 3 was converted into the (S)- and (R)-methoxytrifluoromethylphenylacetic acid
(MTPA) esters, 3a and 3b, by treatment with (R)- and (S)-MTPA chloride, respectively. The Δδ

values (δH = δS − δR, ppm) calculated for the two esters (Figure 2) indicated that C-2′′ had
an S configuration. From these results, unambiguous structures of 2 and 3 were assigned as
(2S,2′′S)- and (2R,2′′S)-4′-hydroxy-5-methoxy-7,8-(2,2-dimethyl-3-hydroxy-2,3-dihydro-4H-pyrano)-
flavanones, respectively.

Figure 2. The ΔδS−R values (ppm) from Mosher ester derivatives of 3.

Metabolites 4 and 5 of isoxanthohumol were also obtained by the enzymatic activity of R. oryzae
KCTC 6399 and isolated as a pale yellow amorphous powder. As observed with metabolites 2

and 3, HPLC analyses (tR, 4: 11.65 min and 5: 12.56 min) and spectroscopic data including UV,
infrared (IR), 1H- and 13C-NMR spectra indicated that two diastereomeric isomers were produced.
Metabolites 4 and 5 exhibited HRESIMS [M + H]+ peaks at m/z 389.1612 and m/z 389.1600 (calcd for
C21H25O7, 389.1600) respectively, which suggested a molecular formula of C21H24O7 corresponding
to dihydroxylated derivatives of 1. The UV spectra of 4 and 5 displayed characteristic absorptions of
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a flavanone moiety at 225, 285 and ~310 nm, which were similar to their substrate 1. However,
the 1H-NMR spectra of 4 and 5 exhibited major differences in the isoprenyl group resonances.
They showed two pairs of methyl signals shifted upfield (H-4′′ and H-5′′) at δH 1.12, 1.15 (3H, s)
and 1.14, 1.16 (3H, s), as well as oxymethine signals (C-2′′) at δH 3.52 (dd, J = 10.0, 2.3 Hz) and 3.55
(dd, J = 10.0, 2.0 Hz), suggesting formation of two hydroxylated sp3 carbons from the olefinic group
of 1. The 13C-NMR spectra of both compounds showed the presence of a hydroxymethine signal
(C-2′′) at δC 80.2 in 4 and δC 80.1 in 5, and an oxygenated quaternary carbon at δC 74.1 (C-3′′) in
both. In addition, 13C-NMR signals of a gem-dimethyl group at δC 25.0 and 26.0, were consistent
with their substitution on an oxygenated carbon. HMBC correlations from H3-4′′ and H3-5′′ to C-2′′

and C-3′′, as well as from H2-1′′ to C-8 and C-2′′, and H-2′′ to C-8 helped to establish the structure
of diastereomers 4 and 5 as 7,4′-dihydroxy-5-methoxy-8-(2,3-dihydroxy-3-methylbutyl)-flavanone.
The absolute configuration of the asymmetric center at C-2 was assigned by CD studies [22,23].
Metabolite 4 displayed positive and negative Cotton effects at 331 (n → π* transition) and 289
nm (π → π* transition), respectively, corresponding to a 2S configuration, while C-2 in metabolite
5 was established to have a 2R configuration from the opposite Cotton effects at 331 (negative)
and 288 nm (positive). Therefore, the structures of metabolites 4 and 5 were assigned as (2S)- and
(2R)-7,4′-dihydroxy-5-methoxy-8-(2,3-dihydroxy-3-methylbutyl)-flavanones, respectively. Regarding
the determination of absolute configuration at C-2′′, an asymmetric center of oxygenated C-prenyl
side chain in aryl prenyl derivatives, X-ray crystallography has been considered as the most powerful
approach as shown in a case of a prenylated coumarin, meranzin hydrate [26]. Adequate single crystals
of 4 and 5 suitable for X-ray diffraction studies, however, were not available due to the limitations of
their physicochemical properties and limited quantities. Chiroptical tools including electronic circular
dichroism (ECD) were not effectively applicable on account of the strong Cotton effect curves obtained
from (2S)- and (2R)-flavanones [23,27] (See Supplementary Materials). In an effort to determine the
absolute configuration at C-2′′, Mosher’s ester derivatives were prepared, however the results were
ambiguous. The bis-MTPA esters of 4 and 5 provided Δδ values (δH = δS − δR) that had a non-uniform
distribution of positive and negative signs, which meant that Mosher’s analysis was not valid in this
case [24,25]. Further, chemical synthesis may be necessary to determine absolute configuration of the
chiral carbon C-2′′ at the prenyl moiety.

Metabolites 6 and 7 were also obtained as a pair of diastereomers by microbial transformation
of 1 using F. oxysporum f.sp. lini, which was confirmed by HPLC (tR, 6: 18.63 min and 3: 19.42
min) and NMR experiments. HRESIMS of 6 and 7 showed [M + Na]+ peaks at m/z 393.1307 and
m/z 393.1316 (calcd for C21H23O6Na, 393.1314), respectively, which established their molecular
formula as C21H22O6 which was isomeric with the mono-oxygenated metabolites 2 and 3. However,
several significant differences were observed in the 1H- and 13C-NMR spectra of 6 and 7. Highly
downfield shifted oxymethine proton (δH 4.73, brt, J = 8.8 Hz and 4.74, dd, J = 9.3, 8.0 Hz)
and carbon (δC 92.5) resonances of C-2′′ indicated that a dihydrofuran ring was formed from the
isoprenyl group substituted on the A-ring. The NMR data of 6 and 7 were in good agreement with
those of (2S)-4′-hydroxy-5-methoxy-7,8-[2-(1-hydroxy-1-methylethyl)-2,3-dihydrofurano]flavanone, a
metabolite of xanthohumol by Pichia membranifaciens (ATCC 2254) [28], and (2R)-4′-hydroxy-5-methoxy-
7,8-[2-(1-hydroxy-1-methylethyl)-2,3-dihydrofurano]flavanone, a metabolite of isoxanthohumol by F.
equiseti (AM15) [12]. The structures of compounds 6 and 7 were assigned as 4′-hydroxy-5-methoxy-2′′-
(1-hydroxy-1-methylethyl)dihydrofuro[2,3-h]flavanones, and the absolute configurations of the
asymmetric center at C-2 were identified by CD [22,23]. Metabolite 6 showed negative and positive
Cotton effects at 325 and 289 nm, respectively, corresponding to 2R, while C-2 in metabolite
7 was established to be 2S from the opposite sign Cotton effects at 324 (positive) and 290 nm
(negative). The configuration at C-2′′ in compounds 6 and 7 could not be assigned from the NMR or
CD measurements.
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3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were recorded with a JASCO DIP 1000 digital polarimeter (JASCO, Tokyo,
Japan). UV spectra were recorded on a JASCO V-530 spectrophotometer (JASCO, Tokyo, Japan),
and CD spectra were recorded on a JASCO J-810 spectrometer (JASCO, Tokyo, Japan). IR spectra
were obtained on a JASCO FT/IR 300-E spectrometer (JASCO, Tokyo, Japan). 1H-, 13C-, HSQC,
and HMBC NMR experiments were recorded using a Varian Unity INOVA 500 spectrometer (Agilent
Technologies, Inc., Santa Clara, CA, USA). HRESIMS were determined on Waters Synapt HDMS
LC/MS mass spectrometer (Waters Corp., Milford, MA, USA). TLC was carried out on Merck silica gel
F254-precoated glass and RP-18 F254S plates (Merck, Darmstadt, Germany). Medium pressure liquid
chromatography (MPLC) was performed using LobarTM C18 column (10 × 240 mm, 40–63 μm, Merck,
Darmstadt, Germany) and silica gel (40–63 μm, Merck). HPLC was performed on a Hewlett-Packard
Agilent 1100 Series (Agilent Technologies, Inc., Santa Clara, CA, USA) HPLC System composed of a
degasser, a binary mixing pump, a column oven and a DAD detector using Waters SunFire™ (Waters
Corp., Milford, MA, USA) (4.6 × 150 mm, 5 μm) and SunFire™ Prep C18 column (10 × 150 mm, 5 μm)
with acetonitrile (solvent A) and water containing 0.1% formic acid (solvent B).

3.2. Chemicals and Ingredients

Isoxanthohumol was prepared by chemical cyclization in aqueous NaOH solution at 0 ◦C as
described by Stevens et al. [4], and also by a microbial transformation method using the fungus R.
oryzae KCTC 6946 as previously reported by Kim and Lee [19]. Isoxanthohumol prepared by both
methods was extracted with EtOAc and then purified by chromatographic methods including silica gel
and reversed-phase C18 MPLC. The spectroscopic data of isoxanthohumol (1) were in good agreement
with data in the literature [1] and its structure was also confirmed by 2D NMR experiments. Optical
rotation and CD measurements revealed that the substrate isoxanthohumol was a racemic mixture
of (2S)- and (2R)-isoxanthohumol. Ingredients for media including D-glucose, peptone, malt extract,
yeast extract, and potato dextrose medium were purchased from Becton, Dickinson and Co. (Sparks,
MD, USA), and sucrose was purchased from Sigma-Aldrich Co. (St Louis, MO, USA).

3.3. Microorganisms and Fermentation

Forty-one microbial strains were obtained from the Korean Collection for Type Cultures (KCTC)
and cultured for preliminary screening. Microorganisms and culture broth composition were described
in the previous literature in detail [20,21].

3.4. Biotransformation Screening Procedure

All of the microbial cultures were grown according to the two-stage procedure [16,17]. In the
screening studies, the actively-growing microbial cultures were inoculated in 100 mL flasks containing
20 mL of media, and incubated with gentle agitation (200 rpm) at 25 ◦C in a temperature-controlled
shaking incubator. Isoxanthohumol (1) (2 mg/0.1 mL in EtOH) was added to each flask 24 h after
inoculation, and further fermented under the same condition for 3 d. Sampling and TLC monitoring
were generally carried out on RP-18 TLC254S with 60% MeOH at 24 h intervals. Two control studies
were performed for identification of metabolites produced by enzymatic transformation. Substrate
controls consisted of 1 and each sterile medium incubated without microorganisms. Culture controls
consisted of fermentation cultures in which the microorganisms were grown without addition of 1.

3.5. Biotransformation of Isoxanthohumol (1) by R. oryzae KCTC 6399

Preparative-scale fermentations were carried out under the same condition with two 1 L flasks
each containing 250 mL of medium and 20 mg of isoxanthohumol (1) for 10 d. The cultures
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were extracted with EtOAc two times and the organic layers were combined and concentrated at
reduced pressure. The EtOAc extract (730 mg) was subjected to silica gel (70–230 mesh, Merck)
column chromatography with a CHCl3–MeOH (9:1) to give three fractions. Fraction 1 (108 mg) was
chromatographed by RP-MPLC (LobarTM, 10 × 240 mm) using 55% MeOH isocratic solvent system to
give a mixture of isoxanthohumol metabolites 2 and 3 (13.2 mg, 15.8% yield). An aliquot of compounds
(7.8 mg) was further chromatographed by HPLC with a gradient solvent system of 20% solvent A to
33% solvent A for 25 min to afford two isomers 2 (1.6 mg, tR 21.56 min) and 3 (2.2 mg, tR 22.45 min).
Fraction 2 (203 mg) was also chromatographed by RP-MPLC (LobarTM, 10 × 240 mm) using aqueous
MeOH solvent (50 → 55%) to give a mixture of metabolites 4 and 5 (7.7 mg, 8.9% yield). A portion of
mixture (4.3 mg) was further purified by HPLC with a gradient solvent system of 20% A to 35% A for
25 min to afford two isomers 4 (1.4 mg, tR 11.65 min) and 5 (1.6 mg, tR 12.56 min).

(2S,2′′S)-4′-Hydroxy-5-methoxy-7,8-(2,2-dimethyl-3-hydroxy-2,3-dihydro-4H-pyrano)-flavanone (2): pale
yellow amorphous powder, [α]D +37.0◦ (c 0.2, MeOH); UV λmax (MeOH) (log ε) 224 (4.35) 285 (4.18),
319 (3.65) nm; CD (MeOH) λext (Δε): 288 (−13.5), 311 (0.0), 331 (+4.7); IR (KBr) νmax: 3421, 1658, 1608,
1579, 1519, 1485, 1338, 1206, 1133, 1106, 835 cm−1; 1H-NMR (CD3OD, 500 MHz) δ 7.33 (2H, d, J = 8.3 Hz,
H-2′, 6′), 6.82 (2H, d, J = 8.3 Hz, H-3′, 5′), 6.09 (1H, s, H-6), 5.37 (1H, brd, J = 12.5 Hz, H-2), 3.80 (3H, s,
5-OCH3), 3.76 (1H, brt, J = 6.0 Hz, H-2′′), 3.02 (1H, dd, J = 16.5, 13.0 Hz, H-3a), 2.82 (1H, dd, J = 17.0,
5.0 Hz, H-1′′a), 2.70 (1H, dd, J = 16.5, 3.0 Hz, H-3b), 2.55 (1H, dd, J = 17.0, 6.5 Hz, H-1′′b), 1.33 (3H, s,
H-5′′), 1.31 (3H, s, H-4′′); 13C-NMR (CD3OD, 125 MHz) δ 192.7 (C-4), 164.1 (C-8a), 162.0 (C-5), 161.9
(C-7), 159.1 (C-4′), 131.4 (C-1′), 129.0 (C-2′,6′), 116.5 (C-3′,5′), 106.4 (C-4a), 101.9 (C-8), 94.9 (C-6), 80.4
(C-2), 79.9 (C-3′′), 69.6 (C-2′′), 56.3 (5-OCH3), 46.2 (C-3), 26.7 (C-1′′), 25.7 (C-5′′), 22.0 (C-4′′); ESIMS m/z
371 [M + H]+; HRESIMS m/z 371.1504 [M + H]+ (calcd for C21H23O6, 371.1495).

(2R,2′′S)-4′-Hydroxy-5-methoxy-7,8-(2,2-dimethyl-3-hydroxy-2,3-dihydro-4H-pyrano)-flavanone (3): pale
yellow amorphous powder, [α]D +66.4◦ (c 0.2, MeOH); UV λmax (MeOH) (log ε) 224 (4.47), 288 (4.30),
318 (3.77) nm; CD (MeOH) λext (Δε): 288 (+16.4), 313 (0.0), 334 (−5.4); IR (KBr) νmax: 3421, 1658, 1608,
1578, 1519, 1485, 1337, 1206, 1133, 1106, 835 cm−1; 1H-NMR (CD3OD, 500 MHz) δ 7.32 (2H, d, J = 8.5 Hz,
H-2′, 6′), 6.82 (2H, d, J = 8.5 Hz, H-3′, 5′), 6.08 (1H, s, H-6), 5.36 (1H, dd, J = 13.0, 2.5 Hz, H-2), 3.79
(3H, s, 5-OCH3), 3.73 (1H, dd, J = 7.3, 5.8 Hz, H-2′′), 3.00 (1H, dd, J = 16.5, 13.0 Hz, H-3a), 2.83 (1H, dd,
J = 17.0, 5.5 Hz, H-1′′a), 2.69 (1H, dd, J = 16.5, 3.0 Hz, H-3b), 2.50 (1H, dd, J = 17.0, 7.0 Hz, H-1′′b), 1.34
(3H, s, H-5′′), 1.28 (3H, s, H-4′′); 13C-NMR (CD3OD, 125 MHz) δ 192.7 (C-4), 163.9 (C-8a), 162.0 (C-5),
161.9 (C-7), 159.1 (C-4′), 131.4 (C-1′), 129.0 (C-2′′,6′), 116.5 (C-3′,5′), 106.4 (C-4a), 102.2 (C-8), 94.9 (C-6),
80.3 (C-2), 79.9 (C-3′′), 69.9 (C-2′′), 56.3 (5-OCH3), 46.2 (C-3), 26.7 (C-1′′), 25.9 (C-5′′), 21.3 (C-4′′); ESIMS
m/z 371 [M + H]+; HRESIMS m/z 371.1482 [M + H]+ (calcd for C21H23O6, 371.1495).

(2S)-7,4′-Dihydroxy-5-methoxy-8-(2,3-dihydroxy-3-methylbutyl)-flavanone (4): pale yellow amorphous
powder, [α]D −31.7◦ (c 0.2, MeOH); UV λmax (MeOH) (log ε): 225 (4.42), 285 (4.17), 310 (3.73) nm; CD
(MeOH) λext (Δε): 289 (−9.1), 313 (0.0), 331 (+4.0); IR (KBr) νmax: 3424, 1600, 1515, 1463, 1351, 1280,
1150, 1099, 828 cm−1; 1H-NMR (CD3OD, 500 MHz) δ 7.34 (2H, d, J = 8.3 Hz, H-2′, 6′), 6.81 (2H, d,
J = 8.3 Hz, H-3′, 5′), 6.16 (1H, s, H-6), 5.33 (1H, brd, J = 13.5 Hz, H-2), 3.81 (3H, s, 5-OCH3), 3.52 (1H,
dd, J = 10.0, 2.3 Hz, H-2′′), 3.00 (1H, dd, J = 16.8, 13.5 Hz, H-3a), 2.93 (1H, brd, J = 14.0 Hz, H-1′′a),
2.69 (1H, brd, J = 16.8 Hz, H-3b), 2.62 (1H, dd, J = 14.0, 10.0 Hz, H-1′′b), 1.14 (3H, s, H-5′′), 1.12 (3H, s,
H-4′′); 13C-NMR (CD3OD, 125 MHz) δ 192.9 (C-4), 165.5 (C-7), 164.2 (C-8a), 162.5 (C-5), 159.0 (C-4′),
131.5 (C-1′), 129.0 (C-2′,6′), 116.4 (C-3′,5′), 108.5 (C-8), 105.9 (C-4a), 94.6 (C-6), 80.4 (C-2), 80.2 (C-2′′),
74.1 (C-3′′), 56.1 (5-OCH3), 46.3 (C-3), 26.6 (C-1′′), 26.0 (C-4′′), 25.0 (C-5′′); ESIMS m/z 389 [M + H]+;
HRESIMS m/z 389.1612 [M + H]+ (calcd for C21H25O7, 389.1600).

(2R)-7,4′-Dihydroxy-5-methoxy-8-(2,3-dihydroxy-3-methylbutyl)-flavanones (5): pale yellow amorphous
powder, [α]D −53.0◦ (c 0.2, MeOH); UV λmax (MeOH) (log ε): 225 (4.30), 285 (4.08), 318 (3.65) nm; CD
(MeOH) λext (Δε): 288 (+10.8), 311 (0.0), 331 (−3.8); IR (KBr) νmax: 3422, 2975, 1599, 1514, 1463, 1349,
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1281, 1210, 1150, 1101, 829 cm−1; 1H-NMR (CD3OD, 500 MHz) δ 7.34 (2H, d, J = 8.5 Hz, H-2′, 6′), 6.81
(2H, d, J = 8.5 Hz, H-3′, 5′), 6.17 (1H, s, H-6), 5.34 (1H, dd, J = 13.0, 2.5 Hz, H-2), 3.82 (3H, s, 5-OCH3),
3.55 (1H, dd, J = 10.0, 2.0 Hz, H-2′′), 2.98 (1H, dd, J = 16.5, 13.0 Hz, H-3a), 2.95 (1H, dd, J = 14.0, 2.5 Hz,
H-1′′a), 2.70 (1H, dd, J = 16.5, 3.0 Hz, H-3b), 2.61(1H, dd, J = 14.0, 10.0 Hz, H-1′′b), 1.16 (3H, s, H-5′′),
1.15 (3H, s, H-4′′); 13C-NMR (CD3OD, 125 MHz) δ 192.9 (C-4), 165.5 (C-7), 164.0 (C-8a), 162.6 (C-5),
159.0 (C-4′), 131.6 (C-1′), 128.9 (C-2′,6′), 116.4 (C-3′,5′), 108.6 (C-8), 105.8 (C-4a), 94.7 (C-6), 80.5 (C-2),
80.1 (C-2′′), 74.1 (C-3′′), 56.1 (5-OCH3), 46.4 (C-3), 26.7 (C-1′′), 26.0 (C-4′′), 25.0 (C-5′′); ESIMS m/z 389
[M + H]+; HRESIMS m/z 389.1600 [M + H]+ (calcd for C21H25O7, 389.1600).

3.6. Biotransformation of 1 by F. oxysporum f.sp. lini KCTC 16325

Scale-up fermentations were carried out under the same condition with two 1 L Erlenmeyer flasks
each containing 250 mL medium and 25 mg isoxanthohumol (1) for 5 d. Production of a metabolite
was monitored by reversed-phase C18 TLC (MeOH 70%). The red-colored cultures were extracted
with EtOAc two times and the organic layers were combined and concentrated in vacuo. The EtOAc
extract (280 mg) was subjected to silica gel (70–230 mesh, Merck) column chromatography with
n-hexane-EtOAc (2:1) mixture to give three fractions. Fraction 2 (89 mg) containing a metabolite was
chromatographed with MPLC (LobarTM, 10 × 240 mm) using MeOH 45% isocratic solvent system
to afford isoxanthohumol as a mixture of metabolites 6 and 7 (18 mg, 34.3% yield). An aliquot of
compound mixture (3.4 mg) was further chromatographed by HPLC with a gradient solvent system of
20% A to 35% A for 25 min to afford two isomers 6 (1.1 mg, tR 18.63 min) and 7 (1.1 mg, tR 19.42 min).

3.7. Determination of Absolute Configuration by Modified Mosher’s Method

Compound 3 (1.0 mg in 0.2 mL pyridine) was treated with 15 μL (20.3 mg) of
(R)-(−)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride (MTPA-chloride), and stirred overnight
at room temperature under nitrogen gas. The reaction mixture was evaporated in vacuo, and
chromatographed by HPLC using a SunFire™ Prep C18 (10 × 150 mm, Waters) with a gradient solvent
MeCN–H2O (70:30 → 90:10) at 3 mL/min for 20 min, afforded the (S)-Mosher ester derivative 3a (tR

17.30, 0.9 mg). The derivative of (R)-Mosher ester 3b (tR 17.49, 1.0 mg) was prepared by reaction of 3

(1.0 mg) with 15 μL of (S)-(−)-MTPA-chloride reagent under the same condition as described above.
3a: 1H-NMR (CDCl3, 500 MHz) δ 6.03 (1H, s, H-6), 5.44 (1H, dd, J = 12.6, 3.0 Hz, H-2), 5.16 (1H,

dd, J = 6.0, 5.4 Hz, H-2′′), 3.86 (3H, s, 5-OCH3), 2.99 (1H, dd, J = 17.4, 5.4 Hz, H-1′′), 2.93 (1H, dd,
J = 16.2, 12.6 Hz, H-3), 2.83 (1H, dd, J = 16.2, 3.0 Hz, H-3), 2.65 (1H, dd, J = 17.4, 6.0 Hz, H-1′′), 1.36 (3H,
s, H-5′′), 1.32 (3H, s, H-4′′). 3b: 1H-NMR (CDCl3, 500 MHz) δ 6.06 (1H, s, H-6), 5.46 (1H, dd, J = 12.6,
3.0 Hz, H-2), 5.16 (1H, dd, J = 6.0, 5.4 Hz, H-2′′), 3.87 (3H, s, 5-OCH3), 3.00 (1H, dd, J = 17.4, 5.4 Hz,
H-1′′), 2.95 (1H, dd, J = 16.2, 12.6 Hz, H-3), 2.87 (1H, J = 16.2, 3.0 Hz, H-3), 2.80 (1H, dd, J = 17.4, 5.4 Hz,
H-1′′), 1.31 (3H, s, H-5′′), 1.27 (3H, s, H-4′′).

4. Conclusions

Microbial transformation studies of isoxanthohumol (1) resulted in the production of three
oxygenated pairs of metabolites (2–7). These include two novel metabolite pairs possessing a
dihydropyran (2,3) and a dihydroxymethylbutane (4,5) substituted flavanone core structure. It was
widely reported that cyclization at the prenyl side chain resulted in forming a five-membered furan or a
six-membered pyran heterocycle attached to the A-ring in prenylated flavanones [29,30]. The formation
of dihydroxymethylbutyl group has frequently occurred by dihydroxylation on the double bond of
the prenyl group substituted to the A ring in biotransformation of prenylated flavanones [29]. These
transformation and derivatization have been commonly encountered in natural products [31], and the
presence of cyclized and dihydroxylated derivatives of the prenyl substituent has been revealed in the
bark of the Amazonian tree Brosimum acutifolium, a rich source of 8-prenylated flavonoids [32].
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Unlike the microbial metabolites 2–7, the regioselectively mono-hydroxylated prenyl side chain
metabolites of isoxanthohumol, namely cis- and trans-prenyl alcohols, were previously identified as
the most abundant oxidation metabolites of isoxanthohumol during in vitro metabolism studies using
human liver microsomes, which was catalyzed by hepatic cytochrome P450 enzymes [11,33]. However,
knowledge of the in vitro microbial metabolic conversions of isoxanthohumol may contribute to the
detection and identification of the metabolic products of isoxanthohumol that occur in mammalian
systems. Conjugation reactions including sulfation and glucuronidation are involved in the major
metabolic pathways of polyphenols in mammals, which metabolize polyphenols into very hydrophilic
conjugates [34,35]. It was previously proved that microbial aryl sulfotransferase was capable of
producing Phase II metabolites of flavonoids, rather close to the mammalian enzyme [35]. Considering
that isoxanthohumol is a significant component of beer and that beer is consumed by a large number
of people world-wide, these findings could have potential health and nutritional implications.

Supplementary Materials: The following are available online, Figures S1–S18: 1D, 2D-NMR spectra of
isoxanthohumol (1) and metabolites 2–7, Scheme S1: HPLC Profiles of oxygenated metabolites (2–7) of
isoxanthohumol (1), Figure S19: High resolution ESIMS data of metabolites 2–7, Figure S20: Circular dichroism
(CD) profiles of metabolites 2–7.
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Abstract: Although 4-O-Methylhonokiol (MH) effects on neuronal and immune cells have been
established, it is still unclear whether MH can cause a change in the structure and function of
the cardiovascular system. The overarching goal of this study was to evaluate the effects of MH,
isolated from Magnolia grandiflora, on the development of the heart and vasculature in a Japanese
medaka model in vivo to predict human health risks. We analyzed the toxicity of MH in different
life-stages of medaka embryos. MH uptake into medaka embryos was quantified. The LC50 of two
different exposure windows (stages 9–36 (0–6 days post fertilization (dpf)) and 25–36 (2–6 dpf))
were 5.3 ± 0.1 μM and 9.9 ± 0.2 μM. Survival, deformities, days to hatch, and larval locomotor
response were quantified. Wnt 1 was overexpressed in MH-treated embryos indicating deregulation
of the Wnt signaling pathway, which was associated with spinal and cardiac ventricle deformities.
Overexpression of major proinflammatory mediators and biomarkers of the heart were detected.
Our results indicated that the differential sensitivity of MH in the embryos was developmental
stage-specific. Furthermore, this study demonstrated that certain molecules can serve as promising
markers at the transcriptional and phenotypical levels, responding to absorption of MH in the
developing embryo.

Keywords: cardiomyogenesis; factor VII; factor X; inflammation; thrombosis; vasculogenesis;
herbal medicine

1. Introduction

Magnolia bark extract has been used as a component of dietary supplements and cosmetic
products [1]. One specific compound found in Magnolia species, 4-O-Methylhonokiol (MH),
is recognized to have multifunctional activities both in vitro and in vivo, similarly to other honokiol
analogs [2,3]. Magnolias appear to naturally produce a significant amount of these biphenyl-type
neolignan compounds, many of which show tissue specific distribution [4]. MH is expressed
throughout the plant, with high amounts found in the leaves and seeds [5], whereas honokiol
with its isomer magnolol are largely limited to the bark [6]. MH and 2-O-Methylhonokiol are
isomers [7]. The optimal ratio of these two isomers and their mechanism of synthesis have not
been fully characterized. Moreover, the effects of MH on the cardiovascular system remain poorly
understood. Due to its low hydrophilicity, MH exhibits poor pharmacokinetics [8], which may lead to
increased accumulation in the organs of the body. Some evidence has suggested beneficial effects of
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MH, as it has been associated with anti-inflammatory [9], anti-osteoclastogenic, anti-oxidative [10,11],
and neuroprotective [12] effects. Considering the apparent non-specificity of these effects, it is likely
that MH has low targeting efficacy and exerts its cellular protective properties through a wide range of
mechanisms. In contrast to the observed beneficial effects, the co-treatment of compounds with MH
counterparts, both magnolol and honokiol, can exert synergistic cytotoxicity [13]. The incongruity
between the protective and detrimental effects of MH thus far in the literature highlights the importance
of understanding how MH or other compounds extracted from magnolia affect the development and
function of tissues and organs, like the cardiovascular system.

Both angiogenesis and vasculogenesis (de novo blood vessel formation from embryonic
precursors) have many features in common, and impairment of these processes can in turn cause
damage to organs and influence blood circulation. We aim to identify exposure windows, which can
provide insight into the potentially toxic effects of MH on the development of the heart, angiogenesis,
and vasculogenesis, beyond its other potential action on multiple sites through different toxicity
pathways. Identifying the critical stage of MH-induced cardiovascular toxicity lays down a basis for
further elucidation of an adverse outcome pathway for MH and provides a starting point for future
studies on the mechanisms of MH toxicity.

Due to its inherent low concentration in plant extracts containing honokiol and magnolol, MH has
not been fully characterized. MH, like propofol, has a phenol ring, which produces side effects
causing hypertension and altering both heartbeat and heart rate. Since magnolia bark extract is
gaining widespread popularity as a preventive and alternative to medical treatments [14,15], it is
vital to understand the molecular mechanisms of MH and characterize whether it causes embryotoxic
and teratogenic effects in the cardiovascular system in a variety of vertebrates. By accounting for
heterogeneities typical of Japanese medaka (Oryzias latipes), which shares 58% homology with its
human counterpart, our first vertebrate model for the embryonic lethality of MH enables us to
investigate the effects of MH on the embryo’s developing heart and deformities, as well as alterations
in inflammatory and parameters of coagulation.

In this study, we assessed the toxicity of MH in different life-stages of the medaka cardiovascular
system. We hypothesized that the differential susceptibility of the stage-specific embryo might identify
critical exposure windows to MH, which could in turn produce lethal and sublethal thresholds for
toxicity because of differences in uptake of MH and subsequent internal concentrations.

2. Results

2.1. Toxicity of MH in Medaka Embryo

The toxicity of MH exposure on medaka was assessed at various stages of development (see
MH-treatment in Materials and Methods section). While 10 μM MH was not toxic to embryos after 48 h,
it caused 70% mortality within 96 h. A full concentration-response analysis of toxicity following six
days of MH exposure time point revealed significant mortality of MH-treated medaka embryo/larvae
(LC50 = 5.3 ± 0.1 μM) (Figure 1A). Larval toxicity was also evident, with the most common effects being
spine malformations and edema. Observation of overall mortality with increasing concentrations over
time revealed a reduction in larval survivability following exposure to concentrations of 2 μM MH and
higher (Figure 1B). Some spinal deformities were observed in the larvae (Appendix A, Figure S1 under
Supplementary Materials) which were associated with 5 μM and 10 μM MH. Embryos exposed to
10 μM MH showed delayed growth and high mortality rates during late larval- and juvenile-life stages.
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Figure 1. Cumulative mortality of medaka embryos. Embryos were exposed to 1, 2, 5, 10, and 20 μM
4-O-Methylhonokiol (MH) for 0–6 days post fertilization (dpf) (A,B) or 2–6 dpf (C,D). (A) Embryos were
treated with MH for six days from hour 5, and the LC50 was calculated based on mortality observed
at 10 dpf. (B) Cumulative mortality of all embryos until 10 dpf treated with various concentrations
of MH for 0–6 dpf. (C) Embryos were treated with MH for four days from 2 dpf and the LC50 was
calculated based on mortality observed at 10 dpf. (D) Cumulative mortality until 10 dpf of all embryos
treated with various concentrations of MH for 2–6 dpf. The LC50 was calculated by log transformed
data using nonlinear regression (curve-fit) (GraphPad Prism). Each value represents mean ± SEM
(n = 12, replicated five times). (E) The relationship between MH concentration and mean adult medaka
mortality. Eighteen male medakas were randomly divided into three groups (n = 6). They were exposed
to 1 or 5 μM MH, and monitored for 96 h. Controls were exposed to 0.02% DMSO.

A second batch of embryos exposed to MH later in development (2–6 dpf) also exhibited
concentration-dependent toxicity (10 dpf, LC50 = 9.9 ± 0.2 μM) (Figure 1C). Like the first batch
of embryos, survivability was significantly reduced in later-staged larvae exposed to 10 and 20 μM
(Figure 1D). There was a direct relationship between the changes in MH concentration and changes in
hatching efficiency. Behavioral alterations such as difficulty in swimming and equilibrium loss were
seen with both 5 μM MH and 10 μM MH. However, while termination from MH treatment allowed
5 μM MH-treated embryos to recover normal behavior, stopping MH treatment at 6 dpf from hour 5
was ineffective in the 10 μM MH group. The control group treated with DMSO, ranging from 0.02
to 0.04%, exhibited normal embryo development and normal hatching. Embryo mortality for this
group was always below 10%, contrasting clearly with the experimental groups. The sensitivity of
adult medaka to MH toxicity was then assessed. Exposure of 5 μM MH in adults caused 65% mortality
within 24 h, whereas both the control group and fish exposed to 1 μM MH survived (Figure 1E).
The survival time of 5 μM MH was significantly less than that of 1 μM MH-immersed adult medaka.
This result demonstrates that 5 μM MH reduces survivability in the adult medaka model and further
underscores its importance for additional health-related research.

The membrane penetration properties of MH on the medaka chorion are unknown. Although
the chorion of the egg acts as a barrier within the embryo, the 80% mortality of embryos indicated an
incorporation of MH into the egg. Mass spectrometry analysis of MH levels in conditioned growth
media from the medaka revealed that the concentrations of MH decreased to non-detectable levels
from time 0 h to 24 h (Figure 2A,B). However, a second molecule with a retention time of 2.628 min
was present following 24 h incubation when MS was operated in scan mode (Figure 2C). Since the
molecular and biochemical basis of formation of this molecule from MH is unknown, the identity of
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this unknown molecule was not characterized. Nevertheless, incubation of embryos with MH for 24 h
led to 100% MH disappearance from the media (Figure 2D), suggesting either uptake of MH into the
fish and/or degradation of the molecule.

 

Figure 2. Quantification of MH uptake by medaka embryos by liquid chromatography-mass
spectrometry (MS). This figure is a typical MS profile for the analysis of 10 μM MH uptake following
24 h-incubation with embryos, and maintained at 26 ± 1 ◦C. The amount of MH disappearance from
the conditioned media was measured at time 0 h and time 24 h. Selected ion monitoring (SIM) at m/z
281 shows signals for MH at time 0 h (A) and time 24 h (B). (C) The unknown molecule in MS scan
mode. (D) The amount of disappearance of MH following 24 h incubation with embryo.

2.2. Exposure to MH during Early Development Affects Cardiovascular Structure and Function

Cardiovascular changes in response to MH were then assessed. We demonstrated here that MH
treatment resulted in reduced blood flow which peaked at around an 80% decrease with 10 μM MH at
the end of the 0–6 dpf treatment session (Figure 3A). The reductions in blood flow were associated
with corresponding changes in blood vessel occlusion (Figure 3B). Reduced blood flow (Figure 3C)
and blood vessel occlusion (Figure 3D) were noticeable in the 2–6 dpf embryos also, at the same
concentrations as compared to those of control embryos from day six (stages 36–38).

As shown in Figure 4A, the resting heart rate for both the control and DMSO-treated (0.02%)
embryos increased with development. MH-treated embryos had lower heart rates than the control
group at three-days and six-days post-treatment. MH treatment was effective in reducing the heart-beat
of late embryos (6 dpf) (p ≤ 0.05, n = 27) by 9%, suggesting MH influences the normal functioning
of the heart. High-speed time-lapse analysis of the heartbeat showed that bradycardia occurred in
the 0–6 day embryos treated with 10 μM MH when treatments were initiated early (from hour 5)
(Figure 4B,C; see videos for better visualization of the differences in heart malfunction between the
control (video 1) and MH-treated embryo (video 2) in Appendix B under Supplementary Materials).
The average heart rate and blood flow for the 10 μM MH-treated embryos were lower than for the
DMSO-treated controls.
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Figure 3. Reduction of blood flow and vascular occlusion by MH. Embryos were exposed to 1, 2, 5, and
10 μM MH from 5 h post fertilization (hpf) to 6 dpf (0–6 dpf, (A,B)) or from 2 dpf to 6 dpf (2–6 dpf, (C,D)).
This figure showed that the reduction in blood flow was proportionally correlated with blood vessel
occlusion. (A) Blood flow was observed on days 2, 3, 4, 5, and 6 to verify the duration of the reduction of
blood flow. This panel exemplifies the percent reduction in blood flow until 10 dpf in response to various
concentrations of MH for 0-6 dpf. (B) This panel shows percent occlusion following MH treatment.
During the treatment, blood flow was significantly reduced compared to the control immediately after
occlusion. (C) Thirty-two embryos (2 dpf) were randomly divided into four groups (n = 8). Embryos
were treated with the indicated concentrations of MH and 0.02% DMSO (control) in embryo medium and
were maintained at 26 ± 1 ◦C for 4 days. This figure shows reduced blood flow in MH-treated embryos
(2–6 dpf). (D) This figure demonstrates a blockage that prevents normal flow of blood for the MH-treated
embryos exposed to various concentrations of MH from 2 dpf to 6 dpf. Each bar represents data pooled
from 4–5 independent experiments. Statistical analysis was performed by one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc multiple comparison test. p < 0.05 was considered as significant.
The asterisk (*) indicates values significantly different from the control.

 

Figure 4. MH is responsible for the defect in cardiac function in vivo. Embryos were exposed to 10 μM
MH or 0.02% DMSO (which was used as solvent in the treated condition) as the control from 5 hpf to
6 dpf. Heartbeat, blood flow, and heart structure were evaluated. (A) Heart beat was recorded and
expressed as beats per min. Bar graphs of results obtained by counting heart beats. Results are given
as the mean percentage of heart beat ± SEM (n > 8 embryos for each condition). Statistical analysis
was performed by one-way ANOVA followed by Tukey’s post-hoc multiple comparison test (p < 0.05).
(B) Representative image of heart function in the control. (C) Representative bright field images of
MH-induced heart ventricle malfunction in embryos treated with 10 μM MH for six days from hour 5.
See videos for better visualization of the differences in heart malfunction between the control (video 1)
and MH-treated embryo (video 2). Images were acquired on a Nikon TI2-E inverted microscope with a
white light LED illuminator and a sCMOS Cooled Monochrome Camera. Videos were captured using
a Nikon Elements automated acquisition device.
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2.3. MH Is Implicated in Cardiovascular Dysfunction

To examine the mechanism of these vascular changes, expression levels of three key coagulation
factors, factor XI (FXI, a protease of intrinsic pathway), factor VII (FVII, a protease of extrinsic pathway),
and factor X (FX, a protease of common pathway) were quantified (Figure 5A). These factors are
essential for hemostasis and indispensable for thrombosis. FXI, FX, and FVII circulate in the blood
in zymogen forms. Activation of them leads to the formation of blood clots. As shown in Figure 5,
these three protease transcripts were significantly (p ≤ 0.05, n = 100, replicated four times) elevated in
embryos treated with 10 μM MH for six days from hour 5.

Since MH reduced blood flow (Figure 3A,C), we hypothesized that the reduced blood flow
activated the endothelium to synthesize and release tissue plasminogen activator (tPA, a fibrinolytic
peptide) and plasminogen activator inhibitor 1 (PAI-1, a prothrombotic peptide) and thus decrease the
ratio of tPA/PAI-1, ultimately promoting thrombosis. PAI-1 cDNA product was significantly elevated
at the mRNA level with 10 μM MH, while tPA and endothelin B mRNA levels were not altered
(Figure 5A). However, the ratio of the steady-state tPA/PAI-1 mRNA was significantly decreased in the
embryos, suggesting increased levels of fibrin fragments, as previously described [16]. We measured
the quantitative expression pattern of urokinase plasminogen activator (uPA) in 0–6 day embryos
treated with 10 μM MH from hour 5. uPA mRNA levels were significantly increased (Figure 5A).
To confirm that vascular endothelial cells are activated in response to MH, we examined the expression
profiles of endothelin B receptors that are located primarily in vascular endothelial cells and angiotensin
II type 1 receptor-associated protein (ATRAP), which is highly expressed in the kidney [17] and large
vessel [18]. Vascular expression of ATRAP was significantly enhanced in response to MH (Figure 5A).
Taken together, the data of Figure 5 demonstrated a previously unrecognized effect of MH on the
control of the cardiovascular system and suggested that FXI, FX, FVII, PAI-1, uPA, and ATRAP are
targets of MH.

Figure 5. Embryos treated with MH lead to altered cardiac biomarker gene expression and altered
expression of genes involved in thrombosis, fibrinolysis, and vascular tone. Real-time RT-qPCR was
performed on total RNA isolated from each group of embryos using described primers in Table 1
leading to the amplification of the target gene. (A) RT-qPCR analysis of factor XI (FXI), factor VII (FVII),
factor X (FX), plasminogen activator inhibitor 1 (PAI-1), tissue plasminogen activator (tPA), urokinase
plasminogen activator (uPA), endothelin B (ETB), and angiotensin type 1 receptor associated protein
(ATRAP) isolated from control and MH-treated embryos. (B) RT-qPCR analysis of natriuretic peptide
A, Troponin T, ErbB3, and Nrg2. Data were normalized to the eukaryotic elongation factor 1-alpha
(eEf1α) polymerase chain reaction signal. Each value represents mean ± SEM (n = 100, replicated four
times). * indicates a value is significant versus the respective control group (p < 0.05).

To further confirm that MH influences the normal functioning of the heart, we measured the
expression patterns of heart development-related genes. Controls were exposed to 0.01% DMSO for the
RT-qPCR study. After treatment with 10 μM MH, the embryos showed highly up-regulated expression of
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brain natriuretic peptide A and troponin T (Figure 5B). Further investigations were performed to explore
the effect of MH on Nrg-2 and ErbB3, the molecules involved in the synthesis of acetylcholine at the
neuromuscular junction [19]. Nrg-2, a cardiac chamber maturation marker, and ErbB3, which is involved
in proper heart morphogenesis and function, were attenuated (Figure 5B). These findings conferred that
the cardioprotective property of the Nrg molecule was compromised in the presence of MH.

2.4. MH Possesses the Proinflammatory and Pro-Oxidative Properties

We looked into the effect of MH on the expression levels of catalase, glutathione peroxidase
(GPX), glutathione-S-transferase (GST), and superoxide dismutase (SOD) (Figure 6). Forkhead
boxO1 (FoxO1) was overexpressed with 0–6 dpf MH exposure beginning from hour 5 (Figure 6).
Catalase, GPX, and GST mRNAs were significantly overexpressed, whereas SOD mRNA was not
statistically significant (Figure 6). This finding suggested that MH-dependent increased expression of
these anti-oxidant enzymes in the embryo was a mechanism by which they could eliminate excess
reactive oxygen species (ROS). Since the Wnt/β-catenin signaling pathway is capable of regulating
inflammatory cell migration and macrophage phenotypes in zebrafish [20], we then assessed the
expression profiles of tissue necrosis factor-alpha (TNF-α) and interleukin 1 beta (IL-1 β) (Figure 6).
Expression analysis showed significant upregulation of IL-1β and TNF-α in MH-treated embryos at
the transcription level (Figure 6). This observation suggests that the overexpression of FoxO1 might
cause a decrease in endothelial cell sprouting and migration, as seen in a previous report [21]. On the
basis of these results, MH appears to possess proinflammatory properties at the embryo level.

Figure 6. Embryos treated with MH lead to altered expression of genes involved in cell regulation,
oxidative stress, and inflammation. Real-time RT-qPCR was performed on total RNA isolated from
each group of embryos using described primers in Table 1 leading to the amplification of the target gene.
RT-qPCR analysis of FoxO1, catalase, glutathione peroxidase (GPX2), glutathione-s-transferase (GSTA),
superoxide dismutase 2 (SOD-2), Interleukin 1 beta (IL-1β), and tissue necrosis factor-alpha (TNF-α)
isolated from control and MH-treated embryos. Data were normalized to the eEf1α polymerase chain
reaction signal. Each value represents mean ± SEM (n = 100, replicated four times). Statistical analysis
was performed by two-way ANOVA followed by post-hoc Bonferroni test. * indicates values which are
significant versus the respective control group (p < 0.05).

2.5. MH Reduces the Normal Hatching Process of Medaka Embryos

We hypothesized that decreased heart rate might reduce the embryos’ activity, leading to a reduction
in the distribution of nutrients and both coagulation and hatching enzymes, as has been previously
suggested [22]. To test this hypothesis, we explored the effects of MH on hatching. MH caused a
reduction in hatching in embryos exposed to 10 μM MH starting from the hours immediately after
fertilization (Figure 7A) or starting two days later (Figure 7B). Our findings demonstrate that MH can
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influence both early and late developmental stages of medaka, leading to reduced hatchability of eggs at
higher concentrations.

Figure 7. The effectiveness of MH at different concentrations at altering hatching of medaka embryos.
Under pure culture conditions, embryo hatching efficacy was altered by increasing concentrations of
MH. (A) Embryos were treated with increasing concentrations of MH for six days from hour 5 (0–6 dpf).
MH concentrations of 5 μM and higher were required to cause a delay in hatching. Hatchability of
embryos from six days MH (10 μM)-treatment was significantly decreased in comparison to untreated
controls until 10 dpf. The external differences in appearance of the newly hatched control frys on day
ten and the 10 μM MH-treated embryos were significantly obvious. (B) Embryos were treated with
increasing concentrations of MH for four days from stage 25 (2–6 dpf). MH concentrations of 10 μM
and higher were required to significantly cause a delay in hatching. Results are given as the mean
percentage of hatching efficiency ± SEM (n > 8 embryos for each condition). Statistical analysis was
performed by one-way ANOVA followed by Tukey’s post-hoc multiple comparison test. p < 0.05 was
considered as significant. The asterisk (*) indicates values significantly different from the control.

2.6. MH Regulates Wnt/β-Catenin Pathway during Cardiomyogenesis

Transcript levels of several Wnt/β-catenin signaling pathway proteins were altered in embryos
treated with 10 μM MH for six days (Figure 8). Wnt 1 mRNA expression was significantly increased
by MH. As shown in Figure 8, control and MH-treated embryos had similar levels of TGF-β2 mRNA
expression, suggesting that MH could potentially promote cardiac fibrogenesis through the Wnt
signaling pathway.

Figure 8. MH controls the Wnt signal transduction pathway, a main regulator of development. Real-time
RT-qPCR was performed on total RNA isolated from each group of embryos using described primers
in Table 1, leading to the amplification of the target gene. RT-qPCR analysis of Wnt 1, transforming
growth factor beta 2 (TGF-β2), frizzled 2 (Fzd2), low-density lipoprotein receptor-related protein 5 (LRP5),
dishevelled (Dvl), glycogen synthase kinase 3 beta (GSK-3β), β-catenin, and dickkopf 1 (DKK1) isolated
from the control and MH-treated embryos. Each value represents mean ± SEM (n = 100, replicated four
times). Statistical analysis was performed by two-way ANOVA followed by post-hoc Bonferroni test.
* indicates values which are significant versus the respective control group (p < 0.05).
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High expression levels of Fzd 2 (Wnt 1 receptor), LRP5 (Wnt 1 co-receptor), and Dvl were observed
in MH-treated embryos, but there was no difference in expression levels of glycogen synthase kinase-3
beta (GSK-3β), which is involved in the suppression of the Wnt/β-catenin and subsequent degradation
of beta-catenin (Figure 8). A significant increase was apparent in levels of β-catenin transcript of the
MH group. Increased β-catenin is implicated in ventricular myocyte proliferation control, while its
decrease leads to differentiation [23]. Thus, MH might inhibit cardiac differentiation via increased
endogenous β-catenin-mediated signaling during normal cardiac development.

Expression levels of dickkopf 1 (DKK1, a secreted Wnt/β-catenin pathway inhibitor) in the
MH-treated embryos were significantly higher compared to those of the control group (Figure 8).
MH-induced Wnt 1 overexpression enhanced the expression of several downstream molecules involved
in heart development. These molecules included Fzd 2, Dvl, LRP5, β-catenin (a downstream target
of LRP5), and DKK1. Collectively, MH clearly influenced the Wnt/β-catenin signaling pathway,
which had roles during various stages of cardiac development.

2.7. MH Prolongs Swimming Duration

The locomotion of embryos exposed to a sublethal concentration of MH was assessed two days
post hatching (Figure 9). Control fish showed clear response to the light-dark cycle while MH treatment
blunted this locomotor response (Figure 9).

Figure 9. MH altered larvae’ locomotor responses to light and dark stimuli. Medaka larvae (2 days
post hatching (dph)) were monitored for 40 min (0–10 min dark, 10–20 min light, 20–30 min dark,
30–40 min light) using a ViewPoint Zebrabox. Duration of movements was measured at 2 min intervals
at a velocity of ≥2 mm/s. Larvae were treated with 5 μM, a sub-lethal concentration; MH and their
activity were measured in 10 min windows at the indicated time points. No significant (two-tailed
t-test, p < 0.05) increase in activity in MH-treated larvae (solid closed triangles, n = 14) was noted for
the time window during the light-cycle compared to baseline levels and that of the control group (solid
closed circles, n = 16). Each datum represents mean ± SEM of 16 observations.

3. Discussion

Much of our knowledge of the function of MH has been extrapolated from its analogs’ action and
its usage in the form of plant extracts in health and disease, which could provide a bias leading to
untoward side-effects. Compounds/drugs often have diverse and/or mixed effects from one organ
to another as well as across different disease states. The present study was aimed at demonstrating
the effects of MH and to establish its possible therapeutic utility. Many plant extracts have MH-like
molecules, but the effects of MH on cardiogenesis and neurogenesis have not been comprehensively
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studied in contrast to cancer and inflammation. With increasing interest in honokiol related compound
therapy, and their usage as supplements in diets and cosmetics, investigations were performed to
answer the following questions: (1) What was the effect of MH on known genes involved in cardiac
development and function in medaka embryos? (2) What were the morphological and physiological
effects of daily MH treatment in medaka embryos? (3) What was the effect on embryonic survival and
hatching of subjecting medaka embryos at different stages of cardiovascular development to various
concentrations of MH for different lengths of time? (4) Was MH a prothrombotic agent? (5) What was
the impact of sublethal concentration of MH on locomotion?

Fertilized eggs of medaka at two developmental stage windows (9–36 or 25–36) were exposed to
increasing concentrations of MH in an embryo medium. Our data showed that MH-induced embryonic
fatality was developmental-stage-specific. The embryos were more sensitive to MH at early stages of
development (9–25) than in late stages of development. MH-treated embryos exhibited cardiovascular
complications with a spectrum ranging from reduced blood flow to blood vessel occlusion, thrombus
formation, and slow heart rate.

In recent years, it has become apparent that the Wnt/β-catenin pathway (Wnt signaling pathway)
is essential for the regulation of numerous genes in embryogenesis [24], adult cell biology [25], tissue
homeostasis [26], and disease [27]. The canonical (known as the morphogen pathway) signaling of
this pathway is capable of upregulating the expression of a wide range of genes, which have roles in
giving rise to the majority of cardiomyocytes [28]. Targeted pathways related to Wnt include cardiac
differentiation [29] and cardiac remodeling [30]. Increased activated Wnt signaling has been recognized
as a major pathomechanism in heart and blood vessels [31]. Uncontrolled activation of the Wnt signaling
pathway has been implicated in the pathogenesis of cardiovascular disease [32] and inflammation [33].
The Wnt/β-catenin pathway not only has a major role in cardiovascular development, but it has been also
proven that a specific isoform of Wnt, Wnt-5A, functions in the process of neurogenesis and establishment
of functional connectivity [34], suggesting its tissue specificity. To understand why chronic MH treatment
may have undesirable effects in embryos, we investigated the effect of MH on the components of the
Wnt signaling pathway and its downstream targeted molecules, which may offer novel mechanistic
insights that could pave the way to enhancing its clinical utility.

Due to difficulties in the pharmacological approach and the absence of antibodies, quantification
of gene expression profiling of medaka cardiovascular tissues was the alternative approach to clarify
the role(s) MH plays in embryogenesis, and to assess the clinical utility of MH. MH-treated embryos
showed increased expression of the Wnt 1 gene (Figure 8). This deregulation of the Wnt signaling
pathway prompted us to target key members of this pathway, which had exhibited distinct temporal
and spatial profiles of expression during normal embryogenesis, post-surgery [35], and disease
states [36]. It has been established that when both the Fzd receptor and LRP5/6 form a complex
with Wnt ligands, the Wnt/β-catenin signaling pathway is activated [37]. Thus, we assessed the
effect of MH on the expression profile of Fzd receptors and co-receptor LRP5. MH upregulated the
expression levels of both Fzd and LRP5, suggesting Wnt/β-catenin signaling activation is sensitive to
MH concentration. Most importantly, the transcript level of Fzd was positively correlated with the
Wnt transcript expression level. Wnt-mediated Fzd/LRP5 stimulation leads to cytosolic β-catenin
accumulation. However, its accumulation and signaling are tightly regulated via Wnt-dependent and
Wnt-independent mechanisms [37]. Evidence shows that β-catenin signaling is essential for proper
vascular formation and the development and functioning of the heart [38]. Next, investigations were
performed to measure the expression pattern of β-catenin mRNA in MH-treated embryos. There was
an increase in β-catenin mRNA. Since β-catenin has a rapid turnover [37], we explored the expression
of GSK3β transcript. Evidence indicates that GSK3β activity is reduced/inactivated in the presence
of Wnt signal [37]. As shown in Figure 8, GSK3β expression was unaltered, which is critical to the
activation of β-catenin-mediated signaling. Moreover, our data suggested that MH had no direct effect
on GSK3β gene expression and the unaltered level of GSK3β might be due to overexpression of Wnt
levels, its binding to the complex of Fzd-LRP5, and stabilization of β-catenin [37]. Inactivation of
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GSK3β can result in the translocation of β-catenin to the nucleus and, subsequently, the induction of
β-catenin-dependent downstream target genes.

Urokinase plasminogen activator receptor (uPAR) [39] is one of these target genes downstream of
β-catenin that has roles in both thrombosis and complement system. tPA and uPA are two plasminogen
activators which are capable of catalyzing the activation of plasminogen. While uPA is required for
the generation of plasmin activity in tissue undergoing pathological remodeling, tPA is associated with
plasmin-induced activation of latent TGF-β in the vessel wall [40]. TGFβ2, a cytokine, is involved in
vascular function, and mutations in TGF β2 are found to be implicated in cardiovascular diseases such
as vascular complications and aortic disease [41]. The activity of uPA is regulated by its specific receptor,
uPAR [42]. The mRNA of PAI-1 and uPA were enhanced by MH treatment in medaka embryos, whereas
tPA mRNA steady-state levels were unaffected (Figure 5A). Similarly, TGFβ2 mRNA was unaffected
by MH (Figure 8). This coincides well with the finding in the vascular wall [40] that there is a potential
direct correlation between tPA expression and TGFβ2 gene expression and/or activation. The tPA/PAI-1
mRNA ratio was significantly decreased in the 10 μM MH group compared to the control. This suggests
that MH appears to influence the fibrinolytic system during embryogenesis. In addition, Dvl mRNA was
significantly elevated in MH-treated embryos. Overexpression of Dvl can inhibit the phosphorylation of
β-catenin by GSK3β leading to β-catenin stabilization, and can consequently promote expression of the
downstream targets. Overexpression of Dvl-1 in an atorvastatin-treated rat model of balloon-injured
carotid artery has been shown to reverse the treatment effects of atorvastatin on vascular smooth muscle
cells and collagen expression [43], suggesting the anti-restenosis action of Dvl. Collectively, these results
also confirm that there is a positive correlation between β-catenin increases and the level of downstream
target gene expression.

While DKK-1 is a transcriptional target of the p53 tumor suppressor [44] and β-catenin [45],
it plays a functionally redundant but protective role [46]. It is capable of suppressing the expression
of Wnt target genes [47] during postnatal angiogenesis [48]. MH causes an overexpression of the
DKK-1 gene in embryos. Our data has demonstrated that both the Wnt/β-catenin signaling and
its modulator, DKK-1, are increased in MH-treated embryos, highlighting their imbalance pattern
of expression. Evidence indicates that the overexpression of DKK-1 is markedly associated with
reduced cell proliferation [45], endothelial dysfunction, and concomitant platelet activation [49].
There is a positive correlation between DKK-1 expression and the recovery period following acute
myocardial infarction (MI) [50]. FVII, FX, and FXI were elevated in MH-treated embryos, suggesting
their consumption due to the activation of platelets. Activation of platelets lead to the formation of
thrombus and reduced blood flow, which was apparent in MH-treated embryos. It is well-established
that reduced blood supply to the myocardial tissues can result in ischemia and subsequent MI. On the
basis of plaque rupture, platelets are found to be the cellular source of DKK-1 in patients with acute ST
segment-elevated MI [51]. In addition, our study also demonstrates that MH is capable of upregulating
the gene expression of brain type natriuretic peptide (a secretory cardiac neurohormone, BNP) and
Troponin T, which has cardiac specificity and is essential for cardiac contractility [52]. There is a positive
correlation between elevated troponin levels and ST-segment elevation MI (STEMI) [52]. Elevated BNP
levels are a strong predictive marker of heart failure [53]. It is plausible to suggest that overexpression
of the components of the Wnt1/β-catenin dependent pathway by MH is due to heart failure and
ischemic areas in the embryo heart during the wound healing process following acute MI, whereas
MH-induced increased DKK-1 gene expression is mediated via platelet-induced endothelial activation.

Although this is the first work in the literature to have explored the effects of MH on inflammatory
cytokines in medaka, MH surprisingly caused robust increased levels of inflammatory markers such
as TNF-α and IL-1β (Figure 6) in contrast to those of honokiol and magnolol. Our study did not
address the differences we observed in the MH-mediated increased inflammatory mediators. We do
not have a ready explanation for the discrepancy regarding the cited anti-inflammatory action of MH
and that of our study. However, it is tempting to suggest that the elevation of these cytokines could
be the result of at least two potential explanation: (1) elevated inflammatory mediators in medaka
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embryos were the result of genetic differences passed down from parents in our medaka colony or
(2) the additive effect of MH on constitutive expression of the aforementioned cytokines in medaka
as previously seen in mouse embryos [54]. The underlying mechanism(s) for the increase in these
cytokines in MH-treated embryos remains uncertain. The increases in TNF-α and IL-1β are positively
correlated with the presence and extent of cardiac biomarkers level (Figure 5). There is a wealth of
knowledge about the association between heart failure and circulating inflammatory cytokines [55].
It is tempting to suggest that MH-induced inflammation might be the result of local tissue injury due
to lack of oxygen/nutrients or systemic inflammasome activation. However, further investigation is
needed to determine the potential causative role these inflammatory cytokines play in the progression
of MH-induced cardiac injury.

4. Materials and Methods

4.1. Medaka Maintenance and Breeding

All fish work was performed in compliance with animal ethics guidelines as given by the
Institutional Animal Care and Use Committee (IACUC) at the University of Mississippi according to
the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC).
Embryos were collected in the morning and maintained on a 14 h:10 h light:dark cycle. The medium
or test solutions as well as plates were autoclaved or sterilized. All experiments with medaka embryos
were conducted in an embryo medium (17 mM NaCl, 0.4 mM KCl, 0.36 mM CaCl2, 0.6 mM MgSO4,
pH 7.4, and 0.0002% methylene blue) at 26 ± 1 ◦C.

Natural breeding or in vitro fertilization (known as squeezing) was used as a preferred method of
choice for generating embryos for pharmacological treatment experiments. The latter techniques were
used to generate embryos for most of our experiments, unless otherwise stated.

4.2. Extraction and Isolation of MH

The seeds of Magnolia grandiflora were collected at the University of Mississippi campus (MS 38677).
Air-dried powdered seeds (107 g) were soaked in EtOH (200 mL × 2 × 24 h each). The combined extract
afforded oily material, where 2 g was subjected to centrifugal preparative thin layer chromatography
(CPTLC, Chromatotron®, Analtech Inc., Newark, DE, USA), using a 6 mm silica gel rotor. The sample
was dissolved in dichloromethane (DCM) and applied to the rotor under a rotation of 700 rpm,
and subsequently eluted with n-hexane, then DCM, to end up with MeOH (200 mL each). Eighteen
fractions were monitored and collected via TLC analysis (silica gel; solvents: n-hexane-EtOAc; 75:25).
The fractions were visualized by spraying the TLC plates, with 1% vanillin-H2SO4 used as a spray
reagent, where fractions 6 (361 mg) and 7 (36.0 mg) contained MH with a purity of 95% and 85%,
respectively, via LC and NMR analyses. Further purification of fraction 6 was completed using a
silica gel solid phase extraction cartridge (SPE) and was eluted with gradient of n-hexane/EtOAc
(100:0→99:1) with 0.1% increments to afford 10 fractions. The fractions were monitored and pooled
by TLC analysis (silica gel; solvents: n-Hex-EtOAc; 75:25), where fractions 7–9 afforded MH with
a purity of 95% via LC and NMR analyses. LC analysis was conducted using an Agilent 1100 high
performance liquid chromatography (HPLC) system equipped with a degasser (G1379A), quaternary
pump (G13311A), auto sampler (G1313A), column oven (G1316A), and UV-Diode detector (G1315B)
controlled by Chemstation software. Analysis of the fractions was carried out on an RP-C18 column
(150 × 4.6 mm; particle size 5 μm; Luna) with column oven temperature set to 25 ◦C and a gradient
system of eluent water (A) and acetonitrile (B) used. The gradient condition was as follows: 0–2 min
(10% B), 2–30 min (10% B→90% B), 30–35 min (100% B). The flow rate of the solvent was 1.0 mL/min
and the injection volume was 20 μL. All the analysis was carried out at wavelengths of 254, 280,
and 325 nm with a run time of 35 min. HPLC-grade acetonitrile and water solvents were used. Acetic
acid was added as a modifier to achieve a final concentration of 0.1% in each solvent. NMR spectra
were acquired on a Varian Mercury 400 MHz spectrometer at 400 (1H) and 100 (13C) MHz in CDCl3,
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using the residual solvent as an internal standard. Multiplicity determinations (DEPT) and 2D-NMR
spectra (HMQC, HMBC, and NOESY) were obtained using standard Bruker pulse programs.

4.3. MH Treatment

The up-and-down procedure (UDP) testing approach was used to determine the toxicity of MH
on medaka, beginning at stage 9 (hour 5) of embryological development (as delineated by [56,57])
(Figure 10). For the analysis of the effects of pharmacological treatments on cardiac rate, thrombus
generation, and blood vessel occlusion, fertilized eggs were collected within 5 h of mating and
immersed in embryo medium containing various concentrations of MH (1, 2, 5, 10, and 20 μM) and
0.02–0.04% DMSO (control group) in 48-well culture plates. The first batch of embryos (0–6 dpf, n = 8
to 12 embryos/group) was exposed to five different concentrations (1, 2, 5, 10, and 20 μM) of MH and
vehicle sample, 0.02–0.04% DMSO, which is known to be safe [58] and increase the permeability [59]
of the embryo’s chorion. The second batch of embryos (2–6 dpf) was exposed to similar dilutions
of MH (1, 2, 5, 10, and 20 μM) and 0.02–0.04% DMSO. All embryos were placed in a 48-well plate
with 1 mL of their respective dilutions. Both batches were monitored for changes in morphology,
delayed growth, behavior alteration, and mortality throughout the embryonic and larval-, juvenile-,
and adult-life stages.

Figure 10. Stages with regard to hours post fertilization of the medaka heart. This scheme outlines the
embryological development of the heart during the first 144 h and subsequent formation of concentric
chamber growth. The medaka heart begins beating and pumping around 44 (stage 24) to 50 (stage 25)
hours post fertilization. Medaka embryos were treated with MH either from 0–6 days post fertilization
or 2–6 dpf at 26 ± 1 ◦C.

Embryos and larvae were raised in 48-well plates and maintained at a density of 1/1.0 mL in
embryo medium with daily medium change. Groups of medaka embryos, often numbering 8 to 12,
were exposed for an exposure period from 0 to 6 days post fertilization (organogenesis period at stages
9 to 36–38), and 2 to 6 dpf (stages 25 to 36–38), with an interval of at least 24 h. Embryos/hatched
fry were reared in normal embryo medium at 6–10 dpf without MH (washed groups). Survivability,
hatching efficiency, blood vessel occlusion, and blood flow frequency were observed until 10 dpf.
Heart beats were counted on 3 and 6 dpf, and RNA isolation was immediately performed after 0–6 dpf
exposure. Behavioral experiments were conducted two days post hatching (dph) after 0–6 dpf MH
exposure. Larvae with no obvious malformation were used for locomotion experiments. Both embryos
and larvae were monitored daily by imaging.

4.4. Determination of MH Purity and MH Absorption in Medaka Embryos

The absorption of MH from embryo medium to embryos were ascertained after a single
concentration of MH (10 μM) for a period of 24 h using an Agilent 1290 Infinity series UHPLC
with a diode array detector and an Agilent 6120 quadrupole mass spectrometer (Agilent Technologies,

225



Molecules 2019, 24, 475

Santa Clara, CA, USA). The highly purified MH reference standard showed a base peak of [M + H]+

281 with the APCI positive ionization mode; this ion was thus used in a selected ion monitoring mode
(SIM) to detect MH in the samples. Embryos were exposed to embryo medium containing 10 μM
MH from 5 h post fertilization (hpf) to 24 hpf. The disappearance of MH in the embryo’s bathing
(conditioned) medium was regarded as the absorption characterization of MH in the embryo toxicity
test and the cardiovascular toxicity test. The identity and concentration of MH in conditioned medium
was measured by UHPLC/MS.

The toxicity testing involved multi-stage exposure with repeated MH concentrations for six
consecutive days with an interval of at least 24 h. Six groups of embryos (n = 12/group) were
treated concurrently with 1, 2, 5, 10, and 20 μM MH and 0.02–0.04% DMSO (control group) at 5 hpf.
There was a washout period between each treatment to clear any remaining free MH and extruded
molecules into the conditioned embryo medium. The stock solution of MH was prepared in 100%
DMSO (Sigma-Aldrich, St. Louis, MO, USA). Treatment was done according to the design depicted in
Figure 10. In another set of experiments, hatched fry were reared in normal embryo medium without
MH until 10 dpf (washed groups).

4.5. Microscopy Study

Control and treated fish were sampled at various stages of development according to the treatment
schedule. Cardiovascular structure, blood flow, and heartbeat were analyzed under a microscope.
Images were acquired on a Nikon TI2-E inverted microscope with a white light LED illuminator and
a sCMOS Cooled Monochrome Camera. Videos were captured using Nikon Elements automated
acquisition at a rate of 20 frames per second for one minute.

4.6. Locomotion Study

The free-swimming behavior of MH-treated larvae was compared to that of the control group.
MH was prepared at a 5 μM concentration in embryo medium. This concentration was selected on
the basis of LC50 studies. The effects of acute MH exposure on locomotor activity in larvae were
examined at 2 dph. We assessed activity in 24-well plates. Larvae were placed individually in wells
containing 2 mL of embryo medium. The larvae acclimatized to the darkness of the Zebrabox over
20 min (Viewpoint, Montreal, Canada) before the start of the locomotion experiment. The duration of
movements was measured at a velocity of ≥2 mm/s.

4.7. RNA Extraction

The isolated heart of the medaka embryo from the 6 dpf control and MH-treated embryos was
too small to obtain from it enough total RNA for the quantification of target genes. To overcome this
problem, 100 embryos from the 6 dpf control and MH-treated embryos were pooled into one sample
and RNA was extracted using an RNAeasy micro kit (QIAGEN GmbH) following the manufacturer’s
protocol. However, samples were replicated four times.

4.8. Reverse Transcription—Quantitative Polymerase Chain Reaction (RT-qPCR)

One microgram of total RNA extracted from each sample were reverse-transcribed into cDNA
using a Quantitect RT kit (QIAGEN GmbH). Quantitative expression profiles of the genes of interest
were analyzed using SYBR Green (Invitrogen, Carlsbad, CA, USA) according to the instructions of the
manufacturer. Primers used for the amplification of each gene have been tabulated in Table 1.
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Quantification of target genes were done using an ABI 7000 real-time PCR machine (Applied
Biosystems, Inc., Foster City, CA, USA). To measure the relative quantity of target genes per 1 μg of
the total RNA from each group, a 2−ΔΔCt method was used. On the basis of McCurley and Callard’s
2008 study [60] as well as our own observations, eEf1α was included as an internal control. Samples
were replicated four times. Quantitative expression data were used as the basis for making the major
interpretations of this study.

4.9. Statistical Analyses

Statistical analysis was performed using Graph Pad Prism V6.0. Data are presented as
mean ± SEM. Morphological data were analyzed by one-way ANOVA followed by Tukey’s post-hoc
multiple comparison test where more than two groups were compared. The LC50 was calculated by
log transformed data using nonlinear regression (curve-fit) (GraphPad Prism). Statistical analysis for
all RT-qPCR data was performed by two-way ANOVA followed by post-hoc Bonferroni test. Data for
locomotion study were analyzed by two-tailed t-test. A difference between two means was considered
to be significant when p < 0.05 (* p < 0.05).

5. Conclusions

Natural product extracts play complex roles in cardiovascular homeostasis. They can have
protective and exacerbating effects on diseases due to the presence and complexity of plant extract
composition. There has been very little information produced about the pharmacodynamics and
pharmacokinetics [61] of MH, particularly in regard to both its teratogenic and cardiovascular effects.
The typical recommended levels of magnolia bark extracts range from 200–800 mg/day/person [62].
The potential effects of MH on embryonic development are prominently apparent in our current
study (Figure 11). Since medaka can be used to model the human cardiovascular system [57], here we
report that MH alone is harmful to embryos because of its proinflammatory and prothrombotic
properties as well as its effects on the Wnt signaling pathway. Unfortunately, little is known about the
contribution(s) of MH once the trajectory has been set following its ingestion in humans. Our evidence
is not sufficiently robust to support and extrapolate its deleterious effects in humans. However,
we suggest that its inclusion in plant extracts could potentially retard the beneficial effects of other
components of magnolia bark extracts or others. Herbal medicine optimization research must take MH
levels into consideration in order to prevent the stimulation of both stress-induced pathways and the
Wnt signaling pathway, which plays major roles in the control of all facets of embryonic development.
Complementary approaches are needed to have a better understanding of the effects of maternal use
of plant extracts containing MH on the offspring’s health during pregnancy.
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Figure 11. Flowchart depicting MH treatment induces cellular and morphological changes in medaka
embryos that lead to inflammation, thrombosis, spinal, and cardiac deformities. Solid arrows indicate the
direction of the effects of MH on indicators of increased inflammation/cardiovascular risk and the anatomic
locations as well as a link with the prior object/event. The flow of physiological changes that require further
investigations are shown in dashed arrows. Legend: ATRAP, angiotensin receptor-associated protein; AT1,
angiotensin type I receptor; β-catenin, beta catenin; BNPA, brain natriuretic peptide type A; FVII, Factor VII;
FX, Factor X; FXI, Factor XI; FoxO1, Forkhead box O1; GPX2, glutathione peroxidase 2; GST A, glutathione
S-transferase A; IL-1β, interleukin-1 beta; Nrg 2, neuregulin 2; tPA, urokinase plasminogen activator; PAI-1,
plasminogen activator inhibitor 1; Wnt, wingless/integrated oncogenes.
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Abbreviations

ATRAP AT II type 1 receptor-associated protein
BNP A Brain natriuretic peptide A
CAT Catalase
DKK1 Dickkopf 1
dpf Days post fertilization
dph Days post hatching
Dvl Dishevelled
eEf1α Eukaryotic elongation factor 1 alpha
ErbB Erythroblastic leukemia viral oncogene homolog
ETB Endothelin receptor B
FoxO1 Forkhead box O1
Fzd Frizzled
GPX 2 Glutathione peroxidase 2
GSK-3β Glycogen synthase kinase 3 beta
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GST A Glutathione S-transferase A
hpf Hours post fertilization
LRP5 Low-density lipoprotein receptor-related protein 5
MH 4-O-methylhonokiol
MI Myocardial infarction
Nrg Neuregulin
PAI-1 Plasminogen activator inhibitor 1
SOD2 Superoxide dismutase 2
STEMI ST-segment elevation MI
tPA Tissue plasminogen activator
UHPLC/MS Ultra-high performance liquid chromatography/mass spectrometer
u-PA Urokinase plasminogen activator
uPAR Urokinase plasminogen activator receptor

Appendix

Figure A1 shows the images representing the medaka phenotype following MH treatment.

Figure A1. Examples of images representing the medaka phenotype following MH treatment. Medaka
embryos were treated with 10 μM MH or an untreated control batch (0.02% DMSO) for 0–6 dpf or 2–6 dpf
following the same protocol as described in the method. (A) Control. No phenotypic abnormality was
detected with the control for the two groups. This first image displays an example of a typical control
obtained immediately for both treatment plans. (B) This is an example of a typical medaka treated with
10 μM MH for 0–6 dpf. Curved tail phenotypes were observed in many. (C) Edema phenotypes were
observed in medaka treated with 10 μM MH for 2–6 dpf. Bent tail phenotypes were observed in few.

Appendix

The effect of MH on heart function. These videos show how the medaka heart functions normally (Video 1)
and when it is exposed to 10 μM MH for six days of treatment from 5 h.
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Abstract: Bioassay-guided fractionation of an EtOAc extract of the broth of the endophytic fungus
Nemania sp. UM10M (Xylariaceae) isolated from a diseased Torreya taxifolia leaf afforded three known
cytochalasins, 19,20-epoxycytochalasins C (1) and D (2), and 18-deoxy-19,20-epoxy-cytochalasin C
(3). All three compounds showed potent in vitro antiplasmodial activity and phytotoxicity with no
cytotoxicity to Vero cells. These compounds exhibited moderate to weak cytotoxicity to some of the
cell lines of a panel of solid tumor (SK-MEL, KB, BT-549, and SK-OV-3) and kidney epithelial cells
(LLC-PK11). Evaluation of in vivo antimalarial activity of 19,20-epoxycytochalasin C (1) in a mouse
model at 100 mg/kg dose showed that this compound had weak suppressive antiplasmodial activity
and was toxic to animals.

Keywords: Nemania; Xylariaceae; Torreya taxifolia; plant pathogenic and endophytic fungi; cytochalasins;
malaria; cytotoxicity; phytotoxicity

1. Introduction

Malaria remains a serious threat to human health in many parts of the tropics and subtropics,
and an estimated 216 million cases and 445,000 deaths occurred worldwide in 2016 [1]. This disease is
caused by apicomplexan parasites of the genus Plasmodium. P. falciparum, which is responsible for the
majority of malaria deaths, has developed resistance to all currently available drugs, and mosquito
vectors have become resistant to one or more insecticides in all WHO regions [1]. There is an urgent
need to develop novel drugs with new modes of action for effective control of this disease.

Apicomplexan parasites such as Plasmodia contain the apicoplast organelle that is similar to
plastids found in the cells of photosynthetic organisms with the same genetic complements [2].
Apicoplasts have some essential plant-like metabolic pathways which are absent in mammalian hosts.
Over the last decade, a number of validated targets in plant-like metabolic pathways in the apicoplast
of malaria parasites have been reported [3–7]. Apicoplasts perform vital metabolic functions and are
essential for both erythrocytic and hepatic development of the parasites in mammalian hosts [3–7].
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Therefore, plant-like metabolic pathways in apicoplasts serve as promising targets for antimalarial
drug discovery [3–7].

Most phytotoxins disrupt metabolic pathways in plants, including those in plastids [8]. Several
studies have been carried out to evaluate the in vitro antiplasmodial activity of herbicides and
phytotoxins that act on known apicoplast metabolic pathways [9–11], and some of them have shown
activity against Plasmodium.

We have screened a number of plant pathogenic fungal extracts with phytotoxic activity for
their antiplasmodial activity. Some of these extracts yielded compounds with good antiplasmodial
activity [12–14]. As part of this program, we investigated endophytic fungi isolated from a diseased
leaf of cultivated Torreya taxifolia Arnott (Figure 1).

 

Figure 1. Symptoms of diseased needles of cultivated T. taxifolia.

One of the fungal extracts showed potent phytotoxic activity and selective antiplasmodial activity.
This fungus (UM10M) (Figure 2) was identified as a species of the genus Nemania (Xylariaceae). Some
members of this family have been identified as endophytes and plant pathogens [15].

 

Figure 2. Potato dextrose agar plate of the fungus UM10M.

Bioassay guided fractionation of this extract led to the isolation of three cytochalasins,
19,20-epoxycytochalasins C (1) and D (2), and 18-deoxy-19,20-epoxycytochalasin C (3) (Figure 3),
as the compounds responsible for both the phytotoxic and antimalarial activity.
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Figure 3. Structures of compounds 1–3 isolated from the fungus UM10M.

A number of cytochalasins have been reported from Xylariaceae and several other plant
pathogenic and endophytic ascomycete and basidiomycete genera (16). Cytochalasins have
shown diverse biological activities including antiplasmodial [16,17], antitoxoplasma [18], and
phytotoxic [19–21] activities. Cytochalasin B, which is known to inhibit actin filament formation,
is capable of interfering with several cellular processes including cytokinesis, intracellular motility,
and exo and endocytosis [22,23]. This compound is extensively used to study cytoskeletal
mechanisms [22,23].

Compounds 1 and 2 showed potent antimalarial activity against both chloroquine-sensitive and
-resistant clones and were not cytotoxic to Vero cells at the highest concentration tested (4760 ng/mL)
whereas compound 3 showed moderate activity. Compound 1 which was isolated as the major
compound was evaluated for in vivo antimalarial activity in a mouse model.

2. Results and Discussion

An EtOAc extract of the fermentation broth of the endophytic fungus isolated from a diseased
T. taxifolia leaf showed good phytotoxic activity against both a dicot (lettuce, Lactuca sativa L.) and a
monocot (bentgrass, Agrostis stolonifera L.) and potent antiplasmodial activity against chloroquine-sensitive
(D6) and -resistant (W2) strains of P. falciparum (IC50 = 40 and 44 ng/mL respectively) with low
cytotoxicity (6800 ng/mL) to mammalian kidney fibroblasts (Vero cells).

Analysis of the ITS genomic region (partial 18S ribosomal RNA gene, internal transcribed spacer
1, 5.8S ribosomal RNA gene, and internal transcribed spacer 2, and partial 28S ribosomal RNA gene)
of this fungus (Figure 4 and Supplementary, Table S1) indicated that it is related to the genus Nemania
of the family Xylariaceae with 545 of 557 nucleotides (98% sequence identity) to the Nemania sp.
genotype 547 isolate NC0453 (GenBank accession: JQ761479.1) which represents an endolichenic
fungus of the host Pseudevernia consocians. Since it does not show a 100% identity to other already
published Nemania species in GenBank, this fungus was designated as a new isolate, UM10M (GenBank
accession: MK321315).

The EtOAc extract of the culture broth of Nemania sp. UM10M was fractionated over silica gel
and subsequently separated over Sephadex LH-20 and PTLC to afford three compounds. Compound 1

was identified as 19,20-epoxycytochalasin C by spectroscopic methods. This compound has previously
been reported from several Xylaria species [24–26] and an unidentified endophytic fungus [27]. Our 1H
and 13C NMR assignments were comparable to reported data, but the chemical shift for H-11 needs to
be revised, and the 13C assignments for C-11 and C-12, and C-13 and C-14 need to be interchanged [25]
(Table 1). Compound 2 has been isolated from Xylaria [25,28] Engleromyces [29,30], and an unidentified
endophytic fungus [27], and its NMR data were comparable to the reported data [30].

Compound 3 (18-deoxy-19,20-epoxycytochalasin C) has been reported from an unidentified
endophytic fungus, KL-1.1, and isolated from Psidium guajava leaves [27]. However, in the structure
drawn for this compound, the absolute configurations of C-4 (R) and C-19 (S) were not correctly
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represented [30]. The NMR data for compound 3 were comparable to the reported data but the 13C
assignments for C-12 and C-23 need to be interchanged (Table 1).

Figure 4. Constructed tree using Neighbor-Joining method employing MEGA X software to match
UM10M to already published sequences to help identifying close relatives. Numbers displayed
on branches are the percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test obtained through 500 replications. Sequences used are shown with GenBank
accession numbers (Supplementary Table S1). UM10M is closely related to Nemania sp. genotype
547 isolate NC0453.

The configuration depicted in the reported structures for these compounds was not
consistent [25–30]. In some cases, proper guidelines for using configurational descriptors have
not been followed when drawing and defining stereogenic centers, and in others the absolute
configuration of some stereogenic centers have been drawn incorrectly. The correct structure and
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the absolute configuration of 19,20-epoxycytochalasin D (2) have previously been determined by
spectroscopic and X-ray analysis [30]. Our spectroscopic and physical data of compound 2 matched
well with those reported for 19,20-epoxycytochalasin D [30], and we deduced that the structure in
this reference represented the correct absolute configuration of compound 2. Since compounds 1–3

presumably share the same biosynthetic precursor, they all possess the same absolute configuration.
Therefore the structures and absolute configurations of these compounds were determined
as (3S,4R,7S,8S,9R,16S,18R,19R,20S,21S)-19,20-epoxycytochalasin C (1), (3S,4R,5S,7S,8S,9R,16S,18R,
19R,20S,21S)-19,20-epoxycytochalasin D (2), and (3S,4R,7S,8S,9R,16(S),18S,19S,20R,21S)-18-deoxy-
19,20-epoxycytochalasin C (3) and are correctly represented in the structures shown in Figure 3.

Table 1. 1H and 13C NMR data of 1 and 3 in CDCl3-methanol-d4.

Carbon
1 3

δC
b δH

a (J in Hz) δC
b δH

a (J in Hz)

1 175.0 175.1
3 61.0 3.35, t (7.3) 61.1 3.32, m
4 49.9 2.50, brs 49.9 2.43, brs
5 126.4 128.5
6 131.8 131.7
7 68.1 3.76, brd (9.9) 68.1 3.77, d (9.7)
8 48.7 2.25, dd (10.1,10.0) 49.0 2.27, dd, (10.1, 10.1)
9 52.0 51.8
10 44.1 3.03, d (7.4) 44.4 3.04, bd, (7.5)
11 16.7 1.19, s 14.1 1.26, s
12 13.8 1.62, s 13.9 1.65, s
13 131.4 5.99, dd (15.5, 10.2) 131.0 6.24, dd (15.5, 10.4)
14 132.9 5.68, ddd (15.6, 9.7, 5.8) 133.7 5.61, m
15 37.5 2.63, dd (22.7, 11.9), 2.14, m c 37.6 2.53, dd (25.3, 12.2), 2.14 m c

16 41.7 3.27, m c 42.9 2.98, d (1.8)
17 215.3 216.9
18 76.3 52.1 2.18, m c

19 59.9 3.25, brs c 58.6 3.01, m c

20 53.2 3.38, brs 57.6 3.38, d (1.7)
21 72.0 5.75, s 72.3 5.69, s
22 18.9 1.21, d (7.6) 18.8 1.12, d (6.7)
23 21.5 1.54, s 17.1 1.32, d (6.9)
24 170.4 170.5
25 20.5 2.18, s 20.7 2.15, s
1′ 137.3 136.9

2′,6′ 129.2 7.28, m 129.4 7.26, m
3′,5′ 128.6 7.33, m 128.7 7.33, m

4′ 126.8 7.25, m 126.9 7.25, m
a 1H NMR spectra recorded at 400 MHz, b 13C NMR spectra recorded at 100 MHz, c overlapped signal.

Compounds 1–3 showed potent selective (calculated as a ratio of IC50 for cytotoxicity to Vero
cells and IC50 for antimalarial activity) in vitro antiplasmodial activity against chloroquine-sensitive
(D6) and -resistant (W2) strains of P. falciparum (Table 2) and nonspecific moderate phytotoxic activity
against both a monocot (bentgrass, Agrostis stolonifera) and a dicot (lettuce, Lactuca sativa cv. L., iceberg)
in the presence of light (Table 3).
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Table 2. Antiplasmodial activity of 1–3.

Compound

Chloroquine-Sensitive
(D6)-Strain

Chloroquine-Resistant
(W2)-Strain

Cytotoxicity to
Vero Cells

IC50 μM
(ng/mL)

S. I.
IC50 μM
(ng/mL)

S. I. IC50 μM

19,20-Epoxycytochalasin C (1) 0.07 (37) >128.6 0.05 (28) >170 NC
19,20-Epoxycytochalasin D (2) 0.04 (22) >216.3 0.04 (20) >238 NC
18-Deoxy-19,20-epoxy-cytochalasin C (3) 0.56 (280) >17 0.19 (100) >47.6 NC
Chloroquine a 0.03 (16) >297.5 0.31 (160) >29.8 NC
Artemisinin a 0.02 (5.6) >850 0.01 (3.0) >1586.6 NC

a Positive controls; NC: not cytotoxic at the highest concentration tested (4760 ng/mL); S. I. (selectivity index) = IC50
for cytotoxicity/IC50 for antiplasmodial activity.

Table 3. Phytotoxic activity of 1–3 a.

Compound Lettuce Bentgrass

19,20-Epoxycytochalasin C (1) 3 2
19,20-Epoxycytochalasin D (2) 3 3
18-Deoxy-19,20-epoxycytochalasin C (3) 3 4

a Concentration (mM) = 1 mg/mL. Ranking based on scale of 0 to 5; 0 = no effect; 5 = no growth;Solvent used, 10%
acetone; Concentration used, 1 mg/mL.

The in vitro cytotoxic potential of 1–3 was further evaluated against a panel of solid tumor cell
lines (SK-MEL, KB, BT-549, SK-OV-3) and kidney epithelial cells (LLC-PK11) (Table 4). Compounds 1

and 3 showed moderate toxicity to cell lines SK-MEL and BT-549, respectively, whereas compound 2

exhibited moderate toxicity to BT-549 and LLC-PK11 cell lines.

Table 4. Cytotoxic activity [IC50 (μM)] of 1–3.

Compound SK-MEL KB BT-549 SK-OV-3 LLC-PK11

19,20-Epoxycytochalasin C (1) 8.02 NC NC NC NC
19,20-Epoxycytochalasin D (2) NC NC 7.84 NC 8.4
18-Deoxy-19,20-epoxycytochalasin C (3) NC NC 6.89 NC NC
Doxorubicin a 1.29 2.12 1.83 1.47 1.28
a Positive control. NC: not cytotoxic at 10 μM. IC50 = concentration causing 50% growth inhibition. SK-MEL
= human malignant melanoma; KB = human epidermal carcinoma; BT-549 = human breast carcinoma (ductal);
SK-OV-3 = human ovary carcinoma; LLC-PK11 = pig kidney epithelial.

In vitro antiplasmodial [16,17] and antitoxoplasma [18] activities of cytochalasin derivatives
have been reported. These compounds have been shown [17,18] to inhibit the actin-based gliding
motility in extracellular parasites and impair erythrocyte invasion of apicomplexan parasites of
Toxoplasma gondii [18,31] and P. falciparum [32,33]. Both host cells and the parasites contain actin-based
cytoskeletons but due to their divergence, parasite actin-1 (PfACT-1) has been identified as a viable drug
target [33]. The information on the activity of this class of compound indicates that the observed potent
in vitro antimalarial activity with high selectivity indices for compounds 1 and 2 is most probably
due to their selective disruption of parasite actin-1 and not due to disruption of plant-like metabolic
pathways in apicoplasts. Even though in vitro antimalarial activity of this class of compounds has
previously been reported [16,17], their in vivo activity has not yet been reported. Cytochalasins B, D,
and E have been extensively studied for their anticancer effects. In animal models, no toxicity has been
observed at the therapeutic doses when administered in intraperitoneal, subcutaneous, or intravenous
injections up to 100 mg/kg/day [34–36].

Compound 1, which was isolated as the major compound, was evaluated for antimalarial activity
against P. berghei in mice at 100 mg/kg/day for 3 days through the oral route. Chloroquine was used
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as the positive control. A control group of mice were treated with vehicle only. Three out of 5 animals
treated with compound 1 (Table 5) died due to drug induced toxicity. In animals that survived, 33.9%
and 71.4% suppression of parasitemia was observed on days 5 and 7, respectively (Table 5). Even
though compound 1 appears to have some suppressive activity at this dose, its high toxicity would
preclude it from being a viable antimalarial lead.

Table 5. In vivo antimalarial activity of 1.

Treatment
(PO)

Dose (mg/kg × #
days Post Infection)

% Parasitemia
Suppression b Survival c Day of Death MST d Cure f

Day 5 Day 7

Vehicle ×3 - - 0/5 14/14/13/13/5 11.8 0/5
Chloroquine a 100 × 3 100 100 5/5 28/28/28/28/28 28 2/5

1 100 × 3 33.9 71.4 0/5 17/5/3/1/0 5.2 0/2
a Positive control; b % suppression in parasitemia is calculated by considering the mean parasitemia in the vehicle
control as 100%, Parasitemia suppression < 80% is considered as non-significant; c Number of animals that survived
day 28/total animals in group (the day of the death-post infection); d % MST—mean survival time (days); f Number
of mice without parasitemia (cured) till day 28 post-infection.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured using a Autopol IV automatic polarimeter model 589-546
(Rudolph Research Analytical, Flanders, NJ, USA). NMR spectra were recorded on a Bruker 400 MHz.
spectrometer (Rheinstetten, Germany) using CDCl3/methanol-d4 as the solvent unless otherwise
stated. MS analyses were performed on an Agilent Series 1100 SL equipped with an ESI source
(Agilent Technologies, Palo Alto, CA, USA). Column chromatography was carried out on silica
gel 60 (230-400 mesh) (Sigma-Aldrich, St. Louis, MO, USA) and Sephadex LH-20 (GE Healthcare
Bio-Sciences, Marlborough, MA, USA). Preparative TLC was carried out using silica gel GF plates
(20 × 20 cm, thickness 0.25 mm). Spots were detected under UV light and by heating after spraying
with anisaldehyde reagent.

3.2. Fungal Material

Diseased leaves were collected from a cultivated T. taxifolia plant from Oxford, MS. A voucher
of the T. taxifolia Arn. plant was identified by E. M. Croom, Jr. and deposited in the University of
Mississippi Pullen Herbarium. The voucher accession number is MISS 83490. Leaves were surface
sterilized with 5% Chlorox for 5 min and rinsed with sterile water (×3). Transverse sections from the
dried leaf were cut aseptically into small portions and immersed in potato dextrose plates. The plates
were incubated for two weeks and fungal colonies were subcultured on PDA plates to isolate pure
fungal strains.

3.3. Fermentation, Extraction, and Purification

Fungus UM10M was cultured in four conical flasks (2 L) containing 500 mL of PDB and incubated
at 27 ◦C for 30 days on an orbital shaker at 100 rpm. Mycelia and broth were separated by filtration and
extracted with EtOAc (×3). The organic layer from the broth was evaporated to give a brown/black
residue (625 mg).

This extract (600 mg) was chromatographed on Sephadex LH-20 and eluted with 80% MeOH in
CHCl3 to give 10 fractions. Fractions 2, 3, and 4 showed antimalarial activity. Fraction 2 was subjected
to silica gel gravity column chromatography using hexanes, CH2Cl2, and MeOH gradient as the mobile
phase to yield five fractions. Subfraction 3 which showed antimalarial activity was further separated
by preparative thin layer chromatography (PTLC) using 0.4% MeOH in CHCl3 (×3) as the developing
solvent to obtain 19,20-epoxycytochalasin C (1, 85.0 mg). Fractions 3 and 4 were also subjected to
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PTLC using 0.4% MeOH in CHCl3 (×3) as the developing solvent to afford 19,20-epoxycytochalasin D
(2, 4 mg), and 18-deoxy-19,20-epoxycytochalasin C (3, 2 mg).

19,20-Epoxycytochalasin C (1); white amorphous powder; 1H, 13C NMR data (Table 1) [α]26
D −13 (c 0.5,

CHCl3) lit [24] −6.8; HRESIMS [M + H]+ m/z 524.2642.

19,20-Epoxycytochalasin D (2); white amorphous powder; 1H, and 13C NMR, data were consistent with
literature values [30]. [α]26

D −113 (c 0.1, CHCl3) lit [34] −190; HRESIMS [M + H]+ m/z 524.2837.

18-Deoxy-19,20-epoxycytochalasin C (3); white amorphous powder; 1H and 13C NMR (see Table 1) [α]26
D

−2.4 (c 0.1, CHCl3); HRESIMS [M + H]+ m/z 508.2703 (calcd for [C24H33NO4 + H]+ 508.26201.

3.4. Biological Assays

3.4.1. In Vitro Antiplasmodial Assay

The antiplasmodial assay was performed against D6 (chloroquine sensitive) and W2 (chloroquine
resistant) strains of P. falciparum using the in vitro assay as reported [37]. Artemisinin and chloroquine
were included as the drug controls, and IC50 values were computed from the dose-response curves.

3.4.2. In Vitro Phytotoxicity Assay

Herbicidal or phytotoxic activity of the extract and compounds was performed according to the
published procedure [38] using bentgrass (Agrostis stolonifera) and lettuce (Lactuca sativa cv. L., Iceberg),
in 24-well plates. Phytotoxicity was ranked visually. The ranking of phytotoxic activity was based on a
scale of 0 to 5 with 0 showing no effect and 5 no growth.

3.4.3. In Vitro Cytotoxicity Assay

In vitro cytotoxicity was determined against a panel of mammalian cells that included kidney
fibroblast (Vero), kidney epithelial (LLC-PK11), malignant melanoma (SK-MEL), oral epidermal
carcinoma (KB), breast ductal carcinoma (BT-549), and ovary carcinoma (SK-OV-3) cells [39]
Doxorubicin was used as a positive control.

3.4.4. In Vivo Antimalarial Assay

The protocol for in vivo antimalarial evaluation was approved by the University of Mississippi
Institutional Animal Care and Use Committee (IACUC). The in vivo antimalarial activity was
determined in mice infected with P. berghei (NK-65 strain). Male mice (Swiss Webster strain) weighing
18-20 g were intraperitoneally inoculated with 2 × 107 parasitized red blood cells obtained from a
highly infected donor mouse. Mice were divided into different groups with five mice in each group.
Compound stocks were prepared in DMSO and administered orally to the mice through gavage
two hours after the infection (day 0). The animals were treated once daily for consecutive days
(day 0 to 2) and were closely observed for at least 2 h after every dose for any apparent signs of
toxicity. Blood smears were prepared on different days starting from 5 days post infection (through
28 days) by clipping the tail end, stained with Giemsa, and the slides were observed under microscope
for determination of parasitemia. Mice without parasitemia through day 28 postinfection were
considered as cured. Also, suppression in development of parasitemia was computed by comparing the
parasitemia in the control vehicle treated group and groups treated with compound. The mean survival
time was also computed for control and treated groups. The results are presented as parasitemia
suppression of day 5 post treatment, mean survival time of mice in each group, cure and survival
graphs computed by Prism 6.0. (San Diego, CA, USA).
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3.5. DNA Analysis

A 0.5 by 1.5 cm piece of fungus grown on solid media was transferred into a 2 mL microcentrifuge
tube. Two 3 mm in diameter stainless steel balls were added and the sample ground for 1 min
in a MM2000 mixer mill (Retsch, Haan, Germany). DNA was extracted with the DNeasy Plant
mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s recommendation. DNA was
eluted with 50 μL buffer AE. DNA quality and quantity was determined with the NanoDrop 1000
Spectrophotometer (Thermo Fisher, Wilmington, DE, USA). DNA dilutions were prepared to achieve a
10 ng/μL solution to be used as template for PCR.

The internal transcribed spacer region (ITS) was amplified in a 25 μL reaction containing 10 ng
DNA, 1X PCR reaction buffer, 0.2 mM dNTP mixture, 0.2 μM of each forward and reverse primers
ITS1 and ITS4 [40], 1.5 mM MgSO4 and 1 U of Taq Polymerase High Fidelity (Invitrogen, Carlsbad,
CA, USA). The PCR program consisted of 40 cycles with denaturation at 94 ◦C for 3 min, 50 ◦C
annealing temperature for 30 s, 68 ◦C for 90 s, and a final extension at 68 ◦C for 3 min. After
amplification, an aliquot was analyzed by electrophoresis on a 0.7% TAE agarose gel. Successfully
amplified PCR products were cleaned up with MinElute PCR Purification Kit (Qiagen) according to
the manufacturer’s instructions. PCR products were cloned into pJet.1.2 blunt using the CloneJet PCR
cloning kit (Fermentas, Glen Burnie, MD, USA). Eight individual colonies were transferred into 4 mL
liquid LB carbenicillin media and grown under constant shaking overnight at 37 ◦C. Plasmid DNA
from the overnight cultures was isolated with the Qiagen plasmid purification kit (Qiagen) according
to the manufacturer’s instructions. Sequencing was performed at the Genomics and Bioinformatics
Research Facility in Stoneville, MS. Resulting sequences were analyzed with DNASTAR (DNASTAR,
Madison, WI, USA). Homology searches were performed with the Basic Local Alignment Search Tool
(BLAST) [41]. The UM10M sequence was submitted to GenBank (Accession: MK321315).

To visualize sequence alignment the software Genedoc [42] was used. Shading is according
to alignment consensus as given by GeneDoc (black, 100%; dark grey, 80%; light grey, 60%)
(Supplementary, Figure S19). To identify close relatives of UM10M a phylogenetic analysis was
performed (Supplementary, Figure S19) using three best hits from the BLAST analysis and already
published sequences in Genebank of various taxa of the genus Nemania. The configuration for
the alignment analysis was maximum likelihood with the neighbor joining statistical method [43].
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (500 replicates) is shown next to the branches [44]. The evolutionary distances were computed
using the Kimura 2-parameter method [45] with nucleotide transitions and transversions included
and are in the units of the number of base substitutions per site. The analysis involved 42 nucleotide
sequences (Supplementary Table S1). All positions containing gaps and missing data were eliminated
by the software for the final dataset analysis. There were a total of 692 positions in the final dataset.
Evolutionary analyses were conducted in MEGA X [46].

4. Conclusions

Three cytochalasins were isolated from an endophytic fungus (UM10M) of the genus Nemania
identified from a diseased leaf of T. taxifolia Arnott. All compounds showed potent in vitro activity
against P. falciparum D6 and W2 strains with no cytotoxicity to Vero cells but displayed moderate to
weak cytotoxicity to some of the human solid tumor cell lines and kidney epithelial cells. Compound
1 was evaluated in a mouse model for activity against P. berghei at 100 mg/kg/day. It showed weak
suppressive activity but its high toxicity to animals would preclude it as a potential malaria drug lead.

Supplementary Materials: The following are available online. Figures S1–S18 are NMR spectra of compounds
1–3, Figure S19 is UM10M sequence alignment, Table S1 is Sequences used for alignment analysis and to identify
close relatives.
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Abstract: The investigation of the constituents that were isolated from Turnera diffusa (damiana) for
their inhibitory activities against recombinant human monoamine oxidases (MAO-A and MAO-B)
in vitro identified acacetin 7-methyl ether as a potent selective inhibitor of MAO-B (IC50 = 198 nM).
Acacetin 7-methyl ether (also known as 5-hydroxy-4′, 7-dimethoxyflavone) is a naturally occurring
flavone that is present in many plants and vegetables. Acacetin 7-methyl ether was four-fold
less potent as an inhibitor of MAO-B when compared to acacetin (IC50 = 50 nM). However,
acacetin 7-methyl ether was >500-fold selective against MAO-B over MAO-A as compared to only
two-fold selectivity shown by acacetin. Even though the IC50 for inhibition of MAO-B by acacetin
7-methyl ether was ~four-fold higher than that of the standard drug deprenyl (i.e., SelegilineTM

or ZelaparTM, a selective MAO-B inhibitor), acacetin 7-methyl ether’s selectivity for MAO-B over
MAO-A inhibition was greater than that of deprenyl (>500- vs. 450-fold). The binding of acacetin
7-methyl ether to MAO-B was reversible and time-independent, as revealed by enzyme-inhibitor
complex equilibrium dialysis assays. The investigation on the enzyme inhibition-kinetics analysis
with varying concentrations of acacetin 7-methyl ether and the substrate (kynuramine) suggested a
competitive mechanism of inhibition of MAO-B by acacetin 7-methyl ether with Ki value of 45 nM.
The docking scores and binding-free energies of acacetin 7-methyl ether to the X-ray crystal structures
of MAO-A and MAO-B confirmed the selectivity of binding of this molecule to MAO-B over MAO-A.
In addition, molecular dynamics results also revealed that acacetin 7-methyl ether formed a stable
and strong complex with MAO-B. The selective inhibition of MAO-B suggests further investigations
on acacetin 7-methyl as a potential new drug lead for the treatment of neurodegenerative disorders,
including Parkinson’s disease.

Keywords: acacetin 7-methyl ether; acacetin; monoamine oxidase-A; monoamine oxidase-B;
molecular docking; molecular dynamics; neurological disorder; Turnera diffusa

1. Introduction

The monoamine oxidases (EC.1.4.3.4; MAO-A and MAO-B) are FAD (flavin adenine
dinucleotide)-dependent enzymes that are responsible for the metabolism of neurotransmitters,
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such as dopamine, serotonin, adrenaline, and noradrenaline, and for the oxidative deamination
of exogenous arylalkyl amines [1,2]. Due to their central role in neurotransmitter metabolism, these
enzymes represent attractive drug targets in the pharmacological therapy of neurodegenerative
diseases and neurological disorders [3,4]. Recent efforts toward the development of MAO inhibitors
have focused on selective MAO-A or MAO-B inhibitors. Selective MAO-A inhibitors are effective in
the treatment of depression and anxiety [5], whereas the MAO-B inhibitors are useful for treatment
Parkinson’s disease and in combination for treatment of Alzheimer’s Disease [4,6–9]. In recent studies,
acacetin was reported as a potent inhibitor of MAO-A and MAO-B isolated from Calea urticifolia [10].
Similarly, acacetin and its derivative, acacetin 7-O-(6-O-malonylglucoside), from Agatache rugosa was
also reported as a selective potent MAO-B reversible inhibitor [11].

Turnera diffusa Willd. ex Schult (known as damiana), which is a native plant to America
and Africa, is traditionally used for the treatment of various diseases, including sexual impotence,
neurasthenia, diabetes mellitus, urine retention, malaria, diarrhea, and peptic ulcer [12]. The plant
is particularly used as a stimulant, an aphrodisiac, and generally as a tonic in neurasthenia and
impotency with long tradition in Central America [13]. Phytochemical studies have revealed flavonoids,
cyanogenic glycosides, terpenoids, and other secondary metabolites as prominent constituents in
Turnera diffusa [14,15]. Several flavonoids from plant sources have been identified as inhibitors of
MAO-A and MAO-B [16]. Based on the fact that damiana contains many flavonoids and that it
is traditionally used as a tonic herb, we postulated that some components of the plant might be
associated with the inhibition of MAOs. In the present study, the constituents that were isolated
from damiana were evaluated for their inhibitory activities against recombinant human MAO-A and
MAO-B. Acacetin 7-methyl ether showed the most potent selective inhibition of the MAO-B enzyme.
The studies were further extended to investigate the selective binding and mode of interaction of
acacetin 7-methyl ether with human MAO-B.

2. Results

2.1. Determination of MAO-A and -B Inhibition Activity

A series of flavonoids and flavonoid glycosides, namely acacetin, acacetin 7-methyl ether, vetulin
(Figure 1), apigenin-7-O-β-D-(6-O-pcoumaroyl) glucoside, echinaticin, tetraphyllin B, tricin-7-glucoside,
diffusavone, turneradiffusin, rhamnosylorientin, rhamnosylvitexin, and turneradin were isolated from
T. diffusa [12].

Figure 1. Chemical structure of acacetin, acacetin 7-methyl ether and vetulin.

Besides acacetin, acacetin 7-methyl ether and vetulin also showed selective concentration-
dependent inhibition of MAO-B (Table 1, Figure 2). The MAO inhibitory properties of acacetin
have been recently reported [10]. Acacetin 7-methyl ether was >500-fold selective for MAO-B
(IC50 = 0.198 μM) as compared to MAO-A (IC50 = >100 μM) (Table 1). The concentration-dependent
inhibition of MAO-B with acacetin 7-methyl ether showed a plateau at ~80% inhibition (~20% activity
remaining). This may potentially be due to the low solubility of acacetin 7-methyl ether in assay
buffer medium at higher concentrations. Even though the potency of inhibition of human MAO-B by
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acacetin 7-methyl ether was about four-fold lower when compared to the standard drug deprenyl (a
selective MAO-B inhibitor), its selectivity for MAO-B was higher (>500 fold) as compared to deprenyl
(450 fold). Deprenyl (available with the trade name selegiline) is a clinically used drug for the treatment
of Parkinson’s disease and major depressive disorder [17]. Other constituents that were isolated from
T. diffusa only showed moderate inhibition of MAO-A and MAO-B (IC50 in the range of 13–61 μM),
with no significant selectivity towards MAO-B or MAO-A (Table 1). The studies were extended to
investigate the kinetics of inhibition of MAO-B by acacetin 7-methyl ether. Further, characteristics of
the interaction and the putative binding mode of acacetin 7-methyl ether were also investigated using
computational docking of the ligand to the X-ray crystal structures of MAO-A and MAO-B.

Table 1. Inhibition of recombinant human Monoamine Amine Oxidase-A and -B by constituents from
T. diffusa.

Compound MAO-A IC50 (μM) * MAO-B IC50 (μM) * SI MAO-A/-B

Acacetin 7-methyl ether >100.00 0.198 ± 0.001 >505.051
Vetulin 18.799 ± 0.291 0.447 ± 0.010 42.056
Apigenin-7-O-β-D-(6-O-p-coumaroyl) glucoside 22.508 ± 4.440 22.001 ± 1.759 1.023
Echinaticin 21.830 ± 4.367 13.404 ± 0.148 1.703
Tetraphyllin B - - -
Tricin-7-glucoside 50.901 ± 0.506 27.444 ± 0.819 1.854
Diffusavone 19.091 ± 1.450 14.518 ± 0.214 1.314
Turneradiffusin 61.427 ± 3.568 37.250 ± 2.933 1.649
Rhamnosylorientin 34.909 ± 3.887 25.541 ± 2.020 1.366
Rhamnosylvitexin 40.940 ± 6.810 26.286 ± 0.277 1.557
Turneradin 19.169 ± 0.802 13.027 ± 2.142 1.471
Acacetin 0.115 ± 0.004 0.050 ± 0.0025 2.30
Clorgyline 0.0052 ± 0.0001 2.30 ± 0.0570 -
Deprenyl 23.00 ± 1.00 0.051 ± 0.002 450.980
Safinamide # (ref) 90.00 ± 2.470 0.060 ± 0.005 1500.00

* The IC50 values, computed from the dose response inhibition curves, are mean ± S.D. of at least triplicate
observations. SI—Selectivity Index-IC50 MAO-A/IC50 MAO-B inhibition. # Safinamide data from ref. [18].

Figure 2. Concentration-dependent inhibition of recombinant human MAO-B by (A) deprenyl,
(B) acacetin, and (C) acacetin 7-methyl ether. Each point shows mean ± SD of three observations.

2.2. Enzyme Kinetics and Mechanism Studies

Acacetin 7-methyl ether was tested against MAO-B at varying concentrations of kynuramine,
which is a nonselective substrate, to investigate the nature of inhibition of the enzyme. Based on
dose-response inhibition, five concentrations of acacetin 7-methyl ether were selected, two below the
IC50 value (100 and 150 nM), one around the IC50 value (200 nM), and two above the IC50 value (300 nM
and 500 nM) for the inhibition kinetics experiments. The assays were run at varying concentrations of
the substrate and fixed concentrations of the inhibitor. The Ki (i.e., inhibition/binding affinity) values
were computed with double reciprocal Lineweaver–Burk plots. The binding of acacetin 7-methyl ether
to human MAO-B affected the Km value (i.e., the affinity of the substrate for the enzyme) without
much effects on the Vmax (maximum enzyme activity), indicating that the inhibition of MAO-B by
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acacetin 7-methyl ether was competitive (Figure 3). Acacetin 7-methyl ether inhibited the enzymatic
activity of MAO-B with considerably high affinity (Ki = 45 nM) (Table 2).

Figure 3. Kinetics characteristics of inhibition of recombinant human MAO-B by (A) deprenyl,
(B) acacetin and (C) acacetin 7-methyl ether. Each point shows the mean value of three observations.

Table 2. Inhibition/binding affinity constants (Ki) for inhibition of recombinant human MAO-A and
MAO-B by acacetin, acacetin 7-methyl ether, and deprenyl.

Compounds
Monoamine Oxidase-B

Ki (nM) * Type of Inhibition

Acacetin 7-methyl ether 45.0 ± 3.0 Competitive/Partially Reversible
Acacetin 36 ± 4.0 Competitive/Reversible
Deprenyl 29 ± 6.3 Mixed/Irreversible

* Values are mean ± S.D. of triplicate experiments.

2.3. Analysis of Reversibility of Binding of Inhibitor

The characteristics of binding of acacetin 7-methyl ether to MAO-B were also investigated using
an equilibrium-dialysis assay. The inhibitor acacetin 7-methyl ether was incubated at1.0 and 2.0 μM)
with the MAO-B enzyme for 20 min and the resulting enzyme-inhibitor complex preparation was
dialyzed overnight in phosphate buffer. The activity of the enzyme was analyzed before and after the
dialysis (Figure 4). The incubation of MAO-B with 1.0 and 2.0 μM of acacetin 7-methyl ether caused
>60% inhibition of activity and only ~80% activity of the enzyme was recovered after equilibrium
dialysis. Thus, the binding of acacetin 7-methyl ether to MAO-B was partially reversible. The binding
of selective MAO-B inhibitor deprenyl was confirmed to be irreversible (Figure 4).
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Figure 4. Reversibility assay of recombinant human MAO-B with acacetin (0.5 μM), acacetin 7-methyl
ether (Aca 7-MeE) (1.0 and 2.0 μM), deprenyl (0.5 μM), and safinamide (0.2 μM). The remaining activity
was expressed as % of activity. Each point shows the mean ± S.D. value of three observations.

2.4. Time-Dependent Assay for Enzyme Inhibition

The time dependence of binding of acacetin 7-methyl ether to MAO-B was analyzed.
The recombinant enzyme was incubated for different times with the test compounds, namely, deprenyl,
(0.100 μM), acacetin 7-methyl ether (0.500 μM), and acacetin (0.100 μM) (Figure 5). The control without
inhibitors was also run simultaneously. The activity of the enzyme was determined, as described
above, and the percentage of enzyme activity remaining was plotted against the pre-incubation time to
determine the time-dependence of inhibition. The binding/inhibition of MAO-B by acacetin 7-methyl
ether was not dependent on the pre-incubation time (Figure 5).

Figure 5. Time-dependent inhibition of recombinant human MAO-B by deprenyl (0.100 μM), acacetin
7-methyl ether (Aca-7-MeE) (0.500 μM), and acacetin (0.100 μM). Each point represents mean ± S.D. of
triplicate values.
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2.5. Computational Docking Study of Acacetin 7-Methyl Ether

Selective interactions of acacetin 7-methyl ether were investigated by molecular docking to
understand its binding pose to hMAO-A and hMAO-B. Three-dimensional (3D) protein-ligand
interactions of acacetin (Figure 6A,C, magenta, stick model) and acacetin 7-methyl ether (Figure 6B,D,
cyan, stick model), respectively, with the X-ray crystal structures of MAO-A and MAO-B are presented
in Figure 6. The docking scores and binding free-energies of acacetin 7-methyl-ether and acacetin at
the active sites of the hMAO-A and hMAO-B X-ray crystal structures are shown in Table 3 and their
corresponding putative binding poses are shown in Figure 6. The docking protocol was validated
by self-docking, in which the native ligands, harmine, and pioglitazone, from the X-ray structures
were docked into their corresponding protein’s structures of MAO-A and MAO-B, respectively.
The calculated RMSD between the docked and experimental poses were <0.6 Å, which verified
that the docking protocol was appropriate for this use.

 

 

Figure 6. Three-dimensional (3D) protein-ligand interactions of acacetin (C magenta, stick model)
and acacetin 7-methyl ether (C cyan, stick model) with the X-ray crystal structures of MAO-A and
MAO-B. (A) Acacetin with MAO-A, (B) acacetin 7-methyl ether with MAO-A, (C) acacetin with MAO-B,
and (D) acacetin 7-methyl ether with MAO-B. FAD (C green, stick model), some crystallographic waters
(O red, H gray, stick model), and the important residues of MAO-A and MAO-B (C gray) are also
shown. The black dashed lines represent H-bonding.
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Table 3. Glide docking scores and binding free energies of acacetin and acacetin 7-methyl ether to
MAO-A and MAO-B.

Compound
IC50 (μM) *

Glide Docking Score
(kcal/mol)

Binding Free-Energies
(kcal/mol)

MAO-A MAO-B MAO-A MAO-B MAO-A MAO-B

Acacetin 0.115 0.049 −10.685 −11.890 −56.303 −67.205
Acacetin 7-methyl ether >100 0.198 −9.085 −10.708 −31.791 −67.494

* Values are mean ± S.D. of triplicate experiments.

According to the docking and binding free-energy results, acacetin 7-methyl ether showed better
binding affinity (Docking score = −10.708 kcal/mol, ΔG = −67.494 kcal/mol) to hMAO-B than
hMAO-A (Docking score = −9.085 kcal/mol, ΔG = −31.791 kcal/mol). The experimental data also
supported this (Table 3). The docking results revealed that the binding orientation of acacetin 7-methyl
ether and acacetin were similar to the orientations of the native ligands of the X-ray crystal structures
of MAO-A (PDB ID: 2Z5X) and MAO-B (PDB ID: 4A79). The computational docking studies provided
further insights into selective interactions of acacetin-7-methyl ether with the human MAO-B over
MAO-A. Acacetin 7-methyl ether tightly binds to MAO-B by forming π-π stacking and H-bonding
(at its C4 carbonyl) with Tyr326 and strong hydrophobic interactions with nearby amino acid residues.
Ile199 and Ile316, which are known as critical residues for MAO-B selectivity [19], showed strong
hydrophobic interaction with the acacetin 7-methyl ether. The additional methoxy moiety at the C7
position of acacetin 7-methyl ether compared to acacetin participated in the hydrophobic interactions
with the Ile198. However, for MAO-A, this additional methoxy moiety exhibited bad contact with
Phe352 and Lys305 and this may be the reason for the poorer binding with MAO-A and the selectivity
of acacetin-7-methyl ether for MAO-B over MAO-A. Additionally, the conserved water molecules
within the enzyme active site were important for enhancing the interaction of acacetin-7-methyl ether
with MAO-B. Water-mediated hydrogen bonding was found between acacetin-7-methyl ether and
Tyr188, Tyr435, and Gln65, which was similar to what was found for acacetin binding with MAO-B
(Figure 6C). We also observed water-mediated H-bonding with the carbonyl of Cys172 and the oxygen
at the C7 position of acacetin and acacetin-7-methyl ether (the interaction is not shown in Figure 6).
A previous study on the interaction of acacetin with Cys172 reported direct (not water-mediated)
interaction with Cys172 [11]. Interestingly, in the docked pose of acacetin with MAO-B that was
reported in that study, the chromene moiety was flipped, with its carbonyl pointed towards Cys172.
By contrast, in the docked pose that was determined in the present study, the carbonyl was pointed
away from Cys172. To help determine which docked pose is more likely correct, we studied the
available structures in the Protein Data Bank and found the X-ray crystal structure of MAO-B with
co-crystalized ligand dimethylphenyl-chromone-carboxamide (PDB ID: 6FVZ) to be helpful. In 6FVZ,
two alternate rotamers of Cys172 (side chain dihedral angle chi1 = −158◦ or −86◦), each with an
average occupancy of 50%, were included in the reported structure. The different values for the side
chain dihedral angle of Cys172 open up the possibility of a direct H-bond interaction between Cys172
and acacetin or acacetin-7-methyl ether. The docked pose of acacetin that was reported in this study
adopted a similar orientation for its chromene moiety (with the chromene oxygen being located close
to Cys172) to that of the chromene moiety of the co-crystallized ligand of 6FVZ. These properties
support the reliability of the docked pose that is presented here.

2.6. Molecular Dynamics Study of Acacetin 7-Methyl Ether and MAO-B

Docking alone cannot provide full insight into the binding mode and dynamics of acacetin
7-methyl ether within hMAO-B. Therefore, we carried out a 10 ns MD simulation of the complex of
acacetin 7-methyl ether with MAO-B using Desmond software [20]. The MD simulation suggests
that acacetin-7-methyl ether fits tightly into the binding pocket of MAO-B, since there was very
little deviation in the ligand Root Mean Square Deviation (RMSD) (Figure 7) during the simulation.
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No significant flexibility (as measured by Root Mean Square (RMS) fluctuation, RMSF) was observed
in the secondary structure elements (SSE) (α-helices and β-strand: Helix = 28.63%, Strand = 15.78%,
and Total SSE = 44.40%) of the protein model, with major fluctuations only in residues 490–520 and the
loop regions (Figure 8). The %SSE remained close to 45% throughout the simulation. The amino acids
that interacted with acacetin-7-methyl ether did not show any major fluctuations in their RMSF values
(Figure 8). The interaction histograms (Figure 9A) and protein-ligand contact graphs (Figure 9B) were
analyzed to study the time-dependent changes in the interaction of the ligands with key residues of the
protein. The interaction histogram shows that crucial amino acids for interaction with acacetin-7-methyl
ether are Leu171 (hydrophobic and water bridges), Cys172 (hydrogen bond, hydrophobic, and water
bridges), Tyr188 (hydrophobic and water bridges), Ile199 (hydrophobic), Gln206 (hydrogen bond and
water bridges), Tyr326 (hydrophobic and water bridges), Tyr398 (water bridges), and Tyr435 (hydrogen
bond, hydrophobic, and water bridges) (Figure 9A). The stabilization of the complex can be mainly
attributed to several H-bond contacts and π-π interactions. H-bond contacts were observed between
oxygen at the C7 position of acacetin-7-methyl ether and Cys172 and between the C5 OH and Tyr435.

Figure 7. Root Mean Square Deviation (RMSD) plot of atom locations vs. simulation time of MAO-B
(protein) and acacetin 7-methyl ether (ligand) for the molecular dynamics (MD) simulation of their
interaction complex.

Figure 8. The Root Mean Square Fluctuation (RMSF) plot based on Cα atoms of MAO-B. Protein
residues that interact with the acacetin 7-methyl ether is marked with green vertical bars.
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Strong π-π interactions were observed between Tyr326 and Ring B and Ring C of acacetin
7-methyl ether. In addition, the protein-ligand interaction diagram (Figure 9B) indicates that acacetin
7-methyl ether forms H-bond interactions with Cys172 (70% contribution), Gln206 (24% contribution),
and Tyr435 (30% contribution), and water-mediated hydrogen bond interactions with Leu171 (32%
contribution) throughout the 10 ns MD simulations. The contribution of π-π interactions with Tyr326
was found to be 72% (with Ring C) and 24% (with Ring B). In conclusion, the interaction histograms and
contact graphs show that acacetin 7-methyl ether forms a significantly stable complex with MAO-B.

 

Figure 9. SID (Simulation Interactions Diagram) plots showing the protein-ligand interactions between
the amino acid residues of the hMAO-B binding site and acacetin 7-methyl ether during the MD simulation.
(A) The stacked bar charts are categorized as follows: hydrogen bonding (green), hydrophobic
interactions (violet), and water bridges (blue) formed. (B) A schematic of detailed ligand atom
interactions with the protein residues.

3. Discussion

Acacetin 7-methyl ether (Figure 1) was identified as a potent and highly selective MAO-B
inhibitory constituent of Turnera diffusa. Acacetin 7-methyl ether has also been isolated from a few
other plants and showed antidiabetic, antiproliferative, and antioxidative activities [21–23]. MAO
inhibitors, as well as oxidative stress reducers, have significantly contributed in the treatment of
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neurodegenerative disorders, including Parkinson’s disease [24]. However, MAO inhibitory action of
acacetin 7-methyl ether has not been reported earlier.

The selective MAO-B inhibitors are used alone as well as in combination with carbidopa-levodopa
for the treatment of motor symptoms of Parkinson’s disease [25]. Reduction in dopamine levels is
responsible for the motor symptoms of Parkinson’s disease. The neurons that produce dopamine
are damaged during the progression of Parkinson’s disease. Treatment with levodopa provides
the precursor for the biosynthesis of dopamine. The addition of a MAO-B inhibitor to levodopa
therapy results in a slowing of the breakdown of levodopa and dopamine in the brain, and it
may boost the effect of levodopa. The current battery of clinically used MAO-B inhibitors includes
selegiline (L-deprenyl), rasagiline, and safinamide. Selegiline and rasagiline are irreversible inhibitors
of MAO and they may be associated with significant side effects [26,27]. Both acacetin, reported
earlier, [10] and acacetin 7-methyl ether reported here show the potent inhibition of MAO-B. However,
acacetin 7-methyl ether showed >500-fold selectivity, compared to only two-fold selectivity of acacetin
for MAO-B over MAO-A. The 7-methyl substitution marginally reduces the potency of MAO-B
inhibition, relative to acacetin (IC50 198 nM vs. 50 nM, respectively), but it dramatically improves
the selectivity (>500) for MAO-B. This suggests a significant scope for further optimization of the
5, 7-dihydroxy-4′-methoxyflavone pharmacophore to achieve high potency and selectivity against
the human MAO-B. 5, 7-Dihydroxy-4′-methoxyflavones represent a new class of selective reversible
MAO-B inhibitors with potential therapeutic application for treatment of neurodegenerative disorders,
including Parkinson’s disease in combination with standard drugs [28]. A recent study has also
reported MAO-A and MAO-B inhibition activity by acacetin 7-O-(6-O-malonylglucoside), a derivative
of acacetin that was isolated from Agastache rugosa plant leaves [11]. The reversibility of MAO-B
inhibition with acacetin 7-methyl ether adds significant value to its potential therapeutic use. A recent
pharmacokinetics study of acacetin metabolism in vitro and in vivo that analysed its metabolites
showed that acacetin is metabolized by the sulfotransferase 1A1 enzyme into acacetin-7-sulfate, which
was detected in vivo in plasma samples and also in vitro from incubation of the Liver S9 fraction [29].

Further, computational analysis of the binding of acacetin 7-methyl ether to human MAO-A and
MAO-B confirmed its selective and stronger interaction with MAO-B when compared to MAO-A. Both
acacetin and acacetin 7-methyl ether interact with Gln65, Cys172, Tyr188, and Tyr435 in human MAO-B.
However, less prominent interactions of acacetin 7-methyl ether with Tyr197 and Tyr407 in MAO-A
as compared to acacetin afforded the higher inhibition of MAO-A with acacetin (IC50 = 0.115 μM)
than with acacetin 7-methyl ether (IC50 = >100 μM). To shed light on the interaction profile, binding
mechanism, and dynamic properties of acacetin 7-methyl ether with MAO-B, we carried out a 10 ns
MD simulation of their protein-ligand complex. The structural and dynamical properties of acacetin
7-methyl ether were analyzed using RMSD plots of the ligand and of the Cα atoms of the protein
(Figure 7), and by RMSF (Figure 8) plots of protein that was bound to the ligand. The RMSD plot of
atom locations vs. simulation time indicated that the protein and ligand maintained a significantly
stable state throughout the simulation (Figure 7). The most significant deviation in RMSD was a result
of the flexible motion of the modeled C-terminal residues (residues 498–520) (not included in Figure 7).
The MD simulations revealed that Leu171, Cys172, Tyr188, Ile199, Gln206, Tyr326, Tyr398, and Tyr435
are crucial amino acids for the interaction of acacetin 7-methyl ether and MAO-B. These results show
us that acacetin 7-methyl ether forms a stable and strong complex with MAO-B.

These studies support the further in vivo evaluation of acacetin, when considering the MAO
inhibitory activities that were reported earlier [10] and those of acacetin 7-methyl ether reported herein,
in experimental animal models for neurological and neurodegenerative diseases.
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4. Materials and Methods

4.1. Enzymes and Chemicals

Recombinant human monoamine oxidase-A and monoamine oxidase-B enzymes were obtained
from the BD Biosciences (Bedford, MA, USA). Kynuramine, clorgyline, deprenyl, acacetin, and DMSO
were purchased from Millipore Sigma (St. Louis, MO, USA). Safinamide was purchased from TCI
Chemicals, Portland, OR, USA.

Acacetin 7-methyl ether (purity >98%), vetulin (>97%), apigenin-7-O-β-D-(6-O-pcoumaroyl)
glucoside (>97%), echinaticin (>96%), tetraphyllin B (>98%), tricin-7-glucoside (>98%), diffusavone
(>97%), turneradiffusin (>96%), rhamnosylorientin (>97%), rhamnosylvitexin (>95%), turneradin
(>95%), and acacetin (>96%) were isolated from T. diffusa at the National Center for Natural Products
Research (NCNPR), University of Mississippi, University, MS, USA. Their identities and purities
were confirmed by chromatographic (TLC, HPLC) and spectroscopic (IR, one-dimensional (1D)- and
two-dimensional (2D)-NMR, HR-ESI-MS) methods, as well as by comparison with the published
spectroscopic data [14,15].

4.2. MAOs Inhibition Assay

To investigate the effect of the isolated constituents from T. diffusa on recombinant human
MAO-A and MAO-B, the kynuramine oxidative deamination assay was performed in 384-well
plates, as previously reported, with minor modifications [30,31]. A single fixed concentration of
kynuramine substrate and varying concentrations of inhibitor were used to test enzyme inhibition
and determine the IC50 values. Kynuramine concentrations for MAO-A and MAO-B were 80 μM
and 50 μM, respectively. These concentrations of kynuramine were twice the apparent KM value for
substrate binding [10,31]. The concentrations that were tested for pure constituents were from 0.01
to 100 μM, for MAO-A and MAO-B inhibition assays. Reactions were performed in a clear 384-well
microplate (50 μL) with 0.1 M potassium phosphate buffer, pH 7.4. The inhibitors and compounds
were dissolved in DMSO, diluted in the buffer solution, and pre-incubated at 37 ◦C for 10 min (no more
than 1.0% DMSO final concentration). The reactions were initiated by the addition of 12.50 μL MAO-A
(to 5 μg/mL) or MAO-B (to 12.5 μg/mL), incubated for 20 min at 37 ◦C, and then terminated by the
addition of 18.8 μL of 2N NaOH. The enzyme product 4-hydroxyquinoline formation was recorded
fluorometrically using a SpectraMax M5 fluorescence plate reader (Molecular Devices, Sunnyvale,
CA, USA) with an excitation (320 nm) and emission (380 nm) wavelength, using the SoftMaxPro 6.0
program. The inhibition effects of enzyme activity were calculated as a percent of product formation
when compared to the corresponding control (enzyme-substrate reaction) without inhibitors. Controls,
including samples in which the enzyme or the substrate was added after stopping the reactions, were
simultaneously checked to determine the interference of inherent fluorescence of the test compounds
with the measurements. IC50 values for MAO-A and MAO-B inhibition were calculated from the
concentration dependent inhibition curves using XLfit, a Microsoft Excel-based plug-in which performs
Regression, curve fitting and statistical analysis (IDBS, Bridgewater, NJ, USA).

4.3. Determination of IC50 Values

To determine the IC50 values for the inhibition of MAO-A and MAO-B by acacetin 7-methyl ether,
the enzyme assay was performed at a fixed concentration of the substrate kynuramine for MAO-A
(80 μM) and for MAO-B (50 mM) and with varying concentrations of inhibitor/test compounds for
MAO-A and MAO-B (0.01 μM to 100 μM). The dose-response curves were generated using Microsoft®

Excel and the IC50 values were analyzed using XLfit software.

4.4. Enzyme Kinetics and Mechanism Studies

For the determination of the binding affinity of the inhibitor (Ki) with MAO-A and MAO-B,
the enzyme assays were carried out at different concentrations of kynuramine substrate (1.90 μM
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to 500 μM) and varying concentrations of the inhibitors/compound. Compounds acacetin and
acacetin 7-methyl ether were tested at 0.030–0.100 μM and 0.100–0.500 μM, respectively, for MAO-B
to determine the Km and Vmax values of the enzymes in the presence of the inhibitor. The controls
without inhibitor were also simultaneously run. The results were analyzed by standard double
reciprocal Line–Weaver Burk plots for computing Km and Vmax values, which were further analyzed
to determine Ki values [10].

4.5. Analysis of Reversibility of Binding of Inhibitor

The inhibitors bind with the target enzyme through the formation of an enzyme-inhibitor complex.
The formation of the enzyme-inhibitor complex may be accelerated in the presence of the high
concentration of the inhibitor. The reversibility of binding of MAO inhibitory compound acacetin
7-methyl ether was determined by the formation of the complex by incubating the enzyme with a
high concentration of the inhibitor, followed by extensive dialysis of the enzyme-inhibitor complex
and the recovery of catalytic activity of the enzymes. The MAO-B (0.2 mg/mL protein) enzyme
was incubated with each inhibitor: acacetin (0.5 μM), acacetin 7-methyl ether (1.0, 2.0 μM), deprenyl
(0.5 μM), and safinamide (0.2 μM) in a total volume of 1 mL, 100 mM potassium phosphate buffer
(pH 7.4). After 20 min incubation at 37 ◦C, the reaction was stopped by chilling in an ice bath. All of
the samples were dialyzed against potassium phosphate buffer (25 mM; pH 7.4) at 4 ◦C for 14–18 h
(three buffer changes). Control enzyme (without inhibitor) was also run through the same procedure
and the activity of the enzyme was determined before and after the dialysis [18].

4.6. Time-Dependent Assay for Enzyme Inhibition

To analyze whether the binding of the inhibitor with MAO-B was time-dependent, the enzyme
was pre-incubated for different time periods (0–15 min) with the inhibitors at a concentration that
produces approximately 70–80% inhibition. The inhibitor concentrations used to test time-dependent
inhibition were acacetin (0.1 μM), acacetin 7-methyl ether (0.5 μM), and deprenyl (0.1 μM) with MAO-B
(12.5 μg/mL). The controls without inhibitors were also simultaneously run. The activities of the
enzymes were determined, as described above, and the percentage of enzyme activity remaining was
plotted against the pre-incubation time to determine the time-dependence of inhibition.

4.7. Computational Methods

The X-ray crystal structures of MAO-A (PDB accession number: 2Z5X [32]) and MAO-B
(PDB accession number: 4A79 [33]) were downloaded from the Protein Data Bank website. These
proteins were prepared by adding hydrogens, adjusting bond orders and proper ionization states,
and refining overlapping atoms. The water molecules beyond 5 Å from the co-crystalized ligands
were removed and the ligand states were generated using Epik at pH 7.4. During the refinement
process, the water molecules with less than two H-bonds to non-waters were also removed. Acacetin
and acacetin-7-methyl ether were sketched in Maestro [34], prepared, and energy-minimized at a
physiological pH of 7.4 using the LigPrep [35] module of the Schrödinger software (Cambridge, MA,
USA) [36]. Acacetin was used as a positive control for the docking studies. For protein and ligand
preparation, we used the Optimized Potentials for Liquid Simulations 3 (OPLS3) force field. The active
sites of the MAO-A and MAO-B proteins were each defined by the centroid of the co-crystallized
ligands that were present in 2Z5X and 4A79, respectively. We did not remove cofactor FAD during
protein preparation and docking. Acacetin and acacetin 7-methyl ether were docked using the Induced
Fit docking [37] protocol, applying the standard-precision (SP) docking method. The top 10 poses were
kept for analysis. The best docking poses were subjected to binding free-energy calculations using the
Prime MM-GBSA module of Schrödinger software.
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4.8. Molecular Dynamics (MD) Simulations

Monoamine oxidase B consists of a two-domain molecular architecture. Each identical monomer
consists of 520 amino acids. In this study, we used one monomer (chain A) for the docking and MD
simulations. It is reported [38] that the C-terminal helix (residues 498–520) of MAO-B is located in the
outer membrane of mitochondria. The MAO-B X-ray crystal structure that we used (PDB ID: 4A79)
contains only 501 residues; therefore, we modeled its missing residues that were known to be embedded
in lipid bilayer using the Maestro molecular modeling suite [39]. The Protein Preparation Wizard [40]
of Maestro was used to prepare the protein structure. We used the Desmond [20] Molecular Dynamics
System, ver. 3.6 (Schrödinger) with the OPLS-3 force field and RESPA [41] integrator to perform a 10 ns
MD simulation. The best scoring pose of acacetin-7-methyl ether in complex with MAO-B (PDB ID:
4A79) was selected and the C-terminal residues of the protein-ligand complex between amino acids
498 and 520 were embedded into a pre-equilibrated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) membrane and the rest of the system was solvated with TIP3P [42] explicit waters. The whole
system was neutralized using sodium chloride (NaCl) and it was set to an ionic strength of 0.15 M.
The buffer dimensions of the orthorhombic simulation box were set to 30 × 30 × 70 Å3. The solvated
system was energy-minimized with the DESMOND minimization algorithm for 2000 iterations when
considering a convergence threshold of 1.0 kcal/mol/Å. The constructed system was simulated with
the relaxation protocol in Desmond [20]. The protocol involved an initial minimization of the solvent,
while keeping restraints on the solute, followed by short MD simulations, including the following steps:
(1) Simulation (100 ps) using Brownian dynamics, in the NVT ensemble at 10 K with solute heavy atoms
restrained; (2) Simulation (12 ps) in the NVT ensemble using a Berendsen thermostat (10 K) with solute
heavy atoms restrained; (3) Simulation (12 ps) in the NPT ensemble using a Berendsen thermostat
(10 K) and a Berendsen barostat (1 atm) with non-hydrogen solute atoms restrained; (4) Simulation
(12 ps) in the NPT ensemble using a Berendsen thermostat (300 K) and a Berendsen barostat (1 atm)
with non-hydrogen solute atoms restrained; and, (5) Simulation (24 ps) in the NPT ensemble using a
Berendsen thermostat (300 K) and a Berendsen barostat (1 atm) with no restraints. The production run
was carried out using an NPT ensemble at 300 K with Nosé–Hoover temperature coupling [43] and
at a constant pressure of 1.01 bar via Martyna–Tobias–Klein pressure coupling [44]. The simulation
trajectories (frames) were sampled at intervals of 4.8 ps. We used a timestep of 2.0 fs. The resulting
trajectory was analysed using the Simulation Interactions Diagram (SID) utility of Desmond [20].
Finally, the PyMOL 1.4.1 and Maestro 11.5.011 molecular graphics systems were used to visualize the
protein-ligand complex and to generate all of the figures.

5. Conclusions

Biological screening of constituents of Turnera diffusa (damiana) identified three O-methyl flavones,
namely, acacetin, acacetin 7-methyl ether, and vetulin as selective inhibitors of human MAO-B. Acacetin
7-methyl ether was a highly potent and selective MAO-B inhibitor with >500-fold selectivity towards
MAO-B when compared to MAO-A. Further studies suggested that acacetin 7-methyl ether is a
reversible competitive inhibitor of MAO-B. Computational docking analysis confirmed the selective
binding of acacetin 7-methyl ether to human MAO-B as compared to MAO-A. Acacetin 7-methyl
ether may have a potential therapeutic application for the treatment of neurodegenerative disorders,
including Parkinson’s disease.
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